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Abstract: Applications of the American Seismic Isolator Standard “SIS” are summarized. The SIS
is the only construction standard that specifies design criteria for retaining the functionality of
hospitals after earthquakes. The SIS specifies limits for in-structure accelerations and deformations.
Earthquake data shows that the SIS limits are the maximum that can be tollerated and retain the
functionaluity of hospitals after earthquakes. The Adana and Elazig hospital complexes retained 100%
functionality after the severe earthquakes that occurred in Turkey in 2023 and 2020. These earthquakes
resulted in 55,000 fatalities and 236 health care facilities losing functionality. Since the 1989 California
earthquake, 18 structures with SIS isolators have retained 100% functionality after major earthquakes
that caused over 800,000 deaths, and over 700,000 structures to be demolished. The functionality of
these SIS structures saved many lives by enabling post-earthquake emergency services. Since 1985,
SIS isolators have been implemented in over 40 million square meters of important buildings, bridges,
and industrial facilities, in 34 countries. The cost to build these 40 million square meters of important
structures with SIS isolators was about the same as constructing ductile moment frames for only
collapse avoidance without isolators.
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1. Introduction

Structure design codes worldwide specify ductile structure types which provide
collapse avoidance, not functionality. Data from 13 earthquakes show that 90% of hospitals
constructed as ductile structures lost functionality after severe earthquake shaking [1-5].
The loss of hospital functionality resulted from earthquake structure force demands that
were 3 to 20 times stronger than the minimal seismic design loads specified by structure
codes for collapse avoidance. Laws, codes, and specifications on expected earthquake
performance, require that all new hospitals be constructed to retain their maximum capacity
to function after earthquakes [6-8]. The Seismic Isolator Standard “SIS” is the only standard
that specifies design criteria for retaining the functionality of hospitals after earthquakes [1].

The first seismic isolators were implemented in New Zealand in 1981 with the intent
to minimize earthquake damage and maintain functionality after earthquakes [9]. Over
38 years of applications of isolators compliant with the American Seismic Isolator Standard
have shown that SIS isolators effectively protect against earthquake damage, and result in
cost effective construction for a broad range of important structures [10]. Chapter 1 of the
USA structure design code, ASCE 7, requires all new hospitals and essential facilities to be
constructed to be functional after earthquakes. However, Chapter 12 of ASCE 7 specifies
ductile structure types that were developed 5 decades ago only to provide minimum
collapse resistance. The ASCE 7 seismic performance objective is that less than 10% of
ductile structures will suffer collapse during earthquakes [7].
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Figure 2. Elazig Hospital Complex, Turkey, 100% Functional after 2020 Earthquakes.
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Despite the laws and codes mandating functionality, and the fact that 90% of hospitals
constructed as ductile structures have lost functionality, most new hospitals are still being
constructed as ductile structures, which results in fatalities, and is against the law!

SIS isolators are the only earthquake proven means of avoiding damage and retaining
the functionality of facilities after earthquakes. However, depending on which isolator
product standard is specified, seismic isolators can either protect against earthquake dam-
age, or cause structure collapse. Over 4000 seismic isolators not compliant with the SIS
have failed during earthquakes, or under gravity loads only [11]. During 2 earthquakes,
the non-SIS isolators suffered structural collapse [12,13]. undreds of other isolators have re-
sulted in more earthquake damage than structures built without isolators [14,15]. Learning
from these isolator failures, all seismic isolators should comply with the American Seismic
Isolator Standard, which is the only safe and effective product standard for seismic isolators.

Loss of Hospital Functionality: 667 of 740 hospitals lost functionality (90%), during
13 earthquakes that ranged from mild to very strong, that occurred from 1994 through
2023 [2,3,16-18]. All 667 hospitals that lost functionality were designed as ductile structures
according to the code. These 667 hospitals closed on the day of the earthquakes, the very
day they were needed most [17,18]. The earthquake injured persons did not have hospitals
available to provide them emergency medical care, and many died. The patients that were
resident in the hospitals on the day of the earthquakes were moved out to the streets, and
many died. 40 Years of earthquake data have consistently shown that 90% of hospitals
constructed as ductile structures lose functionality during earthquakes. Current laws and
codes worldwide require hospitals to be constructed to function at maximum capacity after
earthquakes [19]. It is the responsibility of all construction industry professionals to build
all new hospitals and essential facilities to retain their maximum capacity to function after
earthquakes. Yet, 95% of new hospitals are still being designed by structural engineers as
ductile moment resisting frames.

It is the professional responsibility of health care architects and engineers to con-
struct hospitals that reliably retain their maximum capacity to function after earthquakes.
Functionality is a much higher performance standard than “Immediate Occupancy”. The
ASCE standard for Immediate Occupancy implements ductile structures that are safe to
occupy after an earthquake, such that the necessary earthquake damage repairs can be
safely performed. Compliance with criteria for Immediate Occupancy does not comply
with the laws and codes that require hospitals to be constructed to function at maximum
capacity after earthquakes. To retain the functionality of hospitals after earthquakes, it is
necessary to limit damage to less than 2% of replacement cost, the performance criteria
which is implemented by the American Seismic Isolator Standard “SIS”.

Earthquake Proven Hospital Functionality: The SIS is the only construction standard
that has been proven by earthquake performance to limit damage sufficiently to reliably
retain facility functionality. For 34 years, all structures with SIS compliant seismic isola-
tors have retained 100% functionality after earthquakes. The 2023 magnitude 7.8 Turkey
earthquake, and 2016 magnitude 7.8 Ecuador earthquake, and over 100 other earthquakes
worldwide, have resulted in seismic force demands 3 to 20 times stronger than the min-
imum seismic design loads specified by structure codes for collapse avoidance. These
powerful earthquakes destroyed over 700,000 structures designed as ductile structures
according to the code. Structures with SIS isolators have been the only essential structures
to retain 100% functionality after such very strong earthquake shaking.

The Adana hospital Complex (Figure 1) as in the disaster region of Turkey’s 2023
magnitude 7.8 earthquake and 49 aftershocks of magnitudes 5.0 to 7.5. The 8 g earthquake
force demands were 20 times greater than the seismic design loads specified by the building
code. There were: 55,000 fatalities; 236 inoperable health care facilities; 35,000 collapses;
and 220,000 buildings demolished [4].



Buildings 2023, 13, 2741 40f29

51 B
.

L e ol o
o |

—

- —

LU N T

A By 8 LT
,. v

D)
)
v
B
g
N
\

Figure 4. Texas Instruments, Medical Instruments Factory, Philippines, 100% Functional.
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Yet, Adana’s 550,000 square meters of hospital buildings retained 100% functionality,
thereby saving many lives by caring for over 10,000 earthquake injured persons. This was
the second time hospitals were 100% functional after such strong earthquake shaking.

The Elazig Hospital Complex (Figure 2) were the closest hospital buildings to the
epicenter of Turkey’s 2020 magnitude 6.7 Elazig earthquake. The Elazig hospitals main-
tained 100% functionality, saving many lives by caring for over 1000 earthquake injured
persons. The Elazig earthquake caused 87 other multi-story buildings to collapse, and
over 5000 buildings to lose functionality, of which 1287 were later demolished [20]. The
Elazig hospitals were the first to be completely functional after experiencing such strong
earthquake shaking.

34 Years of Earthquake Proven Functionality in 18 Essential Structures: The Aca-
pulco Emergency Response Center (Figure 3) was 9 km from the epicenter of Acapulco’s
2021 magnitude 7.1 earthquake. It remained 100% functional during and after the earth-
quake. The soft bay muds resulted in ground accelerations of 0.54 g, and structure base
shear demands of 1.1 g. The seismic force demands on the Acapulco Emergency Response
Center were 10 times the seismic design loads specified by the building code for collapse
avoidance. The emergency response center was able to respond to all calls for emergency
assistance without interruption [2]. This was the first time an emergency response center
suffered no damage to architectural components and communications equipment after
very strong earthquake shaking. The 100% functionality of Acapulco Emergency Response
Center saved many lives.

Texas Instruments’ (Figure 4) Philippines Plant has fragile manufacturing equipment
that produce microprocessors used in medical devices. The facility’s manufacturing equip-
ment remained completely functional after the 2019 magnitude 6.1 earthquake [21]. The
nearby airport and other buildings were forced to close because of earthquake shaking
damage. Several older buildings in the area collapsed.

Ecuador’s 2016 magnitude 7.8 earthquake fault ruptured directly under the Bahia
Bridge (Figure 5). The 3 g seismic force demands were 20 times the seismic design loads
specified by the code. Yet, this bridge remained 100% functional. In the 24 h after the
earthquake, 15,000 vehicles crossed the Bahia Bridge to evacuate thousands of injured
persons from the destroyed city [22]. The SIS seismic isolators reduced the seismic design
loads on the pile foundations by 80%, thereby reducing initial construction costs by 5%, and
also avoiding damage from an extreme earthquake. Three other bridges with SIS pendulum
isolators were within Ecuador’s 2016 fault rupture area, and also remained 100% functional.

Two large concrete Liquid Natural Gas tanks were completely functional after Chile’s
2010 Magnitude 8.8 Earthquake, and a Magnitude 7.1 aftershock with the epicenter 3 km
from the tanks (Figure 6). These tanks are critical for Chile to produce electric power. In
Mexico, two large concrete Liquid Natural Gas tanks were completely functional after the
2022 magnitude 7.6 earthquake (Figure 7). These concrete LNG tanks were protected by SIS
isolators. The storage of hazardous materials is incompatible with the ductile structures
specified by the building codes. The leaking of billions of liters of liquid natural gas from
the concrete tanks would cause a fire, explosion, and major public catastrophe.

It is more reliable and lower cost construction to absorb earthquake displacements
in SIS isolators, than to absorb earthquake displacements through the yielding of special
ductile structural members. Turkey’s Adana and Elazig hospital complexes, Acapulco’s
Emergency Response Center; Texas Instrument’s Philippines Medical Instruments Factory;
Ecuador’s 4 epi-central bridges, 2 Liquid Natural Gas Tanks in Chile; 2 Liquid Natural Gas
Tanks in Mexico, and DOW Chemical Company’s Emergency Water Tank in California;
all retained 100% functionality after experiencing major earthquakes that caused seismic
force demands from 3 to 20 times the seismic design loads specified by structure codes for
collapse avoidance.
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Figure 7. LNG Tanks, Mexico, 100% Functional after 2022 M7.6 Earthquake.
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These 18 essential structures, and hundreds of other structures, implemented pendu-
lum isolators compliant with the Seismic Isolator Standard. The 100% functioning of these
18 essential structures after strong earthquakes confirms that seismic isolators compliant
with the Seismic Isolator Standard reliably maintains a facility’s maximum capacity to
function after earthquakes.

2. When Hospital Lose Functionality, Lives Are Lost!

The 2023 Turkey earthquakes caused 55,000 fatalities, and 236 inoperable health care
facilities [4]. Since 1994, earthquakes have caused over 800,000 deaths [5]. Over 400,000 peo-
ple died on the day of the earthquakes. Over 400,000 people died after the earthquakes
because they could not receive adequate medical care. Since 1994, 13 earthquakes resulted
in 667 of 740 hospitals losing functionality, 90% [2,3]. Interior Damage (Figure 8) to ar-
chitectural components is the primary cause of lost functionality. When hospitals lost
functionality the earthquake injured persons did not receive the medical care they needed,
and patients that were in the hospitals are put out onto the streets, increasing fatalities by
hundreds of thousands (Figure 9). In 2019, on the day of a mild magnitude 6.4 earthquake,
California’s new Ridgecrest Hospital closed [16]. The seismic load demands were 3 times
stronger than the minimal seismic design loads specified by structure code. Damage to the
hospital’s fragile architectural components and equipment forced it to close on the day it
was needed most. The hospital appeared undamaged from the exterior. Most hospitals that
lose functionality appear undamaged from the outside. The September 2022 magnitude
7.6 earthquake in Mexico caused 10 of 10 hospitals to lose functionality [2]. The 2017
magnitude 7.1 earthquake in Mexico caused 26 of 31 hospitals to lose functionality [2]. The
magnitude 7.8 earthquake in Ecuador resulted in structure force demands 20 times stronger
than the minimal seismic design loads specified by the code, causing 39 of 50 hospitals
to suffer very severe damage and loss of functionality, of which 20 hospitals were later
demolished [18,23].

The 2 hospitals that remained functional complied with the SIS acceleration and drift
limits. 4 hospitals that lost functionality exceeded both the acceleration and drift limits.
3 hospitals that lost functionality exceeded the drift limit, but not the acceleration limit.
For the 7 hospitals that lost functionality, the peak floor spectra accelerations exceeded 5 g,
causing severe interior damage. Figure 10 shows 7 hospitals that lost functionality after
Mexico’s 2017 magnitude 7.1 earthquake, and 2 hospitals that retained functionality.

A magnitude 7.9 earthquake in Peru resulted in 6 of 10 hospitals being demolished [3].
A magnitude 8.8 earthquake in Chile caused 60 of 80 hospitals to lose functionality [24].
The 1995 magnitude 6.9 earthquake in Kobe Japan caused 176 out of 180 hospitals to lose
functionality [25]. The 1994 magnitude 6.7 California earthquake resulted in 38 hospitals
suffering major architectural component damage, and 4 suffering severe structural dam-
age [19]. The Olive View Hospital had in-structure spectral accelerations over 4.0 g, and
remained closed for 3 months [26]. New Zealand’s Christchurch Women’s Hospital was
constructed with rubber seismic isolators designed according to the structure code. Magni-
tude 6 earthquakes caused damage exceeding 30% of replacement costs [14]. Repairs took
over 4 years. It is clear that the ductile structure types specified in the codes do not deliver
the hospital functionality which is required by the laws and codes. Of the 667 hospitals
that lost functionality, all had excessive in-structure accelerations or deformations causing
architectural component damage. Of the 41 of 740 hospital buildings that remained func-
tional, 7 implemented SIS isolators, and 34 were just lucky to have low seismic demands at
their particular sites. Median floor spectra accelerations over 0.3 g consistently cause loss
of hospital functionality, as occurred with the new Ridgecrest Hospital. Structure drifts
exceeding 0.3% also consistently cause loss of hospital functionality. All hospitals without
SIS isolators have lost functionality when exposed to severe earthquake shaking.

The 2 SIS Functionality Criteria are:

1.  average median floor spectra acceleration less than 0.3 g;
2. average structure lateral drift deformations 0.3%
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Figure 8. Hospital Interior Damage.
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Figure 9. Hospital Patients in the Street.
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Figure 10. 7 hospitals that lost functionality, and 2 hospitals that retained functionality, plus 8 earth-
quake ground motion recording stations.

These SIS functionality criteria were checked against the functionality performance
of 9 hospitals that experienced Mexico’s 2017 magnitude 7.1 earthquake [2] (Figure 10).
Earthquake ground motion records were available near these 9 hospitals. Of the 9 hospitals,
7 lost functionality, and 2 retained functionality. The earthquake shaking for the 2 hospitals
that retained functionality were significantly less severe than those for the 7 hospitals
that lost functionality. 2 hospitals that retained functionality were over 100 km from the
epicenter, constructed on shallow stiff soil sites. 3 hospitals that lost functionality were over
100 km from the epicenter, but were on deep soft soil sites. 4 hospitals that lost functionality
were closer than 100 km from the epicenter, and were on rock or firm soil sites.

3. Hospital Functionality Is Required by Law and Code

Worldwide, codes and laws require new hospitals to be constructed to be functional
after earthquakes (Figure 11). California was the first government to pass a law that re-
quired hospitals to be constructed to remain functional after an earthquake. California’s
1972 Seismic Safety Law states that all new hospitals must be constructed to be “completely
functional” after a “major earthquake”. By 2002, the World Health Organization [8] had
formally issued their directives for Safe Hospitals, specifying that all new hospitals be
constructed to function at maximum capacity after earthquakes [8,17]. The current ASCE
7 and International Building Code specify that all essential facilities must be constructed
to be functional after earthquakes. These structure codes also specify prescriptive ductile
structures for collapse avoidance, but these ductile structures should never be implemented
for hospitals or essential facilities. There are no structure types specified in the structure
design codes for retaining post-earthquake functionality. To retain the functionality of
hospitals after earthquakes, the American Seismic Isolator Standard “SIS” must be imple-
mented together with the applicable structure design code. The SIS is the only construction
standard that specifies criteria for retaining the functionality of facilities after earthquakes.
Constructing hospitals as ductile structures results in lives lost. Yet, 95% of new hospitals
are still being designed as ductile moment resisting frames, which is against the law!

The average of the median floor spectra accelerations is then calculated, representing
the average demand experienced by the architectural components and contents for all
stories. The structure deformation parameters that correlates best with building damage
is using both average story drift and maximum story drift. For the 4 design example
facilities, damage was calculated to be less than 2%, when the average median floor spectra
accelerations was less than 0.3 g; and the story drift was less than 0.3%.
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Figure 12. The Seismic Isolator Standard “SIS”.

From 30 years of observing which hospitals retained functionality, and which hospitals
lost functionality, it was observed that when damage was less than 2% the hospital retained
functionality, and when damage exceeded 2% most hospitals lost functionality [2,3]. The
effectiveness of the SIS to retain functionality after earthquakes has been proven by the 100%
functionality of 18 essential structures in 8 major earthquakes. To retain functionality, the
SIS is specified as the product standard for the seismic isolators, and as the seismic design
standard for the structure. Over 4 million square meters of hospitals have implemented
SIS pendulum isolators, designed to retain functionality of the facility being protected.
Implementing SIS isolators in hospitals has been simple and economical. The construction
costs were on average about the same as for building special moment frames without
isolators. The Seismic Isolator Standard “SIS” (Figure 12) specifies functionality design
criteria that limit building damage to less than 2% of replacement costs, and thus reliably
retaining functionality after earthquakes [1]. The greatest impediment to implementing
functionality has been to convince the structural engineers to implement SIS structures
instead of the ductile moment frames which take less time and cost less to engineer.

4. Constructing for Functionality Is Simple, Easy and Saves Costs

The Stanford Hospital, Basaksehir Hospital, Okmeydani Hospital, and Apple Cor-
porate Headquarters are presented as examples of facilities that were designed to retain
functionality after very strong earthquakes [27-29]. The seismic isolators were selected for
compliance with the SIS functionality criteria:

1.  average median floor spectra acceleration less than 0.3 g;
2. maximum lateral seismic deformations of vertical structural members less than 0.3%.

For the SIS example applications presented herein, once the isolator properties were se-
lected for compliance with the SIS functionality criteria, then estimates of building damage
were obtained using the Building Damage Estimate Curves in the SIS. For all applications,
the calculated seismic damage was less than 2% of the facility replacement costs.

From the SIS Damage Estimate Curves, it is observed that earthquake damage increases
with increases in structure deformations and increases in in-structure accelerations. The in-
structure acceleration parameter that correlates best with damage is the median floor spectra
acceleration. The floor spectra for each floor is calculated to quantify the seismic demand
on the architectural components and contents. The median floor spectra acceleration for
each floor is then calculated, with half the spectra points lying above the median value, and
half lying below the median value.
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5. Implementing Seismic Isolators without the SIS Is Dangerous

The SIS results in structures that are: not damaged by severe earthquakes; retain
100% post-earthquake functionality; have initial structure construction costs less than
that of special ductile moment frames; and save many lives by enabling post-earthquake
emergency services. The Seismic Isolator Standard “SIS” specifies the isolator tests that
assure reliable and safe isolators: Qualification Tests; Capacity Tests; Dynamic Property
Tests; and Quality Control Tests. For all structural members, compliance with an adequate
product standard is critical to structural safety. Isolators can protect against earthquake
damage, or they can cause a structure collapse, depending on which isolator product
standard is implemented. Thousands of isolators that did not comply with the SIS have
failed during earthquakes, including the collapses of isolators during two earthquakes [11].
Hundreds of other isolators have resulted in more earthquake damage than structures built
without isolators [14,30]. Seismic isolators should never be implemented using the seismic
design procedures specified in codes developed to avoid the collapse of ductile structures.

EN15129 is the European product standard for seismic isolators [30]. During Turkey’s
2023 earthquakes several seismically isolated hospital buildings with EN15129 isolators suf-
fered extensive damage because the polyethylene liners stuck to the concave surfaces [31].
Those buildings suffered more damage than they would have if isolators had not been
used. The seismic design load of the structures had been reduced expecting that the iso-
lators would reduce the seismic forces, but the seismic forces were not reduced, because
the isolators stuck to the concave surfaces. Dynamic heating in seismic isolators during
earthquake shaking causes a softening of the polyethylene material, which increases the
sticking. Adhesion to the mating surfaces has been a known problem of polyethylene
materials for decades [32]. Yet, the use of polyethylene liners in EN15129 isolators has
continued because of their low costs. These failures of the isolators to reduce the seismic
forces was the direct result of the unreliable isolator materials permitted under the EN15129
isolator product standard.

Christchurch Women'’s Hospital was constructed with rubber isolators designed for
compliance with New Zealand'’s structure code. Building accelerations and displacements
were recorded during two 2011 Magnitude 6 earthquakes. Canterbury University reported
that the rubber isolators did not displace, and the “structure responded as if it was fixed
base” [14]. Fletcher Construction Company was paid to repair the earthquake damage,
which took 4 years. Fletcher reported the repair costs exceeded 30% of the building
replacement cost. Rubber isolators are typically too stiff to retain functionality. Recognizing
that the rubber isolators in the Christchurch Women'’s Hospital were completely ineffective
for avoiding damage, Wellington’s Children’s Hospitals used the much more flexible SIS
compliant Triple Pendulum Isolators with 3 times the displacement capacity.

Another problem with EN isolators is the collapse hazard. When EN15129 isolators are
installed at the tops of columns, they can cause a total structure pancake collapse, because
the entire building will fall one story, once the isolator’s sliding displacement capacity is
exceeded. Then all other stories will also collapse. (Figs. Dangerous EN15129 Isolators)
Turkey’s 1999 magnitude 7.2 earthquake caused the European seismic isolators to slide
past their displacement capacities, resulting in the near total collapse of 2.5 km of elevated
highway [12]. The bridge girders of the Trans European Motorway ended up not being
supported by the bridge piers. The repair costs were equal to the original construction costs.
The near total collapse of this highway was the direct result of implementing a dangerous
European isolation system, instead of SIS isolators. Over 2500 seismic isolation system
components sold by European companies suffered structural failure. All the European
isolation system components were removed and replaced with SIS pendulum isolators.
Rubber isolators designed for structure code compliance also suffered collapse during
Japan’s 2011 earthquake [13].

Thousands of isolator failures have shown that seismic isolators can either avoid
damage, or cause damage and collapse, depending on which isolator product standard is
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specified. The dangers of implementing isolators not compliant with the SIS have been
extensive and well documented.

Failed Trans-European Motorway, Turkey (Figure 13). The European seismic isolators
and supplemental dampers suffered collapse during a magnitude 7 earthquake. Earth-
quake damage repair costs were equal to 100% of the original construction costs. All
2500 components of the European isolation system were removed and replaced with SIS
compliant pendulum isolators. The SIS pendulum isolators had 4 times the displacement
capacity and shear strength, yet cost less to buy than the original price of the European
isolation system.

Christchurch Womens’s Hospital, New Zealand, with failed rubber seismic isolators
(Figure 14). Canterbury University reported that the rubber isolators did not displace
during 2 magnitude 6 earthquakes, and that the “structure responded as if it was fixed base”.
Fletcher Construction Company was paid to repair the earthquake damage, which took
4 years. Fletcher reported the repair costs exceeded 30% of the building replacement cost.

To retain facility functionality, and isolator and structure stability, and it is necessary
to specify the American Seismic Isolator Standard “SIS” as the product standard for all
isolators. The SIS establishes the long term reliability of the isolator materials, properties,
design capacities, factors of safety, and isolator design load limits. ASCE 7 and AASHTO
specify the minimum seismic design loads, and do not specify functionality design criteria.
The ASCE7, AASHTO, and the Eurocode specify design criteria for avoiding the collapse of
isolated structures. The SIS establishes the additional seismic design criteria needed to avoid
facility damage, and maintaining functionality. It is the structural product standards that
specify the factors of safety required for structural member strength capacities. Despite the
Eurocode intention to avoid structure collapse, EN15129 isolators implemented under the
Eurocode have resulted in the highest collapse hazards of any new structures constructed
during the past 20 years. The SIS requires an isolator shear strength factor of safety of 3.0,
which is needed to comply with ASCE 7 and AASHTO Target Reliability for Structural
Stability [11,33]. The EN15129 shear strength factor of safety is 1.0, which is no factor of
safety. EN15129 isolators are dangerous! (Figures 15 and 16).

6. SIS Seismic Isolator Technology

Triple Pendulum Isolators (Figure 17) were developed to limit in-structure acceler-
ations and deformations to comply with the SIS Functionality Design Criteria. Triple
Pendulum Isolators use 4 concave spherical surfaces to absorb the earthquake displace-
ments. Each Triple Pendulum Isolator has 3 independent pendulum mechanisms. The
3 pendulum mechanisms are optimized to minimize: construction costs; earthquake dam-
age; and collapse risks. The first pendulum typically has a friction of less than 0.5%, and
a pendulum period less than 2 s, which filters out the high accelerations associated with
high frequency earthquake ground motions. The first pendulum protects facility contents
and equipment, and architectural components from acceleration related damage. The
second pendulum’s period and friction are selected to reduce structure deformations as
needed to protect architectural components from deformation related damage. The third
pendulum’s period and friction are selected to protect the structure from damage from the
Design Earthquake.

The safety retainer rings in SIS isolators protect the structure from collapse for earth-
quakes stronger than the code Maximum Considered Earthquake. How SIS isolators protect
against earthquake damage is illustrated in Figures 18-22.



Buildings 2023, 13, 2741 15 of 29

Figure 14. Christchurch Women’s Hospital with Failed Rubber Isolators.
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Figure 15. Dangerous EN15129 essentially flat isolator installed in a hospital in Ecuador.

Figure 16. Dangerous EN15129 isolators installed on columns in a hospital in Ecuador.

Pendulum seismic isolators were developed specifically for maintaining the func-
tionality of facilities after earthquakes [34,35]. They result in much lower in-structure
accelerations, deformations, and seismic forces than the older “rubber base isolators”. Since
1985, pendulum isolators have been the most widely implemented new structural technol-
ogy for the construction of buildings, bridges, and industrial facilities. By supporting the
weight of a structure on sliders that slide along concave spherical surfaces, the structure
responds to earthquakes with small amplitude pendulum motions. Absorbing earthquake
displacements in pendulum isolators is far more reliable than absorbing large inelastic
deformations within ductile structure members. The world’s largest governments and
corporations rely on SIS pendulum isolators to protect their most important assets from
earthquake damage [36].
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Adding up the damage contributions from these 5 curves provides an
estimate of a building’s earthquake shaking damage as a percentage
of the cost to build a new building on an empty property. Structural
component damage is estimated by summing the contributions from:
(1) average peak drift ration for all floors; and (2) maximum peak
drift ration occurring in any one floor. Architectural component
damage is estimated by summing the contributions from: (3) average
peak drift ration for all floors; and (4) maximum peak drift ration
occurring in any one floor, and (5) the average for all floors of the
median floor spectral acceleration for each floor, for the 0.05 to 3.0
second period range. The structure response input values are obtained
from response history analysis. Each inputvalue is the average ofthe
resultant values (SRSS) obtained using 7 pairs of ground motions that
are response spectrum matched to the 10%/50 year ground motion
spectra. The structure model shall include an accurate representation
of the upper bound properties of the non-linear isolator force
displacementloop. All other structural components shall be modeled
as linear elements. These damage estimates apply equally to
buildings with or withoutisolators or dampers. Notincluded are costs
from loss of use or damage to contents. When estimated damage
exceeds 33%, most buildings are typically demolished, and the total
economicloss is 200% of'the building replacement costs.

is less than 2%, the buildings can typically function at maximum capacity.

Figure 22. SIS Building damage estimate curves.

Leading structural engineers worldwide have implemented SIS pendulum isolators in
40 million square meters of important structures [36]. Selected examples showing the breath
of applications of SIS are shown in the photographs. Design examples for implementing
SIS isolators for specific facilities are provided in the references authored by Zayas [27-29].
The average initial construction cost of implementing the SIS isolators in these applications
was about the same as constructing ductile moment resisting frames designed according to
the structure codes for only collapse avoidance. Special considerations for implementing
SIS isolators in hospitals were summarized by Vallenas [37]. The life-cycle cost-benefits of
implementing SIS isolators to avoid earthquake damage are reported in the reference by
Terzic, Merrifield, and Mahin [38].
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In 1989, SIS pendulum seismic isolators protected the Emergency Fire and Cooling Wa-
ter Tank at the DOW Chemical Plant from damage during California” magnitude 6.9 earth-
quake. Constructed on similar soft bay muds, a major highway structure in nearby Oakland,
and part of the San Francisco-Oakland Bay Bridge collapsed. Consequentially, in 1982
the US Federal Court in San Francisco was retrofitted with these pendulum isolators [10].
Over 3 decades of implementations have proven that pendulum isolators, implemented
according to the Seismic Isolator Standard, “SIS”, are a practical and economical means of
avoiding earthquake damage.

Structure codes worldwide specify minimum seismic design loads that limit collapse
risks to “acceptable levels”. ASCE 7 limits collapse risks for ordinary structures to 10%,
and for essential facilities to 2.5%. Structure codes avoid collapse by specifying ductile
structure types that remain stable when deformed to 20 times their elastic deformation
limits. Absorbing earthquake displacements and energy in inelastic member deformations
causes structural damage. Currently, there are no structure codes that specify seismic
design criteria for avoiding damage and maintaining post-earthquake functionality. To
construct structures that retain functionality after earthquakes, it is necessary to implement
the Seismic Isolator Standard. Implementing the SIS avoids damage by absorbing the
earthquake displacements and energy in the seismic isolators. It has been conclusively
proven that structures with SIS isolators perform more reliably, avoid damage, and cost
less to build, as compared to special ductile moment frame structures.

Structures with isolators should not be designed according to the structure codes
without specifying the American Seismic Isolator Standard, SIS. The prescriptive ductile
structure types specified in ASCE 7 were developed in the 1970s for collapse avoidance.
Now having SIS technology available, the seismic performance objective should be func-
tionality. ASCE 7 Chapter 17 specifies the isolator design displacement and design shear
to deliver the same reliability against structure collapse as is achieved by the Chapter
12 ductile structures. The same structure drift of 2% apply to Chapter 17 isolated struc-
tures, and Chapter 12 ductile structures. The Chapter 17 structure drift limits of 2% are
6.7 times greater than the SIS drift limit of 0.3%. Chapter 17 does not specify any limits on
in-structure accelerations. It is not possible to retain the functionality of facilities without
limiting the in-structure accelerations. As compared to Chapter 17 designed isolators, SIS
compliant pendulum isolators have 1/2 the lateral stiffness and damping for the Func-
tionality Level Earthquakes; and 3 to 8 times the shear strength to resist the commonly
occurring earthquakes that are much stronger that the Maximum Considered Earthquakes.

7. Conclusions

Hospitals that implement seismic isolators compliant with the American Seismic Iso-
lator Standard reliably retain functionality after strong earthquakes (Figures 23-37). The
Functionality Design Criteria specified in the Seismic Isolator Standard successfully pro-
tected 18 essential structures from damage during severe earthquakes. 34 years of avoiding
damage during earthquakes conclusively proves that it is now practical and economic to
construct facilities to avoid earthquake damage by implementing SIS isolators. Conversely,
data from 13 earthquakes showed that 90% of hospitals lost functionality when they were
designed as ductile structures according to the building code. 38 Years of applications
of seismic isolators compliant with the American Seismic Isolator Standard have shown
these isolators result in cost effective construction for a broad range of important structures.
However, caution in selecting isolators is critical to avoid poor quality materials and inade-
quate capacities. Tens of thousands of seismic isolators have caused increases in damage
because the American Seismic Isolator Standard was not specified.
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Figure 24. Exxon Offshore Platform, Russia: Single Pendulum Isolators.
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Figure 25. US Federal Court, San Francesco: Single Pendulum Isolators.

WY

T T e e Y
T gy kiRt e I -

Figure 27. San Francisco Airport, California: Single Pendulum Isolators.
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Figure 29. Sixth Street Bridge, Los Angeles, California: Triple Pendulum Isolators.
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Figure 30. Istanbul Grand Airport, Turkey: Triple Pendulum Isolators.
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Figure 31. Morman Temple, Utah: Triple Pendulum Isolators.

Figure 32. Basaksehir Hospital Complex, Turkey, 1 million square meters: Triple Pendulums.
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Figure 33. San Francisco General Hospital: SIS Isolators.
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Figure 35. Istanbul Grand Airport, Turkey: SIS.
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Figure 36. Loma Linda Hospital, California: Triple Pendulum Isolators.

Figure 37. Pasadena City Hall, California: Double Pendulum Isolators.



Buildings 2023, 13, 2741 28 of 29

Author Contributions: Conceptualization, V.Z., Methodolody, V.Z., A M. and S.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data supporting the statements made in this paper is available in
the links to the references cited.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Zayas, V.; Mahin, S. Seismic Isolator Standard. University of California Berkeley Civil Engineering. 2017. Available online:
https:/ /bit.ly /3xbui7C (accessed on 1 August 2023).

2. Marin. Post-Earthquake Operation of Hospitals: Complying with the Official Mexican Standard NOM-016-SSA. Graduate
Polytech University, México. 2021. Available online: https:/ /bit.ly/3Q3vfcA (accessed on 1 August 2023).

3.  Choque Bustinza, J.P. The Design and Construction of Hospitals in Compliance with Peru’s Law of Secure Hospitals, and the
Peru Code E30, and ASCE 7-16. Master’s Thesis, Universidad National de Ingenieria, Facultad de Ingenieria Civil, Lima, Peru,
2022. Available online: https:/ /bit.ly/32CceWr (accessed on 1 August 2023).

4. STL. Turkey 2023 Earthquake Emergency Situation Report, Support to Life. 2023. Available online: http:/ /bit.ly/3MvewlI
(accessed on 1 August 2023).

5. UN, United Nations. Economic Losses, Poverty, & Disasters, 1998-2017; United Nations Office for Disaster Risk Reduction: Geneva,
Switzerland, 2018. Available online: https://bit.ly/30BpjVs (accessed on 1 August 2023).

6.  OSHPD, California Office of Statewide Health Planning. California’s Hospital Seismic Safety Law; California Office of Statewide
Health Planning: Sacramento, CA, USA, 2005. Available online: https://goo.gl/SZ7urR (accessed on 1 August 2023).

7. ASCE7. Minimum Design Loads and Associated Criteria for Buildings and Other Structures, American Society of Civil Engineers.
2023. Available online: https://ascelibrary.org/doi/book/10.1061 /9780784414248 (accessed on 1 August 2023).

8.  World Health Organization. Safe Hospitals in Emergencies and Disasters: Structural, Non-Structural and Functional Indicators
Saves Lives! 2010. Available online: https://goo.gl/AdTZ]Ju (accessed on 1 August 2023).

9.  Markis. Seismic Isolation: Early History. Earthquake Engineering & Structural Dynamics. 2018. Available online: https:
//bitly /3RVpmAU (accessed on 1 August 2023).

10. Amin, N.; Mokha, A.S. Base Isolation Gets its Day in Court. Civil Engineering Magazine. 1995. Available online: https:
/ /bitly /3QAI9OP (accessed on 1 August 2023).

11. Zayas, V.; Mahin, S. Safe and Unsafe Seismically Isolated Structures, University of California, Berkeley Civil Engineering
Department. 2016. Available online: https:/ /bit.ly /3sOhK2Y (accessed on 1 August 2023).

12.  Roussis, P.E.; Constantinou, M.C.; Erdik, M.; Durukal, E.; Dicleli, M. Assessment of performance of Bolu Viaduct in the 1999 Duzce
Earthquake in Turkey; Technical Report MCEER 02-0001; Multidisciplinary Center for Earthquake Engineering, State University of
New York: Buffalo, NY, USA, 2008. Available online: https://goo.gl/Bsvdlr (accessed on 1 August 2023).

13. Takahashi, Y. Damage of Rubber Bearing and Dampers of Bridges in the 2011 Great East Japan Earthquake, Lessons Learned from
2011 Japan Earthquake. 2012. Available online: https://goo.gl/0TgfxW (accessed on 1 August 2023).

14. Kuang, A.; Sridhar, A ; Garven, J.; Gutschmidt, S.; Rodgers, G.W.; Chase, ].G.; Gavin, H.P.; Nigbor, R.L.; MacRae, G.A. Christchurch
Women'’s Hospital: Performance Analysis of the Base Isolated System During the Series of Canterbury Earth-quakes, Report
CF1297, 2013. University of Canterbury, New Zealand. Available online: https://goo.gl/qRRjbW (accessed on 1 August 2023).

15.  JPC.30% of Apartments with Base Isolation Systems Suffered Damage in Earthquake, Japan Property Central. 2012. Available
online: https://goo.gl/WXICTN (accessed on 1 August 2023).

16. Beam, B. California Hospitals Question 2030 Earthquake Standards; Associated Press: New York, NY, USA, 2019. Available online:
http:/ /bit.ly /31r7HmZ (accessed on 1 August 2023).

17.  PAHO (Pan American Health Organization). SAFE HOSPITALS—A Collective Responsibility a Global Measure of Disaster Reduction;
Pan American Health Organization: Washington, DC, USA, 2007. Available online: https://goo.gl/4azArF (accessed on 1
August 2023).

18. PAHO. Pan American Health Organization. The Earthquake in Ecuador: Significant Damage to Health Facilities”, News Letter,
June 2016. Available online: https://goo.gl/xATBGq (accessed on 1 August 2023).

19. Holmes, W.T. Seismic Hospital Program in California. In Proceedings of the 7th U. S. National Conference on Earthquake
Engineering, Boston, MA, USA, 21-25 July 2002. Available online: https:/ /bit.ly /3cRZtQd (accessed on 1 August 2023).

20. Elazig Earthquake, 2020. Wikipedia. Available online: https:/ /bit.ly/3gTcAPm (accessed on 1 August 2023).

21. Texas Instruments. Post Earthquake Inspection of the Texas Instruments Manufacturing Plant After the 2019 Magnitude 6.1
Philippines Earthquake, EPS Project Report. 2019. Available online: http:/ /bit.ly/2KIPx9y (accessed on 1 August 2023).

22. Morales, E.A.; Romo, L.M.; Haro, A.G.; Sinde, LS. A Real Life Resiliency Experiment: Los Caras Bridge of Ecuador, PowerPoint

at the 2nd International Conference on Natural Hazards, Chania, Greece. 2019. Available online: http://bit.ly/2YWQHDB
(accessed on 1 August 2023).


https://bit.ly/3xbui7C
https://bit.ly/3Q3vfcA
https://bit.ly/32CceWr
http://bit.ly/3Mvew1I
https://bit.ly/3OBpjVs
https://goo.gl/SZ7urR
https://ascelibrary.org/doi/book/10.1061/9780784414248
https://goo.gl/AdTZJu
https://bit.ly/3RVpmAU
https://bit.ly/3RVpmAU
https://bit.ly/3QAl9OP
https://bit.ly/3QAl9OP
https://bit.ly/3sOhK2Y
https://goo.gl/Bsvd1r
https://goo.gl/0TgfxW
https://goo.gl/qRRjbW
https://goo.gl/WXICTN
http://bit.ly/31r7HmZ
https://goo.gl/4azArF
https://goo.gl/xATBGq
https://bit.ly/3cRZtQd
https://bit.ly/3gTcAPm
http://bit.ly/2KIPx9y
http://bit.ly/2YWQHDB

Buildings 2023, 13, 2741 29 of 29

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

EERI. Earthquake Reconnaissance Team Report: “M7.8 Muisne Ecuador Earthquake on April 16, 2016”7, Earthquake Engineering
Research Institute. 2016. Available online: https://goo.gl/kYNmjc (accessed on 1 August 2023).

WHO, World Health Organization. Access to Health Services a Challenge After Chile Earthquake. Media Center, February and
March 2010. Available online: https://goo.gl/AycD9Z (accessed on 1 August 2023).

Ukai, T. Renal Failure—Problems with Emergency Medical Care after 1995 Kobe Earthquake, Japan. 1997. Available online:
https:/ /bit.ly /3vQnhtU (accessed on 1 August 2023).

Chevers, J.; Abrahamson, A. Earthquake: The Long Road Back: Hospitals Strained to the Limit by Injured: Medical Care: Doctors Treat
Quake Victims in Parking Lots; Los Angeles Times: Los Angeles, CA, USA, 1994. Available online: https://goo.gl/0Y5Kci (accessed
on 1 August 2023).

Zayas, V.; Rahman, F.; Mokha, A.; Low, S. Seismic Isolation Engineering Report for Basaksehir Hospital in Turkey, Engineering
Report, Earthquake Protection Systems, CA. 2018. Available online: http:/ /bit.ly/2ABH]Joh (accessed on 1 August 2023).
Zayas, V.; Rahman, F.; Mokha, A.; Low, S. Seismic Isolation Engineering Report for Apple Corporate Headquarters, Engineering
Report, Earthquake Protection Systems, CA. 2014. Available online: http:/ /bit.ly /3qd8Njl (accessed on 1 August 2023).

Apple. Inside Apple’s Earthquake Ready Headquarters. 2019. Available online: http://bit.ly/2IhE3ZB (accessed on 1 Au-
gust 2023).

EN 15129; European Standard Anti-Seismic Devices. European Standard for Standardization: Bruxelles, Belgium, 2018.

Qu, Z.; Wang, F,; Chen, X.,; Wang, X.; Zhou, Z. Rapid Report of Seismic Damage to Hospitals in the 2023 Turkey Earthquake
Sequences. 2023. Available online: https:/ /bit.ly/3PYM4Fz (accessed on 1 August 2023).

Myshkin, N.K.; Petrokovets, M.1.; Kovalev, A.V. Tribology of Polymers: Adhesion, Friction, Wear: Tribology Department,
Metal-Polymer Research Institute of Belarus National Academy of Sciences, Kirov St. 32A, Gomel, Belarus, 2005. Available
online: https:/ /bit.ly/47dYbWr (accessed on 1 August 2023).

Shao, B.; Mahin, S.; Zayas, V. Member Capacity Factors for Seismic Isolators as Required to Limit Isolated Structure Collapse Risks
to within ASCE 7 Stipulated Structure Collapse Risk Limits, University of California Berkeley, UCB/SEMM- 2017/02, Structural
Engineering and Structural Mechanics Division. Available online: https://goo.gl/Mra83H (accessed on 1 August 2023).

Zayas, V.A.; Low, S.S.; Mahin, S.A. The FPS Earthquake Resisting System, Experimental Report No. UCB/EERC-87/01. 1987.
Available online: https:/ /bit.ly/3DilSuZ (accessed on 1 August 2023).

Zayas, V.; Mahin, S. Seismic Design Methodology to Avoid Damage to Structures, Non-Structural Components and Contents. In
Proceedings of the 13th US-Japan Workshop, Applied Technology, Council, Redwood City, CA, USA, 2010. Available online:
https://goo.gl/18gw4b (accessed on 1 August 2023).

EPS. Seismic Isolator Applications; Earthquake Protection Systems: Vallejo, CA, USA, 2023. Available online: http://bit.ly /3349tP7
(accessed on 1 August 2023).

Vallenas, ]. Recommendations for the Safety and Functionality of Hospitals with Seismic Isolators, Bodas de Oro Profesionales,
Universidad Nacional De Ingenieria, Peru. 2022. Available online: https:/ /bit.ly /3KZ7QoU (accessed on 1 August 2023).
Terzic, V.; Merrifield, S.K.; Mahin, S. Lifecycle Cost Comparisons of Different Structural Systems; Pacific Earthquake Engineering
Research Center, University of California: Berkeley, CA, USA, 2012. Available online: https://goo.gl/BYbxNNB (accessed on 1
August 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://goo.gl/kYNmjc
https://goo.gl/AycD9Z
https://bit.ly/3vQnhtU
https://goo.gl/oY5Kci
http://bit.ly/2ABHJoh
http://bit.ly/3qd8Nj1
http://bit.ly/2IhE3ZB
https://bit.ly/3PYM4Fz
https://bit.ly/47dYbWr
https://goo.gl/Mra83H
https://bit.ly/3Di1SuZ
https://goo.gl/18gw4b
http://bit.ly/3349tP7
https://bit.ly/3KZ7QoU
https://goo.gl/BYbxNB

	Introduction 
	When Hospital Lose Functionality, Lives Are Lost! 
	Hospital Functionality Is Required by Law and Code 
	Constructing for Functionality Is Simple, Easy and Saves Costs 
	Implementing Seismic Isolators without the SIS Is Dangerous 
	SIS Seismic Isolator Technology 
	Conclusions 
	References

