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BASE ISOLATION, THE “KIWI” WAY

(“-*a New Zealand perspective on seismic isolation of buildings)

Holmes Consulting LP, Christchurch, New Zealand

Dario Pietra
dariop@holmesgroup.com

Introduction

New Zealand is a highly seismic country with most of the areas being prone to seismic actions. As such, the

engineering practice developed significant seismic design experience over the years, sustained by a strong academic

research in this field, including the specific area of base isolation technology.

This paper is aimed at providing an overview of the development of base isolation of buildings in New Zealand and

discuss about the typical design procedures, together with summarising the recent developments, with new design

guidelines going to be published over the next few months.

Historic development

The base isolation technology, despite this being
unknown to the general public, was actually pioneered in
New Zealand by Dr Bill Robinson during the 1970s, in
the form of Lead Rubber Bearings (LRBs). Dr Robinson
started his career at the Department of Scientific and
Industrial Research (a government agency) and then he
founded Robinson Seismic Ltd, formerly none as
Penguin Engineering Ltd.

Despite the strong technical background and “specific"
expertise in the field, base isolation had a low market
penetration over the years, at least until the Christchurch
earthquakes in 2010-11. The technology has been more
widely adopted for the seismic protection of bridges, due
to the easier implementation (i.e. simply an adoption of a
different kind of bearings).

The first NZ applications were on bridges in the early
1970's with the first building, the William Clayton
building, in the late 1970's.

Opened in 1982, the William Clayton building in
Wellington (Fig. 1), a four storey concrete frame
structure, uses about 80 lead rubber bearings and it
represents the first office building in the world

constructed using this technology.

The only base isolated building in Auckland, and the

second ever built in the country is a high-rise office
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Figure 1. William Clayton building, Wellington

building on the waterfront (Union House), featuring steel
(cantilever) dampers connecting the superstructure to the
basement, allowing for +/-150mm lateral movement (Fig.
2). The seismic loads in the superstructure (a concrete
structure) are carried by vertical trusses (featuring
concrete encased steel diagonal members) on each of the
four faces of the building. At the base of the
superstructure the bracing is connected directly to steel
plate, cantilever type energy dissipators. Each dissipator
is anchored into a fabricated steel housing, which in turn
is cast into a beam projecting above ground floor slab and
firmly connected to it. The loads from the dissipators are
carried from this beam into the ground floor slab, then to
the basement walls and so into the surrounding ground.

The columns are supported on piles, which allow
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Figure 2. Union House, Auckland

movement of the superstructure relative to the ground.
This is achieved by forming the load carrying pile inside

a steel jacket which retains the ground away from the pile

[1].

During the early 1990s the Parliament Buildings in
Wellington (main Parliament building, General Assembly
Library West Wing and Library East wing) have been
retrofitted with 417 LRBs allowing for +/-300mm
movement [2]. The aim of base isolation is to reduce the
transfer of earthquake forces from the foundations to the
building above, thus significantly reducing the need for
extensive and intrusive strengthening throughout the
building. Installing the base isolators meant propping up
the whole building section by section, cutting out large 7
tonne blocks of the existing foundations and building
new concrete foundations to hold the base isolators.
Original foundations above and around the base isolators
have been considerably strengthened by new heavily

steel reinforced concrete sandwich beams.

In the same years the Wellington Central Police

Station was designed by the Ministry of Works and
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Development and constructed between 1988 and 1991
(Figure 4). This main administration building is a 10
storeys reinforced concrete building supported on 26 -
800 millimetre (mm) diameter - reinforced concrete piles
which are separated from the surrounding ground by
1600 mm steel cylinders over much of their length. A
total of 24 Lead Extrusion Dampers (LEDs) were
installed at basement level, connecting the top of the piles
to the ground. The maximum axial movement of the end
of a damper is 400 mm [3].

In the late 1990s, the design of the Accident,
Emergency and Theatre building at the Hutt Hospital [7]
has been followed by a further major project, the
Museum of New Zealand, Te Papa in Wellington. The
museum, a six-storey, 50,000-tonne building opened in in
1998 and it was constructed on a raft sitting on 152 LRBs
and Teflon Sliding Bearings (SBs) [4].

sl

(b)
Figure 4. Te Papa, Wellington (a); Dr Bill Robinson (standing
left) with Chris Gannon (his long term colleague,
standing right) during construction (b)

The first major project outside the Wellington region is

the Christchurch Women's Hospital, completed in
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2005 (Figure 5). The structure is a 9-level building
(including one level underground and a top floor reserved
for services) featuring perimeter reinforced concrete
moment frames resisting longitudinal forces, together
with moment frames plus two partial-height steel
K-braced frames adjacent to the lift core at the centre of
the building resisting transverse actions. A total of 41
LRBs and four slider bearings are placed in the basement,

allowing for +/- 420mm movement in any direction [5].

Back in the Wellington region, historically the most
prone to earthquakes and progressively gaining the title
of capital of base isolation design, more recent relevant
projects include:

- The Supreme Court (figure 5): originally built in

1881 and retrofitted in 2007 with LRBs isolation.

- The Wellington hospital main building: seven storey
concrete moment frame structure on 135 LRBs and
132 SBs.

- The Lower Hutt Hospital: primarily a concrete
frame structure on 32 LRBs and 32 SBs.

In 2008 two new buildings at Wanganui Hospital
have been completed, a peri-operative facility and an
acute services block (Wanganui, lower north island). The
buildings represent the first application of the RoGlider,
an isolator suitable for light structures providing in one
compact unit the functions of support, damping and the
required restoring force, while providing for a maximum
displacement of * 400 mm. The RoGlider provides for
economical seismic protection under conditions not
suitable for lead rubber bearings i.e. a combination of
light vertical loads and large horizontal displacements.

A large step forward in terms of development and
implementation of the base isolation technology in New
Zealand occurred after the Christchurch earthquakes in
2010-11. The urgency of a quick recovery, together with
a more tangible request for seismic resilient structural
design, favoured a rapid increase in base isolation
designs. Clients developed greater awareness about
structural performance, continued operation and business
continuity requirements. As clearly shown in Figure 6-7,
the number of base isolated buildings in the country has
grown significantly since then, with the centre of action

moving from Wellington to Christchurch in the South
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Figure 5. Women's hospital, Christchurch (left); The supreme court, Wellington (right) [courtesy of Holmes Consulting LP]
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Figure 6. Number of Base Isolated buildings in New Zealand: buildings constructed over 5 years time intervals

Island.

Several new base isolated buildings have been built —
and are still growing up - in Christchurch after the quakes
and a few representative samples of those will be covered
in the following paragraphs.

The new base isolation designs spread across
institutional / public buildings, office / commercial
buildings and residential units.

Public buildings have been representing the most
significant projects in terms of size, starting from the
retrofit of the Art Gallery (Triple Pendulum System,
TPS) and then heading to the Justice precinct (LRBs) and
the Hospital Acute service building (LRBs).

The Christchurch Justice and Emergency Services
Precinct (CJESP) represents one of the major anchor
projects and arguably the most relevant in terms of
overall size and complexity. The structure features four
buildings and a central courtyard, all supported on a

single podium slab representing the isolation plane

(Figure 8). The superstructure — for all four buildings — is
a steel moment frame with reduced beam sections,
detailed to allow limited ductile behaviour (equivalent to
ductility demand not larger than 2.0) for larger-than-
design event, in parallel with capacity design. The
isolation system features LRBs and Friction Sliders, with
steel beams and a composite deck representing the
transfer slab. The isolation system design is primarily
based on ASCE7 recommendations (due to the lack of a
standalone New Zealand code), however ultimately with
non-linear time history validation in accordance with the
New Zealand code (Figure 9, 10).

A very similar design concept has been implemented
for the new Acute Service Building (ASB) at the
Christchurch Hospital. The ASB, currently under
construction, will house multiple clinical functions and
ward accommodation. The 10 storey capacity designed
steel moment frame superstructure is base isolated
through LRBs and SBs (figure 11, 12).
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Cumulative number base isolated buildings in New Zealand
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Figure 7. Number of Base Isolated buildings in New Zealand: cumulative number of buildings over the years
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Figure 8. CJESP: (a) concept scheme and Revit model and (b) dynamic properties [courtesy of Holmes Consulting LP]
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Figure 9. CJESP: superstructure (left), podium slab detailing (right) [courtesy of Holmes Consulting LP]

» U oe 1 momere

Figure 10. CJESP: close view at the isolation level during construction (left), view of the building at completion (right) [courtesy of

Figure 11. ASB: Revit model [courtesy of Holmes Consulting LP]
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Figure 12. ASB: close view at the isolation level during construction [courtesy of Holmes Consulting LP]

In parallel to public/institutional buildings, the base
isolation technology started to see a much greater
implementation also for commercial/office and
residential buildings. Amongst commercial/office
constructions it is worth mentioning the Wynn Williams
house (LRBs, Figure 13), the first completed after the
earthquakes, the Grand Central, 93 and 151 Cambridge
Terrace (Triple Pendulum System (TPS) devices, Figure
14), the ANZ centre (LRBs), and others yet to be
completed soon.

Apart from the Wynn Williams house, which features,
post-tensioned hold-downs and post-tensioned frames
with precast concrete columns and fabricated laminated
veneer lumber (LVL) beams, all the other buildings'
superstructure is a steel moment resisting frame design,
often with the adoption of reduced beam sections for
better control of inelastic deformations in larger-than-

design events.

Figure 13. Wynn Williams house [courtesy of Ruamoko Solutions]
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The significant effort required during the Christchurch
rebuild phase helped at favouring a much widespread
implementation of the base isolation technology in the
country and across multiple classes of structures.
Examples are the airport control tower (LRBs,
Wellington), the PWC centre (LRBs, Wellington), 20
Customhouse Quay (LRBs, Wellington), and the Tui
Brewery Tower (retrofit through TPS, Eketahuna, lower
North Island). Amongst those it is worth mentioning a
very special project, the Transpower's Pole 3 HVDC
Upgrade (Figure 14), located in proximity of the
Wellington fault, where LRBs and friction sliders have
been implemented for seismic isolation of the converter

stations housing the sensitive valves for power supply.
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Figure 14. 151 Cambridge Terrace (left), and Transpower's Pole 3 HVDC Upgrade (right) [courtesy of Aurecon]

The New Guidelines

Over the last couple of years, in response to the needs
of practising engineers designing isolated buildings and
the recommendations of the Canterbury Earthquake
Royal Commission, the New Zealand Society for
Earthquake Engineering (NZSEE) activated a dedicated
task group for the development of guidelines (note this is
note a design standard) for base isolation design in the
country. The document, endorsed (amongst other
organizations) by the Ministry of Business Innovation
and Employment (MBIE) is aimed at providing
recommendations only, to ensure the design meets the
New Zealand Code performance requirements.

The design process, which involves consideration of
Ultimate Limit State (ULS, 1/500y event for normal
buildings) and Collapse Avoidance Limit State (CALS,
1/2500y event for normal buildings), has been separated
between the isolation system/plane and the
superstructure, with the substructure to be capacity
designed for elastic response based on ULS peak forces
and displacements, obtained respectively from upper
bound and lower bound isolation system properties.

The isolation system is to be designed based on a
Single Degree Of Freedom (SDOF) analysis, with
Nonlinear Time History Analysis (NLTHA) verification
only for complex structures or where there are tensile
actions on the bearings. The isolation system is to be

designed for the CALS displacement demand, with

consideration of upper/lower bound properties. The
SDOF design implements Displacement-Based Design
(DBD) principles, with a DBD damping reduction factor
of:

a
0.07
Re = (0.02+$e,i> =10

Where
damping and « is coefficient accounting for near fault
effects (a = 0.5 for ‘standard far-field input' and & = 0.25

€ e,l is the hysteresis area-based system

for near-field input).

A rather controversial aspect is how the guidelines deal
with the moat clearance requirements, with the choice of
accepting lower-than-design capacity, through the
introduction of a “resilience factor", which reduces the
size of the rattle space that needs to be provided, based
on the consequence for the building of this displacement
being exceeded, as summarized in Table 1. The factor
has the primary objective to make the relative life safety
risk in the superstructure equivalent for the three types of
behaviour. For retrofit of existing buildings only, impact
is allowed between ULS and CALS, with the effects to
be evaluated through NLTHA.

With respect to the superstructure design, the

guidelines set criteria for four different structural classes:
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Table 1 Moat clearance reduction factor (Resilience factor)

Resilience available Consequences Correlation with a non- Resilience
at CALS isolated building Factor
High resilience: Negligible change in vertical Equated to a well-proportioned 1.2
Building surrounded load carrying characteristics. ductile capacity designed
by rattle space on all Rattle space damaged by building which is expected to
sides contact and high have some residual resilience

superstructure demands from even if the CALS actions are

impact. Superstructure has exceeded

ductility capacity including

capacity design. Bearings not

significantly damaged.
Medium resilience: Bearings damaged by Risk elevated over a ‘normal’ 1.1
Bearing overtravel beginning at structure in that there will be a
dependable extreme corners. Structure loss of isolated characteristics
displacement vertically displaces less than in part or all of the isolation
exceeded bearing height due to bearing plane, with a resulting increase
Localised collapses damage but vertical load path in loads to the superstructure.
of limited height still exists after settlement. Superstructure has remaining
possible but unlikely ductility to withstand vertical
to pose significant and horizontal displacements
life-safety risk without collapse.
Low resilience: Impact forces or vertical Equated to an elastic or 1.0
Superstructure fails displacements in bearing(s) nominally ductile designed
due to contacting the where CALS exceeded initiate non-isolated building. The level
rattle space, or falls brittle collapse of significant of load where this likely brittle
more than a bearing part or all of superstructure. behaviour can onset is the
height at the isolation highest level of multiplier to
plane increase CALS actions over

ULS actions.

Type 1 - Simple: Low-rise regular structures (3

storeys/20m max), where the superstructure is designed
for elastic loading (i.e. force reduction factor = 1.0 at
ULS). The isolation system should meet the requirements
for linear behaviour idealization and the design may be
performed through equivalent static analysis. Moat
clearance, displacement capacity and stability of the
isolators should be verified for the CALS demands,
without further verification on the superstructure. The

substructure is designed for elastic response.

Type 2 — General: Generally conforming structural

systems not meeting Type 1 criteria, where the
superstructure is designed for elastic actions at ULS,
allowing for a maximum force reduction factor (with the
design base shear defined as the Upper bound isolation
system shear divided by the force reduction factor) of
1.25 at ULS. The isolation system should meet the

requirements for linear behaviour idealization and the
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design can be performed through modal response
spectrum analysis. Moat clearance, displacement capacity
and stability of the isolators should be verified for the
CALS, without further verification on the superstructure.

The substructure is designed for elastic response.

Type 3 - Complex or Ductile: All structures types

including complex layouts or those designed for ductility
in the superstructure, allowing for a force reduction
factor of maximum 2.35 at ULS and 3.53 at CLS. Full
capacity design and ductile detailing of the superstructure
is required. All importance level 4 (the maximum)
building will fall in this category and the design should
include NLTHA validation.

Type 4 - Brittle: Structures where the superstructure
has no ductility capacity (i.e. is brittle), typically existing
buildings where base isolation is a retrofit solution. The

design may implement linear static, dynamic or NLTHA



methods, depending on the specific properties of the
structure. The superstructure should be designed for
elastic loading, i.e. a force reduction factor of maximum
1.0.

It is worth noting that, despite a force reduction factor
(larger than 1.0) may be adopted for superstructure
design, forces are gathered from the envelope of upper/
lower bound isolation system response and ductile
detailing (together with capacity design) is required for
all building classes (excluding existing buildings, type4).
Ductile detailing and capacity design should conform
with the requirements of the New Zealand Building Code
for that specific type of structure. For type 3 structures,
where NLTHA verification is performed, the isolation
system can be designed from a “scaled " spectrum, where
the elastic ordinates have been reduced by maximum
15%. This procedure is consistent with the New Zealand
Building Code, as specified in NZS1170.5, where a
structural performance factor (Sp = 0.7) is introduced to
reduce the design acceleration, with the aim to capture
multiple effects such as foundation and non-structural
damping, redundancy and instantaneous nature of the
maximum demands. The code implementation of this
factor extends to scaling of the ground motions for
NLTHA, with the target spectrum reduced by the same
amount ((1+Sp)/2).

Finally, a significant work has been done on the front
of the seismic input/hazard, with new recommendations,
specifically developed for base isolated systems design.
These primarily involve the modification of the design
spectrum in many regions, with lengthening of the
constant velocity region up to 10s in most of the country.

The document has been reviewed by international
experts and it will then be issued in draft for public
consultation, to collect feedback from industry users
including design practitioners and vendors of isolator
devices before the final release.

It is worth recalling that the Guidelines, in their final
form, may vary from the current draft and therefore the
comments provided in this paper may be no longer

applicable.
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Conclusions

New Zealand is where everything started — at least in
the modern era — however base isolation design has yet to
become as popular as in other countries. This trend seems
to have changed since the Christchurch earthquakes, with
base isolation applications no longer limited to public and
critical facilities, but now used in commercial and
residential buildings as well. Overall the uptake of the
technology in New Zealand is still behind other
countries, with a total number of isolated buildings per
resident of 0.010%o. , still relatively small when compared
to the 0.031%o in Japan. The greater awareness for base
isolation from both the clients and the consulting
industry, in parallel with the new design guidelines,
which will favour more consistent designs and a clearer
process overall, certainly will facilitate a further increase
of base isolation applications across the country in the

upcoming years.

Disclaimer

This paper provides an overall summary of the
evolution and the current state of the art of base isolation
design in New Zealand. This is not meant to be a
comprehensive document covering every detail and the
information provided within the paper are limited to the
personal knowledge of the author and the data he has
been able to gather. With this in mind, the author thanks
all of those of have been keen to share data with the
public.

All comments on the NZ design Guidelines refer to the
current draft of the document, and therefore these may no
longer be applicable for the final version that will be

released after public consultation.
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Lessons learned from the 2016 Kumamoto Earthquake
Building Damages and Behavior of Seismically Isolated Buildings
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INTRODUCTION

Earthquakes have lately been active along the Japanese archipelago. After thel995 Hyogo-ken Nanbu Earthquake
(magnitude M of 7.3), the 2000 Western Tottori Earthquake (M 7.3), 2004 Niigaka-ken Chuetsu Earthquake (M 6.8),
2011 Great East Japan Earthquake (M 9.0) followed in succession until the Kumamoto Earthquakes in 2016.

After the Kumamoto Earthquakes, the Architectural Institute of Japan (AlJ) Kyushu Chapter established the Disaster
Survey Committee (chaired by Prof. Mineo Takayama). The Disaster Survey Committee was composed of members of
the Structural Committee (chaired by Prof. Kenji Kikuchi) and Disaster Committee (chaired by Prof. Mineo Takayama)
of the AIJ Kyushu Chapter. Largely, the Disaster Survey Committee organized survey teams for each type of structure
and surveyed building damage in coordination with the AIJ Central Committee. Aside from these undertakings, the
committee conducted a comprehensive survey (a survey of all building structures) in Mashiki Town, which had heavily
damaged wood-frame houses, around areas that were hit particularly hard.

While serious damage to buildings was confirmed in many places in Kumamoto and Oita prefectures, buildings with
seismically isolated structures, seismically isolated buildings, kept residents and users safe, and could continue to be used
without any problems after the earthquakes. When the Kumamoto earthquakes occurred, there were 24 seismically isolated
buildings, including 4 under construction, in Kumamoto Prefecture.

We introduce the summary of the building damage survey from the Kumamoto Earthquakes and behavior of
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seismically isolated buildings, and the lessons learned from these surveys are discussed here.

SUMMARY OF THE EARTHQUAKE

A magnitude (M) 6.5 earthquake struck at 21:26 JST on April 14, 2016 at a depth of about 10 km beneath the
Kumamoto region in Kumamoto Prefecture. Another M 6.4 earthquake occurred at 00:03 midnight on April 15, and
another M 7.3 earthquake struck at 1:25 JST on April 16. The April 14 earthquake was later pronounced as a "foreshock"
earthquake while the April 16 ground motion was the "mainshock." A maximum intensity of 7 (on the Japan
Meteorological Agency, IMA, Seismic intensity scale) was recorded in Kumamoto Prefecture from these earthquakes,
and tremendous damage was caused. The areas close to the active fault zone of the Kumamoto Earthquakes: Mashiki
Town, Nishihara Village and Minamiaso Village, in particular, incurred severe damage.

Figure 1 shows the epicenters of the Kumamoto Earthquakes and the distribution of fissures appearing on the ground
surface. Most of the fissures occurred along the Futagawa fault zone. The largest earthquake on April 16th is believed to
have been caused by activity in the Futagawa fault zone. The probability of an earthquake occurring within the next 30
years in this zone had been assessed to be between 0% - 0.9%.

According to announcements by the Kumamoto Prefecture (as of January 13, 2017), 50 people lost their lives due to
causes such as building collapse, and if deaths from related causes such as the burden of living in shelters are included, a
total of 181 people died from the series of earthquakes in Kumamoto. For residential structures, 8,373 completely collapsed,

32,593 partially collapsed, and 139,637 were partially damaged. The number of evacuees peaked at 183,882 on April 17.

SUMMARY OF DAMAGE

The seismic observation points in Mashiki Town are shown in Figure 2. In the figure, MTO is a seismograph installed
at the Mashiki Town Office, while KiK-net Mashiki (KIK), which is operated and maintained by the National Research
Institute for Earth Science and Disaster Resilience (NIED), is installed around 650 m north of Mashiki Town Office.
TMP1, TMP2 and TMP3 are observation points temporarily set up by Hata et al., and were able to record the April 16
ground motion [2].

Figure 3 is the acceleration response spectrum (at 5% damping) based on the mainshock (EW component) records
measured at Mashiki Town [3]. The solid black line shows the Building Standards Law spectrum specified for
engineering bedrock, while the dotted black line is the same spectrum multiplied by 2 for ground surface equivalent to
ground type 2 (zoning coefficient Z = 1.0). The observation record for TMP3, south of Prefectural Road 28, was taken in
a district where the building collapse rate was high. Based on this spectrum, it can be seen that larger tremors were
measured in a southward direction from KIK to TMP1, and then to TMP3. Also, it can be seen that large input seismic
motion occurred at Mashiki Town, exceeding the ground motion given in the Building Standards Law. A comprehensive
survey was conducted in Mashiki Town to study the connection between such seismic observation records and building

damage as shown in Figure 2.
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Figure 1. Epicenters of the Kumamoto Earthquakes anddistribution of fissures appearing on the ground surface
(processed Geospatial Information Authority of Japan (GSI) data [1])
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DAMAGE TO WOOD-FRAME BUILDINGS

The Mashiki Town comprehensive survey was centered on the Town Office on the north-south axis, and extended to
the Akitsugawa River to the south and along Prefectural Road 28 in the east-west direction. The survey was carried out
for six days from May 3 to 8, and investigated damage to all buildings (approximately 2600 structures) regardless of the
structure type. Aside from members of the Disaster Survey Committee, members of the Japan Structural Consultants
Association (JSCA), Society of Architects & Building Engineers, Association of Architectural Firms, Japan Institute of
Architects (JIA), among others, also collaborated in the survey. There were a total of 200 survey participants (in 69
teams). [4]

In assessing the survey data, identifying the age of the buildings was crucial for analyzing damage. Thus, to improve
its reliability, we proposed sharing of survey data between the AIJ Kyushu Chapter Disaster Survey Committee and the
Building Department of the National Institute for Land and Infrastructure Management (NILIM) under the Ministry of
Land, Infrastructure, Transport and Tourism (MLIT). This enabled us to accurately identify the age of buildings.

Figure 4 shows the relationship between the age of wood-frame houses and the level of damage determined in the
survey. Seismic Design Standards for buildings in Japan underwent a major revision in 1981. Hence, the seismic
resistance of buildings constructed prior to this is considered to be low, while buildings constructed later are considered
to possess seismic resistance. In the 1995 Hyogo-ken Nanbu Earthquake, the percentage of buildings constructed after
1981 that incurred heavy damage was very low, at just a few percent. Note also that for wood-frame houses,
specifications for column and brace fittings were revised in 2000. According to Figure 4, the percentage of residential
buildings that incurred heavy damage was about 46% for buildings constructed before 1981, while it was about 18% for
buildings constructed from 1981 to 2000, and about 6% for buildings constructed after 2000. Approximately 61% of
wood-frame houses constructed after 2000 were undamaged. Thus, the newer the building, the lower the damage rate.

On the other hand, a trend can be seen in the distribution of damaged residences in Mashiki Town. Damage was
particularly concentrated on the south side of Prefectural Road 28. The following may be considered as possible causes

for this concentration of damage: (1) a large number of old residences, (2) strong ground motion that exceeded the
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Figure 4. Damage sustained by wood-frame houses of different ages based on comprehensive survey
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design standards, (3) disturbed ground and foundations, and (4) deterioration or faulty construction. Further investigation
is required in order to clarify this issue.

For buildings undergoing tremors such as those associated with the Kumamoto Earthquakes, the current seismic
design philosophy allows a certain degree of damage as long as building collapse is prevented, which is the minimum
requirement from the perspective of protecting human lives. House buyers and other people may have been told that
buildings are "safe" since they are earthquake-resistant. However, "safe" here means that, at a minimum, building
collapse is prevented, which is different from the general public's idea of the word "safe". These points must be
explained to the public, to ensure that house buyers and residents correctly understand a building's seismic performance
and can make appropriate decisions.

As shown in Figure 5, many wooden apartments for college
students in Minamiaso Village underwent first-story collapse. These
apartments looked relatively new from the outside. However, upon
inspection of the collapsed buildings, the structure appeared to be
old, with interiors renovated, as column joints were fixed only with

nails. Since the importance of seismic retrofitting had already been

pointed out, this damage might have been prevented if such action

e ol v, =

had been recommended at the time they were renovated, and a ) PP
Figure 5. Damaged wooden apartment in Minamiaso
subsidy for seismic retrofitting had been in place. Furthermore, a Village

system that includes the participation of structural designers in the

design of wood-frame houses is necessary.

DAMAGE TO REINFORCED CONCRETE BUILDINGS

Reinforced concrete (RC) buildings also suffered a lot of damage. Old buildings, in particular, suffered story collapse
and other kinds of damage. An example of this is the Uto City Hall shown in Figure 6. The 4th story of this 5-story
building underwent story collapse. As can be seen, the building consists of a diamond-shaped structure on the right
connected to an oblong structure on the left. Thus, large torsional deformation may be considered as one of the causes of
the collapse.

The same level of damage was not found for the low buildings around Uto City Hall. This implies that the main reason
for the damage was the building's low seismic resistance. The retrofitted Mashiki Town Office was rendered unusable by
the mainshock on the 16th, while the Nishihara Village Office incurred little damage. Buildings that will be used as
bases of operations during disasters, such as town and city halls, hospitals, and evacuation centers such as gymnasiums,
should be provided with higher seismic resistance or designed as base isolated structures.

All ten of the RC buildings that were heavily damage or collapsed were designed based on the old seismic code, while
not one of the buildings that meet the current building standards was collapsed. On the other hand, expansion joints
(hereafter, ExpJ) in condominium buildings such as the one shown in Figure 7 were damaged. Fortunately, there were no
injuries reported from falling ExpJ, which may be attributed to the fact that the earthquake occurred late at night.
However, the range of movement of ExpJ must be determined based on how much the building is expected to deform in
an earthquake. If a large movement cannot be provided, steps have to be taken so that ExpJ will not be a problem even if
they fall.

According to the Condominium Management Companies Association, from among 566 privately-owned
condominiums in Kumamoto Prefecture, 527 buildings experienced some kind of damage, 1 building suffered heavy
damage and required rebuilding, and 48 buildings (approximately 9%) experienced moderate damage and required major
repairs [5]. Although the heavily damaged condominium building was designed based on the old seismic code, 23
condominiums based on the new seismic code also had moderate damage. The ratio of buildings designed based on the
current seismic resistance standards suffering heavy damage or collapsing can be said to be small. However, even for

moderate or light damage, post-earthquake repairs and other issues may place a heavy burden on building owners and
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Figure 6. Damage to Uto City Hall Figure 7. Damage to expansion joints Figure 8. Destroyed Aso Shrine
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Figure 9. Response spectrum for observation record at K-NET Ichinomiya (EW component) [3]

residents. This means that the building's seismic performance also has to be explained in simple terms beforehand to

residents and buyers.

DAMAGE TO CULTURAL PROPERTIES

In the Kumamoto Earthquakes, there was also a lot of damage to cultural properties. A great deal of money and time
will be needed to restore Kumamoto Castle, Aso Shrine and other properties. Even if it takes time, a system is in place to
restore national cultural properties. However, there are no subsidies on construction costs for registered cultural
properties or non-designated important historical buildings.

The tower gate and worship hall in the Aso Shrine collapsed as shown in Figure 8. However, apart from these, there
was no other damage to the shrine nor any apparent damage to residences or other buildings in the vicinity of the shrine.
Thus, it is highly likely that the collapse of the tower gate and worship hall was because of resonance with long-period
ground motion. In the response spectrum recorded at K-NET Ichinomiya [3], which is close to Aso Shrine, there is an
unusually large peak at a period of about 3 s (see Figure 9). For a 5% damping ratio, the response velocity exceeded 300
cm/s while the response displacement exceeded 1.5 m, indicating that long-period ground motion occurred even in the
vicinity of the fault. For an earthquake occurring on an inland active fault, such ground motion in the vicinity of the fault

must be taken into consideration when designing of long-period structures.

SEISMICALLY ISOLATED BUILDINGS IN KUMAMOTO PREFECTURE

While serious damage to buildings was confirmed in many places in Kumamoto and Oita prefectures, buildings with
seismically isolated structures, seismically isolated buildings, kept residents and users safe, and could continue to be used
without any problems after the earthquakes. Most of the buildings with seismic-resistant structures, seismic-resistant
buildings, avoided collapse, but sustained damage such as furniture falling over, light fixtures falling down, service pipes
rupturing, and cracks appearing in columns, beams, and walls.

When the Kumamoto earthquakes occurred, there were 24 seismically isolated buildings, including 4 under
construction, in Kumamoto Prefecture, and we surveyed 17 of these. Table 1 shows a summary of the seismically
isolated buildings in Kumamoto Prefecture, and Table 2 shows a summary of the surveyed buildings. Most are apartment
buildings, followed by medical facilities, offices, and warehouses. There are some seismically isolated single-family

houses in Kumamoto Prefecture. But, unfortunately, we could not identify any of them. We visually checked the inside
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Table 1. A summary of the seismically isolated buildings in Kumamoto Prefecture

Apartment Hospital Office* Warehouse
Uses
12 7 5
Sto 1-4 stories 5-10 stories 11-15 stories
v 3 6 15
Cit Kumamoto Yamaga Yatsushiro Others
Y 18 2 2 2

50
-50 -40 -30 -20 -10 0 10 20 30 40 50
(cm)

Figure 10. A scratch plate and an orbit of Medical Facility M Figure 11. Medical Facility M

and outside of the building and the isolation level, and at the same time, interviewed users and managers. During the
earthquakes of seismic intensity 7 that occurred in succession in Kumamoto, the seismically isolated buildings
demonstrated their capabilities by functioning extremely well. A scratch plate, like a Figure 10, which allow the
movements of a building to be recorded by marking scratches on a metal plate, had been installed in 8 of the buildings,
and this made it possible to confirm the movements of these buildings during the earthquakes. Table 3 shows maximum
amplitudes of recorded on the scratch plates. A maximum double amplitude of 90 cm and a maximum single amplitude
of 46 cm were recorded at Medical Facility M in Aso City. The amount of deformation recorded at Medical Facility M is
the largest for a seismically isolated building so far. There was almost no residual deformation in any of the buildings,
and no defects were identified in the seismic isolation devices.

The seismically isolated buildings in Kumamoto Prefecture include apartment buildings, medical facilities,
accommodation facilities, offices, and warchouses. All of these buildings displayed a seismic isolation effect, and the
functionality of the buildings was maintained even immediately after the earthquake.

The seismograph station K-NET Ichinomiya(Figure 9), located close to Medical Facility M in Aso City, measured a
seismic intensity of 6-lower during the main shock. Figure 11 shows the Medical Facility. The record on the scratch plate
in the isolation level of Medical Facility M immediately after the foreshock showed a locus smaller than 5 mm in
diameter. A single amplitude of 46 cm was recorded during the main shock, which indicates its severity. Also, the
dominant period of the seismic motion measured at K-NET Ichinomiya was 3 seconds, and the amount of deformation of
the isolation level estimated from the displacement response spectrum was well over 1 m. The large difference between
this and the response deformation at the medical facility M in Aso City requires investigation.

In an interview with the building manager, it was confirmed that the seismically isolated buildings were undamaged,
and normal business continued without even any furniture or medical equipment falling over. Patients were not
evacuated from the Medical Facility M. And this hospital accepted a total number of around 70,000 patients from 13
damaged hospitals with seismic-resistant structure.

A hotel with a seismic-resistant structure located about 1.4 km from Medical Facility M was closed after the
earthquake disaster until its safety could be confirmed. A member of staff who was on the third floor of the hotel at the
time of the main shock said that the building shook so violently that paper sliding doors, the shoji, in the Japanese-style

room came out of place and he was so scared.

SUMMARY
Lessons from earthquake damages

The Kumamoto Earthquakes were a series consecutive intensity 7 tremors in Mashiki Town that have never been
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Table 2. A summary of the surveyed buildings

City Uses Built Structure Story Seismically isolation Gap size | Scratch
year members (cm) plate
, 2002 SRC 13+B1 | NRB,LRB,SD,CLB 50 o
Inpatient Ward
A 2010 SRC 13+B1 | NRB,LRB,SD 50 o
Outpatient Clinic 2006 SRC 7+B1 | LRB 55 o
B | Office 2015 S+SRC 7+B1 | NRB,USD,SnRB 65 o
C | Hotel 2002 RC 12 HDR,0D 45
Kuma- RC 14 | HDR 43
moto D | Apartment 1998
RC 11 HDR 43
RC 14 NRB,HDR 60
E | Apartment 2002
RC 14 NRB,HDR 60
F | Apartment 2008 RC 15 NRB,USD,LD 60
G | Apartment 2008 RC 13 NRB,USD,LD
H | Medical facility 2011 RC 5 HDR 60 o
Yamaga
I | Office 2014 S+CFT 5+B1 | NRB,LRB,ESD,USD 60 o
Yatsu- J | Apartment 2008 RC 15 HDR,ESD,USD 60 (o)1
shiro K | Apartment 2008 RC 14 | NRB,USD,LD 55
ngt‘lflh‘ L | Warchouse 2013 | S+SRC 2 | NRB,LRB,ESD 58 o
Aso M | Medical facility 2014 RC 4 NRB,LRB 50 o

*1: Valid data were not taken at this time

Structures RC: Reinforced concrete structure, S: Steel structure, SRC: Steel reinforced concrete structure, CFT: Concrete-
filled steel tube structure

Seismic isolation devices NRB: Natural rubber bearing, LRB: Lead-plug rubber bearing, HDR: High damping rubber
bearing, SnRB: Tin-plug rubber bearing, ESD: Sliding with elastomer, CLB: Roller bearing, OD: Oil damper, SD: Steel
damper, USD: U-shaped steel damper, LD: Lead damper

Table 3. Maximum amplitudes recorded on the scratch plates

Uses A maximum double amplitude (cm) | A maximum single amplitude (cm)
Inpatient ward 60 38
A - —
Outpatient clinic 72 41
B | Office 74 40
H | Medical facility 19 10
I | Office 16 8
L | Warehouse 50 33
M | Medical facility 90 46

experienced in Japan before. In the areas subjected to strong shaking, there were many buildings that did not suffer large
damage in the foreshock but collapsed under the mainshock tremors. This implies that the seismic performance specified
in the Building Standards Law is inadequate for designing buildings standing in the vicinity of earthquake faults.

Based on a comprehensive survey in Mashiki Town, a high percentage of 60% of wood-frame houses built after 2000
were undamaged, showing the appropriateness of the seismic resistance specifications. On the other hand, there were
also buildings that incurred large damage because of inadequate joining methods in columns and braces. To ensure a
building's seismic performance, suitable design and construction are necessary, with a well-balanced distribution of
braces and other seismic-resistant elements in both plan and elevation, enabling them to exhibit resistance. During the
Kumamoto Earthquakes, damage occurred not only to the buildings but also to the ground. Depending on the ground
characteristics in a residential district, different types of foundations or higher seismic performance may be needed.
Appropriate information regarding seismic performance should also be shared with house buyers.

For non-timber buildings, damage was particularly severe for those whose construction was based on the old seismic
code. Although it has been said before, seismic retrofitting and repair of buildings that were constructed based on the old
seismic code are essential for mitigating future earthquake damage.

The Alquist-Priolo Earthquake Fault Zoning Act was established in the state of California in the U.S. It is based on a

survey performed by the state's geological survey agency, and applies to land on both sides of the surface traces of active
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faults in a zone with a width of about 1/4 miles (0.4 km). It prohibits municipalities from granting permits for new
construction or large-scale extensions or alterations, and requires buildings to be set back by 50 feet (15 m) if active
faults are discovered by the pre-construction geological survey.

The survey results show that the population living within the range of 0.4 km fault is 2.3% of the total population at
present and less than 10% even in Kyoto prefecture, which is the largest. Japan's population is predicted to decline by
30% in the next 50 years by National Institute of Population and Social Security Research. These results show the
possibility of greatly mitigating future earthquake damage and realizing a nation resistant to disasters, through
appropriate land use and urban planning measures. In other words, by asking people living in high-risk areas near active
faults to move to safer areas, the seismic resistance of buildings, as well as the safety of towns and cities, can be ensured.
This is an issue that should be considered in the long term from the standpoint of town development and urban planning.

However, setting such policies is difficult if the locations of active faults are unclear. Surveys must first be intensively
conducted to identify the presence of such faults, so that the necessary preventive measures can be drawn up. One victim
of the Kumamoto Earthquakes said: "We knew that the Futagawa fault ran beside our house since 20 years ago, but we

didn't know what to do..." It is now asked how to answer these voices.

Lessons from seismically isolated buildings’ performance

Seismically isolated buildings fully exhibited their function during the Southern Hyogo Prefecture Earthquake in
1995, the Fukuoka Prefecture Western Offshore Earthquakes in 2005, and the Tohoku Region Pacific Coast Earthquake
in 2011. The Kumamoto earthquakes revealed some future work to be done, but the seismically isolated buildings could
continue to be used immediately after the earthquakes, with no loss of building functionality. We confirmed that the
users and managers of the seismically isolated buildings were fully satisfied with the performance of the buildings.

Unfortunately, seismometers were not installed in the seismically isolated buildings surveyed in this study. Also,
scratch plates were not installed in most of the apartment buildings. Measurements from seismometers are useful for
confirming the soundness of seismic isolation devices after an earthquake. If installing a seismometer is difficult, a
scratch plate should be installed at the very least. Scratch plate records confirm the movement of the isolation level
during an earthquake, and then provide a benchmark for reconfirming the soundness of the seismic isolation device.
After the Kumamoto earthquakes, the amount of deformation of the seismic isolation devices in the seismically isolated
buildings with scratch plates installed was confirmed based on the scratch plate records, and the buildings were quickly
evaluated to be safe to continue using. The judgment could be made with reference to experimental data accumulated in
the past, rather than just a superficial visual check. Also, the accumulation of these kinds of records stored every time an
earthquake occurs is expected to help in improving the performance of seismically isolated buildings.

Promoting the use of seismically isolated structures that exhibit high safety and maintain their functionality during
earthquakes is considered to be an effective way of reducing earthquake damage. However, the earthquakes observed
recently have gradually come to be larger than before, and it is important that sufficient allowances are also made in the

design of seismically isolated structures.
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Table Servo-hydraulic
actuators

Hardline

@ 192 viscous

dampers

Floating foundation
(3500 tons)

120 air springs
X5 High-performance earthquake simulator

%1 Specifications of the earthquake simulator

6 DOF 8m x 8m earthquake simulator

Maximum payload of 250 ton specimen mass

Frequency of operation: 0.1~30 Hz Uniaxial Sinusoidal

waveforms
X axis Y axis Z axis
Stroke: +1.0m +1.0m +04m
. +2.0 m/s +2.0m/s +1.0 m/s
Velocity:
(for 10 sec) | (for 10sec) | (for 20 sec)
Acceleration:
250t specimen +0.75 g +0.75 g +05g
100t specimen +l4g +ldg +0.8 g
Bare Table +25¢g +25¢g +30¢g

Overturning Moment 500 tonf-m (bi-axial)

1000 tonf-m (uni-axial)
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Hold-down actuators
Reaction frame

Platen Foundation

Longitudinal
actuators

Vertical actuators (60MN)

Lateral actuators

Hardline

X6 Bi-Axial dynamic Testing System (BATS)

%2 Specifications of BATS

Description Value
Static vertical compression force (MN) 30
Dynamic vertical compression force (MN) 30
Total vertical compression force (MN) 60
Vertical tension force (MN) 8
Vertical compression velocity (+/- m/s) 0.15
Vertical displacement (+/- mm) 75
Longitudinal force (+/- MN) 4
Longitudinal velocity (+/- m/s) 1
Longitudinal displacement (+/- mm) 1200
Roll, pitch, and yaw (+/- deg) 2
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