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Preface

This book is based on and derived from chapters on the latest developments in three
popular research areas of recent years in structural and earthquake engineering:
Seismic Isolation Systems, Structural Health Monitoring and Earthquake Early
Warning Systems, and Performance Based Seismic Design.

Part I includes three chapters on seismic isolation systems, a new passive iso-
lation system, a semi-active system, and a simple mortar bearing to act as a base
isolator. Vulnerability of high-rise and seismically isolated buildings under long
period strong ground motions is discussed, and new passive and semi-active
structural seismic isolation systems are proposed against such effects. These sys-
tems are validated through real-time hybrid tests on shake tables.

Part II presents seven chapters on the new developments on Structural Health
Monitoring (SHM) and Earthquake Early Warning (EEW) systems. Real-life
implementations of SHM systems are presented on tall buildings, historical struc-
tures, and lifelines. The lessons learned from the analysis of data from such systems
are discussed. EEW and SHM systems provide rapid assessment of structural safety
after an extreme event (e.g., a large earthquake), and allow taking preventive
measures, such as shutting down the elevators and gas lines, before the damage
occurs. Vibration data from instrumented tall buildings have shown that large
distant earthquakes and surface waves, which are not accounted for in most Ground
Motion Prediction Equations (GMPE), can cause long-duration shaking and dam-
age in tall buildings.

Part IIT includes eight chapters on performance-based seismic design. The
overview of the current performance-based design methodologies includes dis-
cussions on the design of tall buildings and the reasons why common prescriptive
code provisions are not sufficient to address the needs of tall building design.
Modeling and acceptance criteria associated with various performance-based design
guidelines are explained and special issues such as selection and scaling of ground
motion records, soil-foundation—structure interaction issues, and seismic instru-
mentation and peer review needs are discussed.



vi Preface

The book presents a concise summary of latest research findings, and will be of
interest to a wide range of professionals in earthquake engineering, including
instructors, researchers, graduate students, and designers.

Atakum, Turkey Azer A. Kasimzade
Istanbul, Turkey Erdal Safak
Vancouver, Canada Carlos E. Ventura
Irvine, USA Farzad Naeim

Kobe, Japan Yoichi Mukai
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Part I
Seismic Isolation Systems




Chapter 1 )
New Structural Seismic Isolation System Sesia

Azer A. Kasimzade, Sertac Tuhta and Gencay Atmaca

Abstract New structural seismic isolation system named Spherical Foundation
Structural Seismic Isolation (SFSSI) system which has been discovered and first
prototyped on a 104 m height (26 storey) building example is presented. Creation of
SFSSI system aimed to build structural seismic isolation system, of which period
must be more than the predominant period ground motion of majority existing
earthquakes including near-fault zones also. As known, classical period-dependent
isolation systems and not isolated (fixed base-FB) buildings are vulnerable under
long-period earthquakes and it is required to design resistant structural system
components. For this purpose, a system has been realised as a structure with inverse
pendulum system’s behavior. Structure foot base and foundation contact surface are
formed in spherical appearance and they are separated by known Lead Core Rubber
Bearing (LCRB) or Laminate Rubber bearing (LRB) isolators which are installed
through spherical contact surfaces. Dampers are installed through base (structure
foot) plate counter for controlling system’s response. This allows spherical foun-
dation’s turning around gyration center through rubber bearing contact and keeps
the same behavior to superstructure. In the SFSSI system it is possible to keep the
natural period of the structure in a large interval, which is much more than pre-
dominant period of ground motion of the majority of the existing earthquakes
including near-fault zones also. In this study, behavior of the both classical
base-isolated building using LCRB and not isolated-FB building has been inves-
tigated under long-period ground motion. Obtained results are compared with
SESSI system with the same stiffness and equivalent damping and number of
LCRB which was installed on spherical foundation. It was shown that, SFSSI
system deprived from known deficiency period-dependent isolation systems and it
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4 A. A. Kasimzade et al.

is the progress of the new type earthquake-resistant structures. SFSSI system
exhibits improved Roly-poly (‘Haciyatmaz’, ‘Okiogary-Koboshi’) behavior. We
believe that as Roly-poly, structures with SFSSI system will symbolize the ability to
have success overcome adversity, and recover from misfortune.

Keywords Spherical foundation structural seismic Isolation-SFSSI system
Earthquake-resistant structures + Nonlinear LS-DYNA finite element modeling
Seismic base isolation

1.1 Introduction

Seismic isolation separates the structure from the harmful motions of the ground by
providing the flexibility and energy dissipation capability through the insertion of
the isolated devices, called isolators, between the foundation and the building
structure. The simplest sliding system is the pure-friction (P-F) system well known
in references, which does not have any restoring force and a period. Other isolation
systems with restoring force and a period include; the resilient-friction system, the
Electricite de France, the friction pendulum, the sliding resilient friction, the
elliptical rolling rods and other period-dependent base isolator systems well known
in appropriate references.

However, seismologists have reported on the vulnerable state of buildings isolated
using a period-dependent base isolator against the near-fault pulse ground motions of
intra-plate earthquakes or long-period ground motions of inter-plate earthquakes
(Tanaka et al. 1979; Heaton et al. 1995; Hall et al. 1995; Celebi and Sanli 2002). In
other words, if the frequency of oscillation of the ground is close to the natural
frequency of the building, resonance may cause severe damage. In case of resonance
frequency content of the ground motion is close to the building’s natural frequency
and tends to increase or amplify building response. In this framework, the seismic
response of long-period structures (high-rise buildings, long-span bridges,
base-isolated structures and others like these) is a scientific curiosity. Therefore,
long-period structures can be vulnerable to earthquakes occurring in faraway loca-
tions. Some examples of these phenomena are presented below.

First example from the Mexican Earthquake of September 19, 1985, a magnitude
of 8.1. These earthquakes resulted from the Cocos Plate pushing (Fig. 1.1) under
the North American Plate (Butcher 1988; Smolka and Berz 1988).

Serious shaking lasted for nearly 3 min. And 350 km from the epicenter damage
was concentrated in a 25 km? area (Fig. 1.2) of Mexico City.

Periods of the most (about 60%) vulnerable buildings (Fig. 1.3) ranged roughly
from 0.6 to 2 s (6-20 storey buildings).

Second example (Zhigalin et al. 2013) from the 1977 Vrancea Earthquake,
Romania on March 4, 1977, with magnitude 7.2. This earthquake caused the res-
idents’ panic and discomfort in high-rise buildings in Moscow, which are not
considered. as seismic regions far away from the epicenter. The news of this event
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Fig. 1.1 Tllustration of the Mexico’s Cocos Plate position in relation to tectonic plates on the
Mexican Earthquake of September 1985 (Butcher 1988)

fell into Moscow’s doubt. The earthquake magnitude on ground level was 3—4, and
the fluctuations at the height of the main building of the Moscow State University
were about 7.

The third example is (Zhigalin et al. 2013) from the 2013 Okhotsk Sea
Earthquake, Russian on May 24, 2013 with magnitude 7.7, depth 600 km (ac-
cording to the US Geological Survey, the magnitude was Mw = 8.3, and the focal
depth was 609 km). It was recorded in Moscow and in a number of satellite cities.
For Moscow, which has more than once felt the echoes of strong Carpathian
earthquakes from the Vrancea zone (Romania), this is a unique and unexpected
event. The new seismic event caused a significant social resonance. The city was
surveyed. In the center and southwest of Moscow (predominantly in high-rice
buildings), chandeliers swung, the dishes rattled, objects moved, and personnel
were evacuated from some offices. In Moscow and St. Petersburg, the intensity of
quakes at the ground level was estimated at magnitude 1-2. The effect of a strong
deeps focus earthquake at the level of perceptibility in the European part of Russia
and in Moscow at a great distance (about 6500 km) from the earthquake focus in the
Far East is a new phenomenon.

The Department of Earthquake Engineering of Kandilli Observatory and
Earthquake Research Institute of Bogazici University (DEE-KOERI) has designed
and been operating a significant number of Structural Health Monitoring
(SHM) networks in Istanbul and Near East region. The next fourth and fifth
examples are based on records of this center.
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Fig. 1.2 Tllustration of the 25 km” damage area of Mexico City 350 km from the epicenter plates
on the Mexican Earthquake of September 1985 (Smolka and Berz 1988)
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Fig. 1.3 Illustration of the most vulnerable building groups on the Mexican Earthquake of
September 1985

The fourth example is from the Northern Aegean Sea Earthquake of May 24,
1914, a magnitude 6.5, which is 300 km away from the 62-storey, 238 m high
Sapphire Building in Istanbul. The vibration amplitudes at the top of the building
were very large and lasted more than 10 min after the earthquake has stopped.
Although the accelerations and displacements were not large enough to present any
danger structurally, the long duration of building’s vibrations were strongly felt by
the occupants and caused panic.
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The fifth example is from the Iran—Pakistan border earthquake of 16 April 2013,
a magnitude 7.8, which is 900 km away from the 74-storey, 310 m tall building in
Abu Dhabi, whose SHM system is designed by the DEE-KOERI. The shaking from
the earthquake was felt over a wide area, including the Middle East, causing panic
among people in tall buildings in the region.

Since 2000, Japanese codes have required (Taylor 2012) design for velocity
response spectrum values of 0.8 m/s up to a period of 10 s, whereas in previous
codes this requirement did not exist. Prior to 2000, three ground motions were
primarily used for design of high-rise structures (El Centro, Taft, and Hachinohe).
This is the first is a group of the ground motions that are popular for evaluation of
high-rise or base-isolated building presumed as a very rare case with a return period
of 500 years in Japan. Those are adjusted so that the peak ground velocity is 0.50
m/s. Second is a group of ground motions observed in Kobe City (Fujitani et al.
2012), when the Hyogoken Nambu Earthquake occurred (PGA = 8.18 m/s?,
PGV = 0.92 m/s) and Takatori 1995 NS near-fault pulse (PGA = 6.06 m/s?,
PGV = 1.23 m/s). This group is adjusted so that the peak ground velocity in
average is 1.075 m/s. During the 2011 Great East Japan Earthquake, the peak
ground acceleration at the base of three buildings surrounding Tohoku Institute of
Technology were 3.36-354 m/s” and the peak acceleration measured at the upper
floor of the surrounding five storey building was 8.20 m/s”. The results of the recent
studies (Jangid 2005; Fujitani et al. 2006, 2012; Bonelli 2014; Saito 2014;
Warnitchai 2014; Estrada 2014; Kasimzade et al. 2015a, b; Kawabe 2015) also
show that an excessively great displacement occurs in the isolation layers of the
base-isolated buildings. Active and semi-active control systems have been proposed
for response reduction (Jangid 2005; Fujitani et al. 2006, 2012). Another side, in
related design references (Eurocode 8 2003) presented design tools bounded with
period of 6 s. But in references summarized and reported by (Tanaka et al. 1979;
Kawabe 2015) classification of long wave period earthquakes between 1-15 s and
0.1-10 s and also presented examples from the later huge 2011 Tohoku earthquake.

As supported by the above presented and other existing related reference reports
seismic isolated structures with period-dependent seismic isolation devices are
vulnerable against the near-fault pulse ground motions of intra-plate earthquakes or
long-period ground motions of inter-plate earthquakes.

New subjects such as long-period seismic ground motion was one of the main
subject of the latest conference 14th Japan Earthquake Engineering Symposium
(Osaka, Japan, 2014), International Symposium on Disaster Simulation (DS’15,
Osaka University, Japan 2015) and it was discussed in special sessions by the
researchers (Saito 2014; Warnitchai 2014; Estrada 2014) and (Kasimzade et al.
2015a, b; Kawabe 2015) respectively.

In summary, existing design tools for seismic isolated structures are bounded
with a period of 6 s. LCRB isolators are produced with a period of under 5 s. Long
wave period earthquakes between range 1 and 15 s and more. Under long-period
earthquakes in the isolation layers excessive deformation occurs and buildings
seismically isolated with period-dependent isolation devices (LCRB, LRB and
others) may_ lose safety or the functionality.
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In recent works (Kasimzade et al. 2015a, b) presented Spherical Foundation
Structural Seismic Isolation—SFSSI system is presented for the first time, which
deprived above mentioned deficiency of seismic isolated structures with
period-dependent seismic isolation devices and may be used in active seismic
zones, including against the near-fault pulse ground motions of intra-plate earth-
quakes or long-period ground motions of inter-plate earthquakes.

Here is presented SFSSI system’s nonlinear dynamic performance, particularities
and effects of behavior under long-period ground motions with comparison to
traditional rubber bearing base isolation systems and not isolated (fixed base—FB)
buildings respectively.

1.2 Governing Equations of Motion of the SFSSI System

SFSSI system’s mathematical model was illustrated in Fig. 1.4. With the
assumption that system masses were concentrated on storey levels, the SFSSI
system was modeled as a system with (n + m) number is the dynamic DOF of the
system. (n) is superstructure and (m) is the underground parts’ dynamic DOF
respectively. SFSSI system’s equation of rigid body motion (Fig. 1.4) around the
gyration center (g.c.) was derived based on the De Lambert principle and main
converting steps was presented as following (Kasimzade et al. 2015a, b):

Z Ly p+ Z Fihi — Z Fyuo;i+ (Feeq + Feo + Fuo) 02 — Z Fy, hi

i=ln i=1,n i=1ln i=1,n

+ Z Lo, @+ Z Fpohoj + Z Fy ojtto; (L.1)

j=lm j=lm j=1m
+ E Fﬁy(ojhoj = 07
j=lm

where, ¢ is the rotation angle of the absolute rigid structure around of the gyration
center; I, = mihi2 is the rotational inertia of the superstructure’s i-th mass m;
Fj, = m iio;, Fyy,, = m; iig, 1 = 1, n are forces in the i-th mass of the superstructure’s
from the iiy;, it, accelerations respectively; ii, is the horizontal component of the
earthquake acceleration; F,, = m;g is the gravitation force of the superstructure’s
i-th mass; g is the gravitational acceleration equal to 9.81 m/s%; 1%,-’ Fi10js Fiigoy» Fy 05
j =1, m are similar parameters for the underground part of the SFSSI system;
Foo = cppy@, Fyp are the total damping and total stiffness forces of the isolator
devices installed on spherical foundation of SFSSI system with total damping
coefficient ¢, and spherical radius p,; Feeq = capo@ is the total equal damping
force in the external dampers with damping coefficient c;.
Substituting above relation in Eq. 1.1, it becomes
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Fig. 1.4 SFSSI system’s rigid body behavior—schematic illustration under earthquake excitation

b mihi 4+ Y midioihi — Y miguoi + (Feeq + Fon + Fin) p

i=1n i=1,n i=ln
. .. 2 .
_ E miugh,--l—(p mojh0j+ E mOjuojhoj (12)
i=1,n j=1m j=1lm
+ E mo;guo; + E mojﬁgh()j =0
J=Lm J=Lm

Defining terms as follows:

tangp = ~ @ = ﬂ7 Ui = q)hia Uoi = q)hi’
hi (1.3)

Fc,eq +Fe, + Fy, = capr® + copr¢ + Fo
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Equation 1.2, may be rewritten as the following:

¢ Z miht‘z +¢ Z mihi2 — 98 Z mih; + ¢(cq +cb)p§ + Fivps

i=1,n i=1ln i=1,n
—iig > mihi+p Y mohdi+ ¢ > mohy; (1.4)
i=l,n j=1m j=lm
+ g Z mth()j + ﬁg Z mojhoj =0
T =T
or
¢ l(z mihi+ ) mth(2)j> 2| +dlcaten)ps
i=1,n j=lm
-9 l (Z mihi — moj'ho;)g + Fiwpa (1.5)
i=1,n j=lm
= ﬁg ’72 m,-h,- — Z mojhoj“
i=1n j=lm

SESSI system’s forced vibration covering equation of motion around of the
gyration center as a rigid body was obtained as:

PCa 4 pC1 — 9Co18 + p2Fiv (@) = iigCor (1.6)
Here

C1 = pica+cp), (1.7)
C, = 2(2 mihi + > mo,-hgj> (1.8)

i=1n j=1lm
C()] = Z mih,‘ — Z mojhoj (19)

i=1,n j=lm
C02 = Z mih,' — Z mojhoj (110)

i=1l,n j=lm

Accepting that SFSSI system’s underground part storey-level forces Fj,, =
myjit, will be equilibrated by the opposite forces Fj, .., = Fi,, by the outside part

of the spherical foundation (Fig. 1.5) in Eqgs. (1.2-1.6), the Eq. 1.10 become as
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Fig. 1.5 Illustration of the 1—“:1 ——ny;
SFSSI system’s underground \

spherical foundation and \
superstructure forces

Flgﬁsoj'_'

Coo= > mihi (1.11)

i=ln

The underground part’s horizontal deformation and corresponding acceleration
are neglected, since it is completely rigid.
SESSI system’s superstructure part deformed states equation of motion (Fig. 1.6)
is built and main converting steps are presented as following:
Fi+Fi+Fi—F; =0, i=1n (1.12)

g
mi(ﬁi—i-iio,')-i-ciili—i-kiui =m;ilg; i=1,n (1.13)

miiii—l—ciui—i-kiui:mi(ug _iZOi)§ i=1,n (114)
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Fig. 1.6 SFSSI system’s my,
superstructure part deformed \ \
state under earthquake \ '
excitation—schematic 3 \
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SFSSI system’s superstructure part deformed states equation of motion becomes.

m{ii} + [e]{ie} + [k){u} = {Fi,}, (1.15)

where [m], [c], [k] are mass, damping and stiffness matrix of the superstructure
respectively;

{u} is the relative displacement vector of the deformed states superstructure.

my (it — lio1 lig1 hy u
my (it — o2 7 hy up
Fo ) = iy =4 Vo) _)- L
{Fu) m; (itg — iio;) {iio} i n ) Ui
my (ug - ﬁOn) i'iOn hn Un
(1.16)

with

uo; = @ho;, itg; = @h;;

Here ¢ is the solution of the Eq. 1.6.
Thus, the behavior of the SFSSI system under lateral earthquake excitation is
expressed by a set of Eqs. 1.6 and 1.15.
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SESSI system’s absolute displacement and acceleration responses for top and
base levels respectively are defined as

Upabs = I_un - uon| = Utop,abs
ﬁn,abs = |ug — iy — i'ion| = ﬁtop,abs (1 17)
Up,abs = |ug + ub|

iip abs = |itg + it |

1.3 Mathematical Model of Base Isolator

For the present study, Wen’s model (Wen 1976; Ikhouane and Rodellar 2007) is
used to characterize the hysteretic behavior of the Lead-Core Rubber Bearing
(LCRB or N-Z) isolator which is shown schematically and graphically in Figs. 1.7,
1.8 and 1.9 respectively. The LCRB isolator was invented in New Zealand (N-Z) in
1975 and have been used extensively in New Zealand, Japan, and the United States
(Naeim 1999).

For high (Fig. 1.10) and low (Fig. 1.11) initial isolator stiffness, its nonlinear
restoring force Fyp can be expressed as following respectively:

Fio = kpup + (1 — ) F\Z (1.18a)
Fy = 0+ kyuty (1.18b)
Fi = akpup + (1 — 0)F\Z (1.19a)
Fy = Q + akyuy, (1.19b)

where u;, is the lateral displacement of the superstructure foot base surface relative
to the foundation contact surface; u, is the yield displacement of bearing; k; is the
total stiffness of the isolators between the superstructure foot base surface and the
foundation contact surface; « is the ratio of the post to pre-yielding stiffness and in
references (Deb and Paul 1996; Deb et al. 1997), from selected order 0.25 to 0.4

Fig. 1.7 Schematic diagram
of the LCRB isolator

Ug
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Fig. 1.8 Hysteretic model of the LCRB isolator
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Fig. 1.9 LCRB isolator’s hysteretic model main geometric rations—illustration

was used o = 0.33; in experimental investigation of low-type LCRB isolators (FIP
Industrial 2013) was obtained o = 0.0882 and o = 0.0967 respectively (roughly
o = 0.1); in LCRB isolated structural nonlinear vibration control analysis (Li and
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Fig. 1.10 Hysteretic model Fip
of the LCRB isolator with A
high initial stiffness
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Fig. 1.11 Hysteretic model Fip
of the LCRB isolator with low A
initial stiffness
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Ou 2012) also was used o = 0.1; in research (Lei and He 2013) aimed to identi-
fication nonlinear properties of LCRB isolators, and was used o = 0.2;

The ratio (d,) of maximum bearing displacement (u,;,) and yield displacement
(uy) are found to be in the order of 5 to 7 on (Deb and Paul 1996; Deb et al. 1997),
on (FIP Industrial 2013) are found in the range d, = 10.387—10.523 (about 10) and
fr = Fyun/Fy, = 1.8279—1.92 (about 2) respectively.

F, is the yield strength and Q is characteristic strength of the bearing respec-
tively. The yield strength of the bearing is normalized with respect to the total
weight (W) of the isolated building and expressed by the parameter, F, defined as

Fy

Fo =3 (1.20)
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In the some references normalized stiffness has been expressed as

=2 (1.21)

W =gm, (1.22)

m; = my + Zmi, (1.23)
=1

where m;, my,, m, are the mass of the storey, base slab and total mass of the building
respectively.

For high initial stiffness LCRB isolated buildings under near-fault zone earth-
quake excitation the optimum normalized yield strength (F}) is found to be in range
Fy = 0.1-0.15 in (Jangid 2007). But for low initial stiffness LCRB isolated build-
ings yield strength is accepted in range Fy = 0.05—0.10 and yield displacement of
bearing is acceptance in range u, = 0.025-0.05 m; §, = 0.1-0.3; T}, = 2-3 s.
Generally, for a given performance response bound of the structure, the isolated
structure’s three characterized parameters (the isolation period (73), damping ratio
(&p,) or damping coefficient (c,) and normalized yield strength (Fy) bound must be
defined (Kasimzade 2002). The parameters 7} and ¢, are expressed as

To» = 2751/ o, wop = ,/ . Wp = Wop éb, Ty, =2n/wp,  (1.24)

Cp = 2m,wb§b (125)

Z is the non-dimensional hysteretic displacement component satisfying the
following nonlinear first order differential equation expressed as (Wen 1976;
Ikhouane and Rodellar 2007):

Z = |ai, — Pliy| Z|Z|"" —yity|Z|" |u;" (1.26)

The dimensionless parameters a, f3, 7, n control the shape of the hysteresis loop
and are selected such that the predicted response from the model closely matches
the experimental results. It has been shown that: forn =2, a =1 and + 7y =1, the
model of Eq. 1.26, reduces to a model of visco-plasticity and in this case uy
represents the yield displacement.

In order to compare the results of the analysis in the future, the equations of
motion of buildings with traditional LCRB/LRB base isolation and without isola-
tion (fixed base FB) buildings are presented below.
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1.4 Governing Equation of Motion of Traditional LCRB/
LRB Base-Isolated and Fixed Base Buildings

As known the equation of motion traditional LCRB/LRB base-isolated buildings
(Fig. 1.12) are presented as a set of equations

mpiip + Fip + cplty — kiuy — crity = + mypig (1.27)

)i} + [cl{ie}y + K] {u} = + [m]{r} (it — i) (1.28)
Here {r} is the unit vector of order n: {r} = (111...1...1,)"
LCRB/LRB isolation system’s absolute displacement and acceleration responses
for top and base levels respectively are defined as

knu -
nln | o Myl
Calln mn(ﬁb‘l'ﬁn) : :

Uy

Fig. 1.12 Schematic illustration of the traditionally LCRB/LRB base-isolated building




18 A. A. Kasimzade et al.

Upabs = I—un - uob| = Utop,abs
izn,abs = |ug — iy — i'iob| = utop,abs (1 29)
Up,abs = |ug - ub|

ﬁb,abs = |ug - ’.'ib|

In presented Eqgs. 1.27 and 1.28 for the case of u;, = 0, the equation of motion of
the not isolated-fixed base (FB) structure (Fig. 1.13) is obtained as:

[ml{ii} + [el{i} + [k}{u} = + [m]{r}(it) (1.30)

Fixed base (FB) system’s absolute displacement and acceleration responses for
top and base levels respectively are defined as

Upabs = |ug - un| = Utop,abs
Upabs = |ug - un’ = Utop,abs
Upabs = |ug|

ilb,abs = |ug |

1.5 SFSSI System’s Free Vibration

SFSSI system’s undamped free vibration covering equation of motion around the
gyration center as a rigid body was obtained from the Eq. 1.6, substituting in it
C1 = p3(ca+cp) = 0,ii, = 0 and assuming Fyy(¢) = kpup = kppp, as

Fig. 1.13 Schematic
illustration of the fixed base
building




1 New Structural Seismic Isolation System 19

PCa+ pkyps — Corgg = 0 (1.31)

kpp3 — C
b+ b3 Olgq) -0 (1.32)
G
The embedded system frequency (wg) and period (7p) in this equation are
expressed as

_ ky p3 — coig
(&)

G
Ty =21 | ———"—— 1.34
0 \l kop3 — Co1g (1.34)

The total stiffness of the isolators (k) along the foundation contact surface on
base required system period (7o) can be found in the first approach as follows
(Kasimzade et al. 2015a, b):

w? (1.33)

kor = [ €2/ (Tor/27)" + Corg] /93 (1.35)

1.6 Hysteretic Damping Model of Isolator

One of the main purposes of employing a LCRB is to dissipate the earthquake
energy. The behavior of the base-isolated building is selected in a way to represent
the force-deformation behavior of the commonly used isolation systems such as
elastomeric systems. The energy dissipated per cycle of the hysteretic loop (A;)
when the lead has yielded, is illustrated in Fig. 1.14: 22

(a)

b vd (b) Fk 3 Fh.“; I;M

O e
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The width of the hysteresis loop is related to the loop area which is in effect a
measure of the energy dissipation that can be conveniently described by the
equivalent damping ratio (.q). At a specified design isolation displacement (D), for
resonance case (r = 0/wgp = 1) equivalent damping ratio () for system are
expressed as

1A,
C4nrAL’

Ceq (1.36)

where A = % is stored energy (linear energy)—the energy produced by the linear
component of the isolator restoring force for high Fyyy = kpup and low Fypp =
a kpup initial stiffness restoring forces respectively; r = 6/wy, is the ratio of the
forced vibration’s frequency to natural frequency of the isolator.

Ay = 10, (D — uy) (or roughly A, =~ nQ.D) is hysteresis area or dissipated
energy (nonlinear energy)—the energy produced by the nonlinear component of the
isolator restoring force for high Fipn = (1 — «)(Q+kpuy)Z and low Fipr =
(1—-a) (Q + ockbuy)Z initial stiffness restoring forces respectively;

Q is characteristic strength; D is maximum shear displacement and u, is yield
displacement.

For steady-state harmonic response

éeq = D/2ust

Here uy is the static displacement for steady-state harmonic response from the
harmonic forces amplitude excitation.
The equivalent stiffness and damping ratio of an isolator can be computed by

ko= (F* — F)/(D* — D) (137
Cyeq:(l/zn)[Ah/FD]? (138)

where F', F~ and D*, D™ are maximum forces and maximum displacements of the
isolator in positive and negative directions respectively; F, D are absolute maxi-
mum force and absolute maximum displacement of the isolator (in the LCRB
isolators can be accept Q* = ~ F)).

1.7 Solution Method of Equation of Motion

SFSSI system’s set of nonlinear governing equations of motion-Eqgs. 1.6, 1.15,
1.18a, b, 1.19a, b and 1.26 is solved by the Runge—Kutta method using MATLAB
differential equation tools (Matlab 2017).
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1.8 Numerical Study

SFSSI system’s parameters. Numerical verifications are presented on the example
26 storey (superstructure is 20 storey and underground part is six-storey) SFSSI
steel framed structure (Figs. 1.15 and 1.16) with storey height # = 4 m and total
height H = 20 h + 6 h = 102 m; the floor load including self-weight of the steel
members is set at 7840 N/m?. The structure is designed so that the maximum storey
angle is less than 1/200. The material of steel members is SN490, so that the yield
strength is 357 MPa. The columns have box-section, beam have H-shape section
and all members are designed to satisfy FA rank building design grade. Building
section plane axial radius is p,, = 22.63 m;

Superstructure foot base surface radius is p, = 24 m; Superstructure’s each storey
area is Ay = mp3, = 1608.9 m?; Superstructure total area is A, = 20 Ay = 32,178
m?; Underground part space occupancy rate is o, = (As/2)/(2p, 2p5/2) = 0.7854;
underground part total area is Ay, = 6A o, = 7581.6 m?; Total storey area of the
26 storey structure is Aggssy = 39,759 m?; Building storey mass mg = 7840
Ag/g = 1.2858e6 kg; SFSSI steel framed structure storey masses calculated on base
this information are given in Table 1.1. For comparing results classically LCRB
isolated and fixed base (FB) 24-storey steel framed structure parameters with same
section area are generated respectively and also presented in the Table 1.1. LCRB
isolated and fixed base (FB) structure total storey areas are Ajcrp = Arp = Ag
24 = 38,613 m”.

Fig. 1.15 Illustration of the spherical foundation structural seismic isolation—SFSSI system

BRI Zyl_llsl
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Fig. 1.16 Sectional view of the SFSSI system

Table 1.1 SFSSI, classical LCRB isolated and Fixed Base (FB) steel framed structures masses

distributions

Storey number | SFSSI steel Classically LCRB isolated | Fixed Base

(for LCRB FB | framed structure structure storey masses (FB) structure storey
structures) storey masses (kg) | (kg) masses (kg)
Superstructure

1-19 1.2858e+6 1.2858e+6 1.2858e+6

(1-23) 0.91597e+6 0.91597e+6 0.91597e+6

20

(24

Total 25.3460e+6 30.4894¢e+6 30.4894e+6
superstructure

Underground part

-1 1.1192e+6 This mass is not presented | This mass is not
-2 1.0702e+6 because it is not reflected | presented because it is
-3 0.9830e+6 in the analysis not reflected in the
-4 0.8460e+6 analysis

-5 0.6274e+6

-6 1.7830e+6 1.2858e+6 -

(isolator)

Total 6.4288+6 - -

underground

part

Total structure | 31.7750e+6 31.775e+6 30.4894e+6
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Assuming that the predominant period of the earthquakes in the area where
examined (SFSSI, LCRB, FB) buildings will be build is less than 11 s, SFSSI
structure’s required total isolator stiffness for the first approximation may be defined
on base Eq. 1.35 as ky, = 8.2455¢ + N/m = k;,. Other parameters of the LCRB
isolator defined by the Eqs. 1.24 and 1.25 respectively as T, = 3.9451 s and ¢, =
1.5182¢ + 07 Ns/m for assumed isolator damping ratio &, = 0.15 and stiffness &, =
8.2455e +7 N/m respectively. For possibility comparing SFSSI system with the
classically LCRB isolated structure, in presented SFSSI system example additional
dampers are not used, so ¢; = 0 and related parameter defined by Eq. (1.7) as
C = p3(ca+cp) = 8.7449e +09 Nsm. Hysteretic parameters in Egs. (1.18a, b or
1.19a, b and 1.26) was accepted as o = 0.1, f# =0.5,y=0.5, a =1, (ﬁ =1),
u, = 0.0601 m. Yielding strength F) is defined on LCRB’s experimental investi-
gations on base empirical relation Eq. 1.20. In presented example it was assumed
that Fjy = 0.0159, so Fy, = 0.0159 W = 49562¢ + 6N .

SFSSIsystem’s superstructure stiffness [k,] and mass matrices [m,] was obtained as

[kJ=k*[2-1000000000000000000
212-100000000000000000
0-12-10000000000000000
00-12-1000000000000000
000-12-100000000000000
0000-12-10000000000000
00000-12-1000000000000
000000-12-100000000000
0000000-12-10000000000
00000000-12-1000000000
000000000-12-100000000
0000000000-12-10000000
00000000000-12-1000000
000000000000-12-100000
0000000000000-12-10000
00000000000000-12-1000
000000000000000-12-100
0000000000000000-12-10
00000000000000000-12-1
000000000000000000-1 1];
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ks = 1.8428e+9 N/m;

SFSSI system’s superstructure part predominant period roughly was defined
depending on the superstructure total height 80 m (or storey number n = 20) as:

T i supers = 0.08 % (B n)¥Y= 2145 (0r 0.1n = 0.120 = 25)

The correctness of the matrix [k,] is evidenced by the solution of the eigenvalue
problem of the matrices [k,], [m,] and comparing with predominant period
(2.1362 ~ =2.14).

Damping matrix [c,] for the superstructure with damping ratio &, = 0.05 are
defined by the classical-Rayleigh mass [m,] and stiffness [k] proportional damping
as

[c]=c [c, t¢c, -c

c.= 1.0496e+7 Ns/m;

LCRB isolated building parameters. To be able to compare the SFSSI system
with the classically LCRB isolated system, the n = 24 storey classically LCRB
isolated building system with total mass is equal to the SFSSI system total mass and
with same geometry and section will be examined. LCRB isolator parameters and
numbers (37) are same. Another word LCRB parameters used in SFSSI and clas-
sical LCRB isolated systems are same and summarized as following:

T, =3.9451s, ¢, =1.5182e+07 Ns/m, ¢, =0.15, k, = 8.2455e+7 N/m,
a=0.1,5=057y=05a=1,u,=00601 m Fy=0.0159

LCRB isolated system’s superstructure part predominant period roughly was
defined depending to superstructure total height 104 m (or storey number n = 24) as

T Jesb_supers = 0.08 % (% n)3Y=2.45355(0r0.1n = 0.124 = 2.4 5)

LCRB isolated system’s superstructure stiffness [k,] and mass matrices [m,] was
obtained as
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[k ]=k;*[2-10000000000000000000000
-12-1000000000000000000000
0-12-100000000000000000000
00-12-10000000000000000000
000-12-1000000000000000000
0000-12-100000000000000000
00000-12-10000000000000000
000000-12-1000000000000000
0000000-12-100000000000000
00000000-12-10000000000000
000000000-12-1000000000000
0000000000-12-100000000000
00000000000-12-10000000000
000000000000-12-1000000000
0000000000000-12-100000000
00000000000000-12-10000000
000000000000000-12-1000000
0000000000000000-12-100000
00000000000000000-12-10000
000000000000000000-12-1000
0000000000000000000-12-100
00000000000000000000-12-10
000000000000000000000-12-1
0000000000000000000000-1 1J;

kis = 2.0925e + 9 N/m

The correctness of the matrix [k] is evidenced by the solution of the eigenvalue
problem of the matrices [ki], [m] and comparing with predominant period
(24335 s ~ =2.45).

Damping matrix [cys] for the superstructure with damping ratio &, = 0.05 are
defined by the classical-Rayleigh mass [m] and stiffness [ks] proportional damping
as
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[cil=cis [c1+c2 -2

-Ci-1 Ci1+Ci -Ci

-Cn-1 Cn-1+Cn -Cn

—Cn Cnl;

cis=1.3375e+7 Ns/m

FB building parameters. To be able to compare the SFSSI system to the fixed
base (FB) system, An n = 24 storey FB building system with total mass equal to the
SFSSI system total mass and with the same geometry and section will be examined.

FB building system’s stiffness matrix [kgg] was defined depending to its total
height 104 m (or storey number n = 24), mass matrix [mgg] and predominant
period which roughly defined as

T _rB_supers = 0.08 % (h % n)(3/4) = 2.4535s (or0.1n = 0.124 = 2.45),
and it is the same as the LCRB isolated building system’ superstructure part:
[ke] = [ki]

Damping matrix [cgg] for the superstructure with damping ratio &, = 0.05 are
defined by the classical-Rayleigh mass [mpg] and [kgg] stiffness proportional
damping and it is same with the LCRB isolated building system’s superstructure
part

[crp] = [c1]

Earthquake specifications. The earthquake ground motions selected for the
study are illustrated in Table 1.2 with their specifications.

The response quantities of interest are the top and bearing behavior of the SFSSI
system building, classically LCRB isolated building and FB building and are
presented below in Table 1.3 and Figs. 1.17, 1.18, 1.19, 1.20, 1.21, 1.22, 1.23, 1.24
and 1.25 respectively from the earthquakes specified in Table 1.2. On the Figures
resonance causes was marked by the red lines.

For all nine earthquake excitations (Figs. 1.17a, 1.18a, 1.19a, 1.20a, 1.21a,
1.22a, 1.23a, 1.24a and 1.25a) fixed base (FB) building’s top (24-th storey) level
three time (in Figs. 1.17b, 1.18b, 1.19b, 1.20b, 1.21b, 1.22b, 1.23b, 1.24b and
1.25b), classically LCRB isolated building base (Figs. 1.17¢, 1.18¢c, 1.19¢, 1.20c,
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1.21c, 1.22¢, 1.23¢, 1.24c and 1.25c) and top (Figs. 1.17d, 1.18d, 1.19d, 1.20d,
1.21d, 1.22d, 1.23d, 1.24d and 1.25d) levels twice in average were caused by
resonant vibrations. The SFSSI building base (Figs. 1.17e, 1.18e, 1.19¢, 1.20e,
1.21e, 1.22e, 1.23e, 1.24e and 1.25¢) and top (Figs. 1.17f, 1.18f, 1.19f, 1.20f, 1.21f,
1.22f, 1.23f, 1.24f and 1.25f) levels is not caused resonant vibrations.

To withstand the same strong earthquake (Fig. 1.17a) excitation, classically
isolated LCRB building’s base isolator dissipates energy more than twice
(Fig. 1.17h) in comparison with SFSSI system (Fig. 1.17). Base isolator dis-
placement in classically LCRB isolated building is mostly more than SFSSI
building’s base displacement (Table 1.2). Lower deformation than the LCRB iso-
lator of the SFSSI building is due to being protected from the brake or buckle
damages the laminated rubber layer of LCRB isolators compering with the clas-
sically LCRB isolated building LCRB isolators. These particulars indicate that the
base isolators of the SFSSI building remain on the safer side against both major and
long-period earthquakes.

As can be seen from Ls-Dyna software modeling results of the SFSSI building
under Kobe/Japan, 1955 earthquake (Appendix, Figs. 1.26, 1.27, 1.28, 1.29, 1.30,
1.31, 1.32, 1.33 and 1.34): 1) The normal and bending moment forces’ orders
approximately are same; 2) The torsional moment’s order compeering with bending
moment and shear forces, two order is lower; 3) Averaged absolute maximum of the
base and top levels accelerations was decreased 87% and 67% reactively (Fig. 1.32);
4) Averaged absolute maximum of the base and top levels velocities under 0.51 m/s
(Fig. 1.33) and this velocity is much lower than the velocity limit (0.7 ' m/s) that can

Table 1.2 Earthquake ground motion specifications

N | Earthquake name, year, station name, horizontal PGA PGV PGD Ty (s)

acceleration record Id (m/sz) (m/s) (m) duration

1 | Kobe/Japan, 1995, KIMA 8.1838 | 0.9111 [0.2108 |49.98
RSN1106_KOBE_KJIMO000.AT2

2 | Darfield (a)/New Zealand, 2010, Christchurch, 2.0541 [0.672 10.5992 | 110
RSN6889_DARFIELD_CHHCNO1 W.AT2

3 | Duzce/Turkey, 1999, Bolu, 7.2520 |0.5593 | 0.2559 |56
RSN1602_DUZCE_BOLO000.AT2

4 | Tottori/Japan, 2000, Tottori, 0.182 [0.0363 |0.0426 | 120
RSN3942_TOTTORI_SMNO10ONS.AT2

5 | Imperial Valley-02, California/USA, 1940, 2.0674 [0.3133 | 0.2416 |54

El Centro Array #9
RSN6_IMPVALL.I_I-ELC270.AT2
6 | El Centro/USA, 1940, California, elcentro_NS 3.1276 |0.3615 |0.2135 |32
7 | Darfield(b)/New Zealand, 2010, Christchurch 1.9079 [0.5917 |0.4909 | 137

Cathedral College,
RSN6888_DARFIELD_CCCCN26 W.AT2

8 | El Mayor-Cucapah/Mexico, 2010, Chihuahua, 2.4377 |0.3835 |0.4823 | 130
RSN5823_SIERRA.MEX_CHI000.AT2
9 | Kocaeli/Turkey, 1999, Bursa Sivil, 0.4415 |0.0811 [0.0355 | 141

RSN1154_KOCAELI_BSI090.AT2




A. A. Kasimzade et al.

28

- +C +4 - +1 +¢ - +¢ +C —ONJ/+ S9X :9JelS ISUBUOSAY
€8L0°0 8€50°0 6950°0 789¢'1 89010 €29T°0 LLO SEPLO 19€6°0 on +'n
9910°0 79€0°0 £88€°0 95970 ¥81°0 6£LY0 n

2
6# 8# L# ‘ou oyenbypreg

- +1 +1 - +¢ +C - +C +¢ —ON/+ SO :9JE)S ISUBUOSIY

$95T°0 98220 TIPE0 90820 T8€T0 LSSTO L090°0 700 ¥S10°0 o +'n
$S0°0 691°0 6050°0 6€51°0 ¥810°0 8820°0 n
q

o# S# i "ou oyenbyirey

- +C +¢ - +C +¢ - +C +¢ —ON/+ S9X :9JelS ISUBUOSAY
L80¥0 WIE0 1607°0 70180 LO¥8°0 7160 $65€°0 ¥SEE0 G9€5°0 on +’n
8201°0 T°0T0 v2Izo 19¥$°0 L1500 8L91°0 n

D
o T# # ‘ou oxenbyey
ISSHS AT 4 ISSHS AT ad ISSAS 40T | 4

ad£) uonejosy

2d£) uoneyosy

2d£) uoneyosy

asuodsarx wnurxejmn

T'1 9IqeL, ul payroads soyenbyres oy woiy Afoanoadsar spoas) do
Pue 9seq Y3 Je SAJL)S OUBUOSAI pue Sulp[ing wasAs [SSAS ay) pue urp[ing pajejost gD A[[eoisseld ‘Suiping (g4) aseq paxy ay jo asuodsay ¢°T dqe]




1 New Structural Seismic Isolation System 29

Fig. 1.17 Response of the (a)
fixed base (FB) building,

classically LCRB isolated ar
building and the SFSSI
building under Kobe/Japan,
1955 earthquake a Kobe/
Japan, 1995 earthquake
acceleration b FB building top
floor displacement ¢ LCRB
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displacement d LCRB
isolated building top floor
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Fig. 1.17 (continued)

damage sensitive equipment involved inside of the building; 5) Averaged absolute
maximum of the base and top levels displacements (Fig. 1.34) under acceptable limits
for such type building structures. Obtained this results allows the SFSSI building to
reduce the cross-sections of the current elements, compared with the fixed base
(FB) and classically LCRB isolated buildings. In this study, the cross sections and
characteristics of the current system for SFSSI, FB and conventional LCRB isolated
structures were taken same for possibility its comparison.

The isolator damping values calculated from the decay of the vibration (response)
displacements of the bearings, illustrate low damping of SFSSI building’s LCRB
isolators compared to the classically LCRB isolated building’s LCRB isolators.

By the installing dampers SFSSI building’s parameters may be improved and
system reliability can be increased even more.
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Fig. 1.18 Response of the fixed base (FB) building, classically LCRB isolated building and the
SFSSI building under Darfield (a)/New Zealand, 2010 earthquake a Darfield(a)/New Zealand,
2010 earthquake acceleration b FB building top floor displacement ¢ LCRB isolated building
bearing displacement d LCRB isolated building top floor displacement e SFSSI building bearing
displacement f SFSSI building top floor displacement
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As mentioned in the introduction in summary, existing design tools for seismic
isolated structures are bounded with a period of 6 s. LCRB isolators are produced
with a period of under 5 s. Long wave period earthquakes between range 1-15 s and
more. Under long-period earthquakes in the isolation layers excessive deformation
occurs and buildings seismically isolated with period-dependent isolation devices
(LCRB, LRB and an others) may lose safety or the functionality.

The presented SFSSI system’s dominant period is adjustable and must be kept
under mentioned above limits.

Under projection above information and exhibited performance of the presented
example of SFSSI building, the SFSSI system is a good option for reliable seismic
protection of the structures.

1.9 Conclusions

Presented new structural seismic isolation—SFSSI system remain on the safer side
against both major and long-period earthquakes compering with fixed base(FB) and
classically LCRB isolated buildings and it is without resonance.

Presented SFSSI system’s dominant period is adjustable and must be kept under
mentioned above(produced today LCRB isolators period 5 s; long wave period
earthquakes periods 1-15 s) limits.

On the other hand along with the same number of LCRB isolators SSFSI system
displays a more secure behavior than the rather traditional LCRB isolated buildings.

Having the same mass and number of isolators a 3% more total building usable
areas and 8% more number of storeys, as is presented in the example under study.

Obtained stress-strain state results (Appendix 1) give the opportunity to design
cross sections of the SFSSI building system much lower than existing ones,
compared with the fixed base (FB) and classically LCRB isolated buildings (In this
study, the cross sections and characteristics of the current system for SFSSI, FB and
conventional LCRB isolated structures were taken same, only for possibility its
comparison).

As a consequence of the information and exhibited performance of the presented
example of SFSSI building, the SFSSI system is a good option for reliable seismic
protection of the structures and it is a novel type and progression of the
earthquake-resistant structures.
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Appendix

(Appendix, Figs. 1.26, 1.27, 1.28, 1.29, 1.30, 1.31, 1.32, 1.33 and 1.34): 1).
Ls-Dyna software modeling results of the SFSSI building under Kobe/Japan, 1955
earthquake for time 8.73 s (Fig. 1.26) Axial forces and its details (Fig. 1.27)
Torsional forces and its details (Fig. 1.28) Bending moments in section S direction
and its details (Fig. 1.29) Bending moments in section T direction and its details
(Fig. 1.30) Shear forces in section S direction and its details (Fig. 1.31) Shear forces
in section T direction and its details (Fig. 1.32) Averaged foundation (red), base
level (green) and top level (navy blue) accelerations (Fig. 1.33) Averaged foun-
dation (red), base level (green) and top level (navy blue) velocities (Fig. 1.34)
Averaged foundation (red), base level (green) and top level (navy blue)
displacements.
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Chapter 2 )
Development of Resilient Seismic s
Response Control with a Semi-active

System

Yoichi Mukai and Hideo Fujitani

Abstract An approach to develop resilient structures using seismic response
control with a semi-active system is introduced. Actual system performance of
control device installing to the practical building structure is evaluated with a RTHS
(real-time hybrid simulation) test and an online simulator with the shaking table of
Kobe University is used. Specifications of this online simulator system are
explained in detail. As one example operating the RTHS tests, performance eval-
uation for the mid-story isolated building structure controlled by a semi-active
device is focused. First, mechanical properties of the testing apparatus of the MR
(magneto-rheological) rotary inertia mass damper used for semi-active control are
quantified by the device tests, and then numerical simulation model of this damper
is provided. Next, the RTHS test studies are operated and the test results are
compared with the pure numerical simulation results by the fully modeled analyses.
Validity of this online simulator and exactness of numerical model of the
semi-active damper are confirmed. Moreover, reproducibility and reliability of the
operation for the RTHS tests are evaluated by observing the displacement and
the acceleration generated on the shaking table. As a result, it is assured that both
the target displacement and acceleration of the shaking table were accurately
reproduced under the real-time calculation in this online simulator. And it is con-
firmed that performance evaluations for the actual test specimen of the semi-active
control device were also accurately done through the RTHS test method by using
the shaking table.
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2.1 Introduction

Huge ground vibration of the Hyogo-ken Nambu Earthquake in 1995 in Japan had
brought numerous damages and destruction in building structures and infrastruc-
tures, and it had killed or injured lots of people. On the other hand, this earthquake
has triggered lots of construction of seismic isolation buildings after the earthquake.
It is worried that near future’s earthquake disasters could be caused by huge
pulse-type ground motions of an inland earthquake or by long-period-type ground
motions of an oceanic trench zone earthquake. Actually, the Nankai Trough
Earthquake or the other undersea earthquakes are predicted to occur in quite near
future in Japan (Architectural Institute of Japan 2007, 2013a; Taga et al. 2011).
Practical concerns about seismic isolation buildings under these kinds of earth-
quakes are pointed out as follows: (1) Extra-large deformation of isolators as
exceeding the design criteria due to these types of earthquakes must make the
laminated rubber layer of isolators break or buckle, or must lead other impacting
damage on bearing walls, elevators, stairways or pipes, etc., (2) Degradation of
seismic isolation effects as being unable to reduce acceleration responses due to the
continuation of the long-time vibration must cause equipment inside of buildings to
move or topple, or must lose the safety or the functionality of the buildings
(Architectural Institute of Japan 2013b, 2016).

As a general design solution, lots of dampers are installed to prevent excessive
deformation of the isolation layer because dampers can work effectively for
reducing deformation of isolation layer. However, the floor acceleration responses
upper than the isolation layer are often increased as losing the isolation effects by
dampers’ actions. To overcome this problem, authors focus on introducing
semi-active control systems on the isolation layer. A semi-active control is
well-known system available to vary the vibration characteristics of the structural
system by online operation as necessary. Some previous research results have
reported effective performance improvements using semi-active controls to reduce
deformation of seismic isolation layer without exciting accelerations (Fujii et al.
2007; Nagashima et al. 2010; Yoshida and Fujio 2001).

Recently, testing method with a “real-time hybrid simulation™ (it is called as
RTHS in the following) is actively adopted to evaluate a semi-active control system
(Ito et al. 2011). Christenson has researched the semi-active vibration controlled
structure equipping the MR (magneto-rheological) dampers in the work of the
sub-theme research on NEES (the project for Network for Earthquake Engineering
Simulation, which was funded by the NSF from 2004 to 2014) (Christenson et al.
2008), and Asai has performed the RTHS tests on semi-active control system for a
seismic-isolated structure (Asai et al. 2015). Shao has operated the RTHS test by
combination of the shaking table and the auxiliary actuators (Shao et al. 2011). In
this study, the RTHS test is used for performance evaluation of the mid-story
isolated structures installing a newly designed semi-active device. This semi-active
device is designed as the rotary inertia mass damper encapsulating the MR fluid
(Aoyama et al. 2014; Ito et al. 2015; Yoshida et al. 2016).
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The RTHS test for the mid-story isolated structure is operated on the shaking
table by providing the experimental part and the numerical part, respectively. The
experimental parts are actually produced as the test specimen of the isolation layer
and the upper structure, and the numerical part is simulated in a computer as the
lumped mass system model for the lower structure. The RTHS test can always
secure reproducing the actual behaviors for the “actual experimental parts”. Thus,
even though the experimental parts include the unclarified sub-system, the per-
formance of the other experimental parts and the numerical part of the entire system
can be exactly simulated, only to generate interactions at the boundary between the
experimental part and simulation part. The interaction force for the MR rotary
inertia mass damper is generated through the shaking table motion on the real time.

In the followings, the system component for the RTHS tests is explained in
detail. Then, the testing model of the mid-story isolated building system is evalu-
ated by the RTHS tests using the shaking table. Reliability of this simulator system
and reproducibility of the shaking table is verified through this study.

2.2 Special Feature and Function of Shaking Table

A shaking table is one of key items on studies for developing and evaluating
advanced vibration control systems. In Kobe University, the new shaking table was
constructed in 2013 and has started its operations since 2014. The control system
function to perform the RTHS tests has been provided in 2015.

2.2.1 Basic Performance of Shaking Table

Performance specifications of the Kobe University’s shaking table are listed in
Table 2.1. This shaking table provides allowable stroke of 550 mm in whole
movable range available to operate tests for long period and long displacement
seismic motions. At the same time, it is designed as to provide accurate repro-
ducibility for various input motion targets containing both high-frequency and
low-frequency vibrations. To actualize these requirements, as seen in Fig. 2.1, a
unique mechanism using a dual driving system combining the electro-dynamic
motor and the AC servo motor is installed for the Kobe University’s shaking table.

Figure 2.2 depicts dimension of the shaking table and the whole view. As seen
in this figure, the electro-dynamic motor is placed on the liner guide and its position
can be displaced by the AC servo motor. Thus, long stroke motion of the shaking
table is mostly generated by the AC servo motor drive and minute motion of the
shaking table is compensated by the electro-dynamic motor drive at the same time.
This cooperating mechanism with the dual driving system can reproduce accurately
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Table 2.1 Specification of the shaking table in Kobe University

Detail Capacity of performance
Harmonic® 10 m/s”
Random® 20 m/s?

Maximum acceleration®

Maximum velocity® Harmonic® 1.0 m/s
Random® 1.5 m/s
Maximum stroke Harmonic” +275 mm (550 mm p-p)

Random® 4275 mm (550 mm p-p)
Maximum driving force | Harmonic® |70 kN
Random® 140 kN

Frequency range for From 0.1 to 20 Hz

driving

Allowable loading 10,000 kg

weight

Movable direction 1 axis

Table size 3000 mm in vibrating direction, 2000 mm in cross
direction

“In a case of placing mass of 5000 kg on the shaking table
"Harmonic means a case of continuous harmonic input motion
‘Random means a case of random input like earthquake motions

Feedback signal of reproducing displacement and
acceleration on shaking table

A 4

Driving
controller of
shaking table

Electro- |
dynamic motor

driving

Displacement
feedback controller

Reproducing
displacement

Electro-dynamic motor

Shaking table I' \ ' AC servo motor

== | <

AC servo motor driving

Fig. 2.1 Dual driving system of the shaking table

target motion on this shaking table even if the input stroke is long or short. The
target motion is divided into two parts in the frequency domain, those two parts are
low-frequency motion for the AC servo motor drive and high-frequency motion for
the electro-dynamic motor drive. A band division filter for each drive is designed as
shown in Fig. 2.3. The target input motion is reproduced by the superposition of
two band-limited motions through a low pass filter (LPF) and a high pass filter

(HPF).
Figure 2.4 shows reproducing responses on the shaking table. The target input is
the full scale of “JMA-Kobe” wave record which was observed at the Kobe station
e JMA (Japa e ica gency) during the Hyogo-ken Nambu
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Fig. 2.2 Dimension of shaking table

Fig. 2.3 Band division filter P
for controlling dual motion
drive

Gain

Frequency (Hz)

Earthquake in 1995 in Japan. The shaking table is driven in the condition of no
weight placed on the shaking table (in which, motors need to bear 2000 kg weight
according to the permanent load for the shaking table own part). In Fig. 2.4a, the
reproduced displacements of the AC servo motor and the electro-dynamic motor are
shown, and these motions are generated by using the band division filters mentioned
in Fig. 2.3. Figure 2.4b, ¢, d show comparisons between the reproduced response and
the target input for displacement, velocity and acceleration on the shaking table,
respectively. Figure 2.4e shows errors of the reproduced acceleration from the target
input. As seen these figures, it is considered that this shaking table can perform
accurate reproducibility of the target input motion. Figure 2.5 shows the spectrum
ratio (ratio of the transfer functions) of the reproduced acceleration response for the
target acceleration input. As seen in this figure, it is observed that accurate repro-
ducibility is gained in the frequency range from about 0.3 to about 10 Hz. On the
other hand, in the high-frequency range over 10 Hz, reproducibility seems to
decrease, and controllability cannot be gained in the higher range than about 20 Hz.

This shaking table can be used not only as a vibration generator but also as a
dynamic load generator for the other kind of way to use. Namely, in general way to
use as seen in Fig. 2.1, this shaking table can reproduce any requested vibration
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Electro-dynamic motor
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AC servo motor

Fig. 2.6 Load generator mode of generating programmed displacement with shaking table and
reaction wall

motion. On the other hand, it can be used as the compulsory deforming device by
using a reaction wall. System composition and controlling flow for the load gen-
erator mode is depicted in Fig. 2.6.

2.2.2 Function of Shaking Table as an Real-Time
Hybrid Simulator

The shaking table of Kobe University has been customized for executing various
kinds of online tests by hybrid operation of experiments and simulations. This kind
of operations is usually called “real-time hybrid simulations” (RTHS) test.
The RTHS test is remarked as an effective way to operate online simulation for
huge system by using only a specified part within the entire system. The sub-system
to examine is provided as the actual testing specimen and the remaining parts are
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Fig. 2.7 Control system block of the shaking table to operate RTHS test

formulated as the numerical models for the simulations in a computer. This method
for system evaluation is relatively recently developed but it has been widely
introduced in the various field on the scientific and the engineering researches.

Figure 2.7 depicts the control system block diagram for driving the shaking table
to operate RTHS tests. As seen in this figure, the driving system of the shaking table
forms online simulator to calculate dynamic response of the internal numerical model.
At the same time, this driving system can directly get the actual response of the testing
specimen for the specified part in all the target system. And the numerical model’s
responses are recalculated while considering interactions with the test specimen’s
responses. The shaking table is designed to reproduce the interactive behavior of the
test specimen as if it was set upon the practical entire system while synchronizing both
responses of the test specimen and the numerical model in real time.

2.3 Feature of Semi-active Control Device and Test
Specimen of Building Model

To aim for developing advanced structural control systems, a new type of
semi-active control device with a unique mechanism and properties is proposed and
a prototype specimen is actuary produced. In this study, a rotary inertia mass damper
that can generate inertia mass effect is used and this damper also functions
semi-active control device by using the property for MR (magneto-rheological) fluid
encapsulating in the space around the flywheel. This new type of semi-active damper
is called as “MR rotary inertia mass damper” (MR-RIM damper) in the followings.
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2.3.1 Mechanical Design of Newly Proposed Semi-active
Damper

Figure 2.8 depicts the structural and mechanical view of the MR-RIM damper.
Figure 2.9 explains schematic diagrams of generating power with this damper
according to its motion and supplying current to MR fluid. Figure 2.10 explains
schematic diagrams of the load vs. deformation relationships corresponding to the
motion at the part of rotary inertia mass and the part of encapsulating MR fluid.
Table 2.2 lists the design specifications of the MR-RIM damper for this study.
Table 2.3 lists the design specifications of the electro-magnets introduced as a
mechanism for generating the magnetic field in the MR-RIM damper.

As seen in Fig. 2.8, rotational motion of the flywheel connected to the ball screw
generates rotating inertia force. Ball screw and ball nut can change rotational
motion of the flywheel into linear motion of the piston rod. Accordingly, rotating
inertia force generated by the rotary inertia mass is proportionally transformed into
the acceleration along the axial direction of the piston rod. At the same time, since
shear velocity occurs resulting from the relative sliding motions between the fly-
wheel and the baring case, damping force according to the resistant force, which is
resulted from the shear flow of the MR fluid filling in the space around the flywheel,
is generated. MR fluid encapsulated in the bearing case is placed in a magnetic field
and electro-magnet mechanism can make strength of the magnetic field in the MR
fluid variable. And then, the resistant force applied via MR fluid becomes con-
trollable within a certain range and this property can be used for a semi-active
control to adjust damping force as needed.

Flywheel

Magneto-rheological
(MR)fluid

Bearing bush

Magnetic field generation
mechanism

Ball screw

g - Bearingsleeve ~  Ball nut
\. Clevis coupling

Fig. 2.8 Structural view and explanation of particle of the MR-RIM damper

Bearingseal
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Table 2.2 Design
specifications of the MR-RIM
damper

Table 2.3 Design
specifications of the
electro-magnets for the
magnetic field generating
mechanism

Velocity (m/s)
(b) Shear stress of MR fluid vs. velocity.

Load

T Negative slope
@qy ”””
b Di plac'ement

@ Variable

(¢) Total force.

Detail

Capacity of performance

Maximum stroke

4300 mm (600 mm p-p)

Maximum loading

2.45 kN

Relief loading 250 kg
Maximum driving force 2.45 kN
Maximum acceleration 9.8 m/s*
Maximum velocity 1.0 m/s

Item

Design specification

Number of coils

5 pieces

Connecting type of coils

Direct current

Number of winding of coils

280 windings/unit

Allowable supplying current

1.25 A
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2.3.2 Performance Test of the Designed MR-RIM Damper

To evaluate performance of the MR-RIM damper, the element test by using a single
device was carried out under sinusoidal displacement inputs for all combinations of
parameters about frequency, amplitude and supplying current. These are three kinds
of excitation frequencies, 0.2, 0.333 and 0.5 Hz; two kinds of amplitudes, 100 and
200 mm; six kinds of supplying current, 0, 0.25, 0.50, 0.75, 1.00 and 1.25 A. The
numerical model of the MR-RIM damper is considered as the combination of three
types of structural elements as depicted in Fig. 2.11. The generating force F with
this damper can be expressed as Eq. (2.1) and it is consisted of inertia mass, viscous
damping and Coulomb’s friction forces. In which, Coulomb’s friction force Fyg is
corresponded to the yield load of the MR fluid.

Fzm'jé—i—C)’cO‘—i—FMR (21)

In which,

total output force in the MR-RIM damper,

equivalent mass of the inertia mass part of the MR-RIM damper,
viscous damping coefficient of the MR fluid,

mechanical constant (0 < o < 1),

Fyr  yield load of the MR fluid according to supplying current,

x, X, ¥ displacement, velocity, and acceleration of the MR-RIM damper.

R O3 ™

The values of numerical model parameters of the MR-RIM damper is deter-
mined from the results obtained by the element test for a single device under
sinusoidal displacement inputs. First, the equivalent mass m' correlated to the rotary
inertia mass effect is calculated according to the value of negative slope gradient on
the load hysteresis curve (mentioned as a dotted line in Fig. 2.10c). In which, the
negative slope part can be observed on the load-deformation hysteresis loop dia-
grams while the deformation in the same direction is caused by monotonic loading.

The equivalent mass m' is evaluated as the average value for all cases. The
calculated value of the equivalent mass m' is 241 kg. This MR-RIM damper could
be well produced because the original design value of the equivalent mass was

Fig. 2.11 Numerical model @ Inertia mass : m'

for the MR-RIM damper 2

~——»
LX

Coulomb's friction element : Fy
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250 kg. Next, the yield load of the MR-RIM damper according to the resistant force
in the MR fluid is obtained from the loading values when the piston rod’s velocity
of damper is equal to zero in the relationship diagrams between load and velocity.
Figure 2.12 shows the relationship between yield load and supplying current. The
different kinds of plot points are corresponding to the different parameters’ com-
binations of loading frequency and amplitude. As seen in this figure, the yield load
of the MR-RIM damper depends less on the loading frequency and amplitude, but
mostly on the supplying current. Accordingly, the yield load of the MR fluid Fyr
can be approximately expressed as the quadratic equation of the current value / [A]
as mentioned in Eq. (2.2), which is evaluated by the method of least squares.

Fyg = 61417 +3161 + 172 [N] (2.2)

Finally, C and o relating to the viscous damping in the MR fluid are obtained in
the following way. Trial values of constant o (0 < o < 1) for the viscous damping
force definition expressed as the right side second term in Eq. (2.1) are assumed
beforehand, and then the square residuals sum between the least squares regression
curve and the actually measured characteristic curve for the viscous damping force
vs. damper velocity is calculated. The optimal value for o is selected one from the
trial values to minimize the square residuals sum. The final value of viscous
damping coefficient C is determined as the average value for the set of calculated
values C which are obtained from the inverse calculation using the actually mea-
sured viscous damping force and the right side second term in Eq. (2.1) applying
the final value of a. After these data processing, the estimating values of C and o
are gained as 541 Ns/m and 0.679, respectively. The approximate equation of the
output force of the MR-RIM damper is expressed as Eq. (2.3). In which, the sign of
the term of Fy;g depends on the direction of the piston rod’s velocity of the damper.

F = 2413+ 541397 + (61417 + 3161 +172) - sign(x) [N] (2.3)
Fig. 2.12 Relationship 1.8
between yield load and L6 FMR:61412+316]+172 (N)
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=]
= 12
&
= 1.0
k)
o 0.8 & [ 0.2Hz-100mm
2 0.2Hz-200mm
< 06 +  0.3Hz-100mm
= TS 0.3Hz-200mm
Q 04 O 0.5Hz-100mm
> 0.5Hz-200mm
| z 0.75Hz-100mm
0.2 % % 0.75Hz-200mm
Approximate Eq.
O ]
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Supplying current (A)



2 Development of Resilient Seismic Response Control ... 67

3 3
2 é 2
> 1 21
2 =
9 0 £ 0
e} = = 0.00A
= -1 4 -1t 0.25A
S . 0.50A
-2 DD | e 0.75A
> N
3 -3
-0.2 -0.2 0 0.1 0.2 -06 -04 -02 0 02 04 06

Displacement (m) Velocity (m/s)

Fig. 2.13 Comparison of experimental results with the approximate equation of Eq. (2.3)
(Relationship between output force and displacement or velocity, in the case of the stroke 200 mm
and the input frequency 0.5 Hz)

The first, second, and third terms are inertia mass effect, viscous damping effect
and yield load of the MR fluid, respectively. The last term for yield load of the MR
fluid is controllable by changing supplying current to the MR fluid. Figure 2.13
shows comparison of output forces of damper between the actually measured
results of the element tests and the approximately calculated values with Eq. (2.3)
(where, these results are corresponding to the case for the stroke of 200 mm and the
input frequency of 0.5 Hz). In these figures, the solid lines show the test results and
the dotted lines show the approximate values. Since both lines are well corre-
sponding, the validity of this approximate equation of Eq. (2.3) can be confirmed.

2.3.3 Test Specimen of Building Model for Shaking
Table Experiments

Figure 2.14 depicts details of the test specimen of the four-story building model.
Every floor part of this specimen is supported by the flat type roller bearings
(produced by THK Co.) and restoring force on each story is given by coil springs
connected adjacent floors each other. Compression springs are placed for the upper
three stories from the top and the tension springs are used at the lowest story.
Because this building model supposes the seismic isolation layer at the lowest story
and less stiffness than the compression springs is given by the tension springs.
Material of the compression springs and the tension springs are made from Steel
Wire of Oil-tempered Silicon Chromium (SWOSC: Japanese Industrial Standards
No. G 3560; 1994), and the tension spring was made from Steel Wire of Piano on
A-grade (SWP-A: Japanese Industrial Standards No. G 3522; 1991), respectively.
Those springs are considered as having linearity within their designed usable range.

During experimental tests, displacement of each story and acceleration of each
floor on the test specimen are measured by inductance type displacement sensors
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(a) Test specimen of building model set on the shaking table.

Acceleration sensors : placing at every floor
Displacement sensors : placing at every story
Load cell :setting at the end of the piston rod of the damper placing at the isolation layer

Acceleration sensor
. 1350 (mm)

1443 (mm)

Shaking table
(b) Detail of the test specimen of building model.

Fig. 2.14 Test specimen of 4-story building model

(DLAS series; product of Kyowa Electric Instruments Co.) and servo type
accelerometers (LS-10C; product of RION Co.). The output force of the MR-RIM
damper is directly measured by the load cell equipped on the end of the piston rod.
The load cell used for measuring this damper’s force is selected as the type of
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Table 2.4 Identified values of dynamic parameters of the test specimen

Movable h fHz) | @ad |m keg) |M ke |k=Mo? ¢ = 2h*(Mk)'?
story s) (N/m) (Ns/m)

4 0.013 |245 [157 386 386 952 x 10° | 158

3 0018 [1.81 |11.4 475 861 | 111.9 x 10° |353

2 0.126 [1.62 |102 471 1331 [138.5 x 10° |706

1 0.019 035 |22 695 2027 9.81 x 10° | 169

capable for both tension and compression (LUK-A-20KN; Kyowa Electric
Instruments Co.).

Mass of each floor m of the test specimen is once separated to each part and these
weights are directly measured by the scale. Stiffness k and damping coefficient ¢ are
identified by every story with the vibrating test on the shaking table using impulse
input and random wave (band-limited white noise) input. The parameter identification
of the test specimen is operated under the condition to set up the specified single mass
movable state. Namely, by making the specified single story movable and making the
other three stories fix, this condition is implemented. Natural frequencies f [Hz] for
every single mass condition are estimated from the dominant frequency appearing on
the Fourier Spectrum of the displacement response under the random input. Damping
ratios s are identified from logarithmic decrement of the RD (Random decrement)
waves that are gained as the autocorrelation function for the displacement response
under the random input. Table 2.4 shows these system identification results about the
dynamic properties of the test specimen. In which, M [kg] mentioned in Table 2.4
means the sum of the upper mass supported by the movable story.

2.4 RTHS Test for Semi-active Control System by Using
Shaking Table

Dynamic performance of a mid-story isolated building system is evaluated under
installation of the semi-active device on the isolation story. The MR-RIM damper is
used for the semi-active control operation in this study. The RTHS test system is
designed as the online simulator for reproducing seismic response of entire parts of
the target mid-story isolated building structure virtually by combining an actual test
specimen of the upper structural part than the isolation layer and a numerical model
of the structural part below the isolation layer. Numerical model part is expressed as
a multi-mass model and online simulations for this part are done in the computer of
the RTHS test system.

2.4.1 Outline of RTHS Test

Figure 2.15 shows the controlling flow diagram for the RTHS test system applying
the mid-story isolated building. The actual test specimen of building model consists
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Fig. 2.15 Flow diagram of the RTHS test for the mid-story isolated system

of a single story of isolation layer and the three more stories upper than the isolation
layer. The structural part below the isolation layer is provided as a numerical model
for computer calculation. Online calculation for the numerical model responses is
executed on the DSP (AD5436-17; product of A&D Co.), while reproducing the
interactions between the experimental specimen and the numerical model in the real
time. In this study, two-mass system model is used as the numerical model part in
the computer.

As displayed in Fig. 2.15, at first, evaluative input earthquake motion is supposed
to act on the two-mass system model inside the computer and the computer calculates
the top floor’s displacement of this numerical model. The simulator of the RTHS test
system reproduces the absolute displacement at the top floor of the numerical model as
interactive motion on the shaking table. This operation can directly generate the floor
acceleration response right under the isolation layer on the shaking table, thus the
seismic force inputs supposed for the isolation layer and the upper structural part
above the isolation layer can be properly given for the actual test specimen.

Next, actual sensors placed on the isolated layer measure real responses of the
test specimen. The RTHS test system calculates the interacting forces through the
isolation layer to the lower floor placed right under the isolation layer. The inter-
acting force is considered as the reaction force of the coil springs, the mechanical
damping force in the isolation story and the output force generated by the MR-RIM
damper. In which, the reaction force is calculated by multiplication of the stiffness
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of the coil springs placed at the first story on the test specimen and the inter-story
displacement at this story measured by sensor. The stiffness of the coil springs has
been identified as the inter-story stiffness through the previous test as listed in
Table 2.4. The output force of the MR-RIM damper is directly measured by the
load cell, thus the output force from the MR-RIM damper at any moment can be
observed accurately in this system whether the semi-active controls were operated
or not. In this study, the effect of the mechanical damping force on the isolation
story is excluded, because this force is regarded much less than the viscous
damping force on the MR-RIM damper.

Semi-active control operation of the MR-RIM damper is determined and
manipulated according to the control law by considering both the observed
responses of the test specimen and the calculated responses at the numerical model
in the computer. The input forces for the numerical model of the two-mass system
are given as the interacting forces from the isolation layer and the evaluative input
earthquake motion at every controlling time step, and the computer calculates
seismic responses of the numerical model for the next time step every time. Every
control time step on the RTHS test system is continuously processed while syn-
chronizing the actual part and the numerical part of the entire system on the
real-time scale. In this RTHS test system, time interval between every control time
steps is set to 0.002 s (the simulator operates online calculation by 500 Hz).

To operate the RTHS test for the mid-story isolated building in this study, the
shaking table is the key item to actualize the interacting motions between the real
part with the test specimen and the ideal part with the numerical model. The RTHS
test can give lots of advantages to assure the practical problems on the mid-story
isolated buildings. For example, verification of the impulsive behavior on the floor
response acceleration at the upper parts than the isolation layer due to the control
force of the damper is available through this testing way. Moreover, various kinds
of models for the lower structure can be supposed easily on the tests of the
mid-story isolated buildings, because this operation can be executed with nothing
but replacing the part of the numerical model.

2.4.2 Structural Design of Testing Model for Mid-Story
Isolated Building

Figure 2.16 shows a schematic diagram to consider modeling of the target
mid-story isolated building from the practical scale of structural design to the test
specimen scale justifying for the capacity of the shaking table. As depicted in
Fig. 2.16, the upper structure and the lower structure are expressed to the apart
multi-mass models and are contracted to the four-mass model and the two-mass
model, respectively. The structural properties of the upper part of the contraction
model is adjusted to the actual properties of the test specimen as mentioned in
Table 2.4. These structural parameters of the four-stories test specimen are
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Fig. 2.16 Model contraction of the mid-story isolated building structure

Table 2.5 Structural property of the entire model of the target mid-story isolated building for
RTHS test

Story I Mass: m (kg) | Stiffness: k£ (N/m)
(a) Upper structure part (actual test specimen of building model)

6 386 95.2 x 10°

5 475 111.9 x 10°

4 471 138.5 x 10°

3 695 9.81 x 10°
(b) Lower structure part (simulation model in the computer)

2 750 250.0 x 10°

1 800 250.0 x 10°

corresponded to the upper structure’s part from third to sixth-stories for the entire
model of the target mid-story isolated building of six-stories. This mid-story iso-
lated building of six-stories is designed as that the upper structure’s part has about
56.7% mass ratio for the total weight of building.

Structural properties of the entire model of the target mid-story isolated building
for the RTHS test are mentioned in Table 2.5. Natural periods of the entire model of
the mid-story isolated building of six-stories, the part of the structural model of
four-stories upper than the isolation layer and the part of the structural model of
two-stories below the isolation layer are listed in Table 2.6, respectively. Table 2.7
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Table 2.6 Natural period of the testing model of the mid-story isolated building

Mode | 1st | 2nd ' 3rd | 4th | 5th | 6th
(a) Entire model of 6-stories
Natural period (s)  |3.03  |0544  [0504  [0200 [0220  [0212
Mode | Ist 2nd | 3rd | 4th
(b) Upper structural part of 4-stories
Natural period () 12,93 10537 10.290 10.220
Mode Ist | 2nd
(c) Lower structural part of 2-stories
Natural period (s) 10527 10212
Tab.l"f 2'7 Modal Mode Natural period (s) Modal participation factor
participation factors of the
target mid-story isolated 6 3.03 0.03109
building of 6-stories 5 0.544 0.1025

4 0.504 0.5545

3 0.290 0.0001627

2 0.220 0.0004064

1 0.212 03114

shows the modal participation factors corresponding to every natural frequency of
the entire model of the mid-story isolated building of six-stories. Figure 2.17 show
the modal vector shapes (which are normalized by the value of the Ist story’s
component) and the modal participation functions of the target mid-story isolated
building of six-stories. As seen in Fig. 2.17b, the first, second, and third modes
have lots of participation for the upper structure’s responses and the third and sixth
modes have lots of participation for the lower structure’s responses.

2.5 Semi-active Control Law

Recently, effectiveness of installing a rotary inertia mass damper in the isolation
layer is reported to reduce deformation of isolators of seismic isolation buildings.
On the other hand, it is known that inertia mass effects may occur to increase
acceleration responses on the isolation layer (Isoda et al. 2009). Authors have been
reported effectiveness of semi-active controls to overcome this problem through the
previous researches with the numerical simulations. In the followings, semi-active
control laws are explained to reduce displacement at the isolation layer of the
mid-story isolated building model effectively.
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Fig. 2.17 Modal shapes of the target mid-story isolated building

2.5.1 Basis of Proposed Control Law

As a control law of semi-active controls for the MR-RIM damper, simple operation
rule to control the output force generating at the MR fluid is proposed. This rule is
based on the virtual on/off method for the inertia mass effects by the rotary inertia
mass part. From the previous studies about installation of the rotary inertia mass
device for the seismic isolation system, the rotary inertia mass can effectively
reduce growth of deformation of the isolation layer, but it makes the absolute
velocity response of the isolation layer increase and the seismic isolation effects
deteriorate.

Such deterioration of the seismic isolation effects is known to be induced under
the phase state that the rotary inertia force effects acts on the same direction with the
absolute velocity of the isolation layer. The output force along the piston rod axis,
which is transformed from the inertia force, has the opposite direction for the
acceleration of the damper’s piston rod at all the time, thus the absolute velocity of
the isolation layer increases when the acceleration of the damper and the absolute
velocity of the isolation layer have the opposite direction each other (Aoyama et al.
2013). An effective strategy for controlling the MR-RIM damper is proposed to
cancel the inertia mass effects during the phase state that the rotary inertia mass
damper increases the absolute velocity of the isolation layer. To control the addi-
tional force on the MR fluid according to this strategy, the supplying current for the
MR-RIM damper is calculated considering the modeling formula of the MR-RIM
damper of Eq. (2.3). The following condition in Eq. (2.4) is required for the
semi-active control rule to cancel the inertia mass effect in the MR-RIM damper.

241% + (6141 + 3161 + 172) - sign(x) = 0 (2.4)
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In which, allowable value for the supplying current [ is limited in the range
0 <71<1.25 [A] by the mechanical capacity of this MR-RIM damper using in this
study. To actualize the state of Eq. (2.4) is only available under the phase state that
the relative acceleration of the damper X and the relative velocity of the damper x
have the opposite sign. Under this constraint, the semi-active control law of the
MR-RIM damper is mentioned as Eq. (2.5) and the required current to supply on
the MR fluid is expressed as Eq. (2.6). This equation is given as the expression by
solving Eq. (2.5) for the supplying current 1.

—241[i| + (614> + 3161 +172) = 0 (2.5)
\/1545]%] — 853
1::—0246+-————g%———— A] (2.6)

In which, both X - x<0 and % - (x+ z) <O are the constraint condition to let this
semi-active control operation be available. x + z means the absolute velocity at the
isolation layer.

2.5.2 Rule to Adjust Supplying Current for the MR Fluid
According to Ground Velocity

The value of the supplying current is also adjusted considering the earthquake
motion level by every control time step. The earthquake motion level for each
instant is evaluated by referring the ground velocity. Eq. (2.7) is proposed as the
strategy to control the sensitivity of the damping effect according to the earthquake
motion level. This rule expressed by Eq. (2.7) is given to determine the supplying
current according to the damper’s velocity.

=Gy |57 [A] (2.7)

As seen in Fig. 2.18, the constant of 0.5 m/s is considered as the boundary of the
ground velocity level, and two kind states of relational curves of the supplying
current for the damper’s velocity x are used properly according to the ground
velocity z. This rule gives a large gradient on the relational curve of the damping
force for the damper’s velocity while the ground motion level 7 is less than 0.5 m/s.
On the other hand, a small gradient on the relational curve of the damping force for
the damper’s velocity while the ground motion level z is more than 0.5 m/s. As
mentioned in the previous consideration in the Sect. 2.5.1, the supplying current for
the MR fluid is manipulated by the Eq. (2.6) or (2.7) according to the state
determined by the combination of the directions of the ground velocity, the dam-
per’s velocity and the relative acceleration of the rotary inertia mass. In this study,
the value of the output gain of the supplying current Gj is set to unit value (=1.0) in
Egs. (2.7)=(2.9).
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2.5.3 Reproducibility and Validity of RTHS Test

To assure accuracy of the RTHS test by using the shaking table of Kobe University,
the experimental test results are compared to the results of the pure simulations for the
entire numerical model. As mentioned in the previous section, the structural model of
the mid-story isolated building of six-stories is used in this study. The isolation layer is
placed at the third story and the MR-RIM damper is installed on this isolation layer.
The semi-active control operation is carried out and control performance is investi-
gated. Reproducibility of this RTHS test system is also verified.

2.5.3.1 Comparing the Results from RTHS Test and Pure Numerical
Analysis

Based on the semi-active control law expressed in the Sects. 2.5.1 and 2.5.2, the
RTHS tests were conducted. Table 2.8 lists the input earthquake motions. Level of
each earthquake motion is adjusted to a moderate value considering the allowable
stroke of the shaking table and the allowable deformation of the test specimen of
building model.

First, the actually observed responses of the test specimen for the upper structure
and the isolation layer and the simulated responses of the two-mass system model
for the lower structure during the RTHS test operations are compared with the
responses calculated by pure simulations for the entire numerical model of the
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Table 2.8 Input ground motion data using for the RTHS test

Wave data of earthquakes for input Maximum velocity Maximum acceleration
motion (m/s) (m/s)

El Centro 1940 NS (90%)* 0.30 3.08

Hachinohe 1968 NS (147%)* 0.50 333

JMA Kobe 1995 NS (30%)" 0.27 2.46

JR Takatori 1995 NS (40%)" 0.49 242

Tomakomai 2003 NS (60%)° 0.30 1.16

4Seismic motion for general structural design
PPulse-type seismic motion
“Long-period-type seismic motion

target mid-story isolated building. Figure 2.19 shows the time history of the
inter-story displacements of every story. Figure 2.20 shows the time history of the
accelerations of every floor. Figure 2.21 shows the control force generated by the
MR-RIM damper and the supplying current for the MR fluid. These results are
corresponding to the case of input with 90% scale El Centro 1940 NS.

Figures 2.19, 2.20 and 2.21 make comparison of the results between the RTHS
test and the pure simulation, the solid lines and the dotted lines are corresponded to
the time history for the RTHS test and the pure simulation, respectively. In
Figs. 2.19 and 2.20, the simulated values of the two-mass system model for the
lower structure in the computer are placed at the first and second story/floor and the
observed values of the four-mass test specimen for the upper structure are placed
from the third to sixth story/floor in the target mid-story isolated building. As seen
in Fig. 2.19 and 2.20, it is regarded that both displacement and acceleration
responses at every story/floor can be accurately reproduced by this RTHS test
system because of well agreement to the pure simulation results. As seen in
Fig. 2.21, both the control force of the MR-RIM damper and the supplying current
for the MR fluid also show very well agreements between the RTHS test results and
the pure simulation results.

In this study, both the test specimen and the MR-RIM damper are exactly
quantified and accurately modeled for the pure numerical simulation of the entire
model, thus the agreement between both outputs from the RTHS tests and from the
pure simulations can prove the validity of this RTHS test system and its test results.

2.5.4 Reproducibility of Shaking Table Motion
on RTHS Test

The interaction between the really-tested system part (the test specimen corre-
sponding to the upper structure and the isolation layer) and the simulated system
part (the numerical model in the computer corresponding to the lower structure
below the isolation layer) is reproduced by the shaking table motion in this RTHS
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Fig. 2.19 Comparison between results of RTHS test and pure simulation (displacements; El
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Fig. 2.21 Comparison between results of RTHS test and pure simulation (Control force and
supplying current; El Centro)

test system. According to the computer calculation for the two-mass system model of
the lower structure conducted in real time, the RTHS test system commands the
shaking table to reproduce the absolute displacement at the top floor of the lower
structure part. The commanded displacement and the actually reproduced dis-
placement on the shaking table are compared in Fig. 2.22a. The target (simulated)
acceleration and the actually reproduced acceleration on the shaking table are
compared in Fig. 2.22b. Well agreements of these reproduced responses for the
commanded/simulated target can be confirmed. Since the shaking table can be
exactly moved according to the commanded displacement as observed in Fig. 2.22a,
the reproducibility of this RTHS test system can be regarded to be quite accurate. At
the same time, the reproduced acceleration can be resulted to generate the simulated
target acceleration quite accurately for the numerical model in the computer.

These results are also evaluated from the correlation factor p and the RMS ratio
(the ratio of the RMS value of the reproduced outputs for the RMS value of the
commanded inputs). The correlation factor p and the RMS value are defined by
Egs. (2.10) and (2.11), respectively.

(2.10)

(2.11)
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N number of data,

A;, B; time history data (corresponding to displacement or acceleration for the
command input values or the reproduced response values),

la, up average values of A; and B;.

The correlation factor takes the value from —1 to 1 and it can indicate correlation
between different data. The degree of the phase delay of the reproduced output from
the commanded input is considered by observing the correlation factor p. The
degree of the errors between the time-series data is considered by observing the
RMS ratio.

Table 2.9 shows the degree of the errors about the reproducibility of the shaking
table for the various kinds of input motions. In this table, the reproducibility of the
displacement and the acceleration are evaluated from the correlation factor p and
the RMS ratio. The indicates for the displacements are calculated using the whole
time-series data from the start to the end of the target input motion. The indicates
for the accelerations are calculated using the data of 6 s interval which includes
both 3 s before and after the timing of the maximum acceleration. As seen in
Table 2.9, it is confirmed that both the correlation factor and the RMS ratio for both
the displacement and the acceleration take values quite close to 1 for every case of
the different input motions. Namely, it is regarded that the displacement com-
manded to the shaking table by the RTHS test system can reproduce accurate
motion and that the control operation is highly reliable. Moreover, since the
reproduced acceleration can be also confirmed to simulate accurately the target
input, the simulated interaction motion on the shaking table for the RTHS test is
also regarded to provide highly preciseness and reliability.
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Table 2.9 Reproducibility of the shaking table for various type of input motions

Earthquake input motion | Correlation factor p RMS ratio (Response/Command)
(a) Error ratio of displacements

El Centro 1940 NS (90%) 0.998 0.984

Hachinohe 1968 NS (147%) 0.998 0.942

JMA Kobe 1995 NS (30%) 0.979 0.950

JR Takatori 1995 NS (40%) 0.979 0.973

Tomakomai 2003 NS (60%) 0.986 0.917

Earthquake input motion | Correlation factor p RMS ratio (Response/Target)
(b) Error ratio of accelerations

El Centro 1940 NS (90%) 0.966 0.955

Hachinohe 1968 NS (147%) 0.942 1.011

JMA Kobe 1995 NS (30%) 0.950 0.996

JR Takatori 1995 NS (40%) 0.973 0.997

Tomakomai 2003 NS (60%) 0.917 1.008

2.6 Conclusions

The RTHS tests for the mid-story isolated buildings are operated by using the
shaking table of Kobe University. This report introduced the detail of the special
function of the shaking table for using as the RTHS test system and explained about
the test specimen of the building model and the semi-active control device provided
for this RTHS test. The newly designed semi-active damper (the MR-RIM damper)
equipped on the isolated layer and the upper structure part of the mid-story isolated
building model are actually provided as the test specimens. The lower structure part
below the isolation layer is simulated as a lumped mass system model in a computer.
By combining both of the really-tested part and the simulated part for composing the
mid-story isolated building model, this RTHS tests are conducted. Through verifi-
cation for the RTHS test system performance, validity of this RTHS test system is
assured and well reproducibility of this system is also confirmed.
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Chapter 3 M)
Horasan Mortar Bearings in Base et
Isolation with Centuries Experiences

Azer A. Kasimzade, Sertac Tuhta and Gencay Atmaca

Abstract The purpose of this study is to demonstrate the applicability of the
Horasan mortar friction interface, which has been used for many long years in the
past historical periods, as a seismic isolator in lightweight building structures with
no overturning moment. To this end a four-storey hospital building has been
selected as an example. Using the beyond-linear mathematical model simulation the
results for Horasan mortar, stainless steel, gray-iron/mortar friction interfaces have
been compared. For each interface the base acceleration is seen to be reduced in the
ratio of 45, 38, 33% compared to the built-in building. For complete these favorable
results-NSI device’s material stress- and strain rang assessment have been modeled
by the FEM in ANSYS, LS-DYNA environments and compute results to be
compared to the related material ultimate values. Generally different devices are
used to restore the superstructure to the initial position. In this study it has been
proven that the earthquake has a restoring property and this phenomena have been
used as the indirect restoring device. Full details of the application of Horasan
mortar, which is economically favorable and has been used for many centuries in
the history as a friction interface, has been given.
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3.1 Introduction

Seismic isolation separates the structure from the harmful motions of the ground by
providing the flexibility and energy dissipation capability through the insertion of
the isolated device, called the isolators, between the foundation and the building
structure. Depending on the superstructure and the mass ratio of the base, isolation
is classified as base isolation (a standard building with a higher mass ratio) or
foundation isolation (a single-storey building with a lower mass ratio). The simplest
sliding system is the pure—friction (P-F) system, which does not have any restoring
force and a period and it is very effective for a wide range of frequency inputs
(Mostaghel et al. 1983a, b).

In order to prevent and control large sliding and residual displacement in the P-F
base isolator system, base isolation systems with a restoring force have been
developed and investigated. These systems include: the resilient—friction system
(Mostaghel and Khodaverdian 1987), the Electricite de France (Gueraud et al.
1985), the friction pendulum (Zayas et al. 1990), the sliding resilient friction (Su
et al. 1989a, b), the elliptical rolling rods (Jangid and Londhe 1998) and others
period-dependent base isolator systems.

The future P-F systems will most likely be developed by investigating various
sliding interface materials. In the meantime, period-dependent sliding systems with
restoring force can be developed using P-F and other damper devices to avoid the
possibility of the vulnerability of base-isolated building to near-fault pulse ground
motion. The history of the development of the P-F base isolation systems is given
below.

Using the sinusoidal shake table test, the friction coefficient values of the some
materials have been reported as follows; 0.25 for graphite powder, 0.34 for dry
sand, and 0.41 for wet sand (Arya 1984; Qamaruddin et al. 1986). The friction
coefficients for other sliding interface materials that have been proposed for
masonry buildings are; 0.2 for viz. derlin, 0.6 for asphalt, and 0.7 for vinyl florin
(Zongjin et al. 1989). Several bricks with and without sliding joint have also been
tested under lateral loads with simulated dead load (Lou et al. 1992). The walls with
the sliding joints were observed to slide at lateral force amplitude 50% of the force,
at which the cracking began in the wall without the sliding joint. The friction
coefficients obtained by the shaking table test for the suggested friction interface
materials were; 0.23 for graphite/concrete interface at a peak acceleration of 0.2—
0.3 g; and 0.4 for the same interface at a higher peak acceleration of 0.3-0.6 g.
Tehrani and Hasani (1996) investigated an adobe building in Iran using dune sand
(0.25), clay (0.16), and lightweight expanded clay (0.2-0.3) as the friction interface
and concluded that dune sand and lightweight expanded clay can be good materials
to create sliding layers in adobe buildings in Iran. A composite friction interface
consisting of upper and lower reinforced concrete ring beams filled with two layers
of asphalt felt interposed with graphite powder has also been used to test two
six-storey brick masonry models on the shake table (Song et al. 1990). These
models were excited with acceleration from 0.1 to 0.5 g and the sliding was
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initiated at 0.25 g. No cracking was detected in the two models even when the base
acceleration was 0.5 g. In another study, the multi-level isolation in the form of
discrete isolation Teflon and stainless steel at base level and continuous isolation in
the form of sliding joint at upper floor levels for multi-storey masonry building
were explored (Nikolic-Brzev and Arya 1996). Compared to the fixed base, in the
isolated structure, an average reduction by 40% was observed in the maximum
response accelerations and maximum base shear, respectively. In addition, various
base isolation systems (including pure friction) have been used (Park et al. 2002;
Fan and Ahmadi 1992; Fan et al. 1990a, b, 1991; Patil and Reddy 2012) or
considered to have a significant potential for wider applications, and they have been
systematically compared and discussed in terms of their aseismic performance on
the multi-span continuous bridge. The authors concluded that an adequate friction
element is effective in reducing the deck displacement and recommended the use of
a friction coefficient smaller than 0.18. Simple slide isolation using a different type
of stainless steel has also been researched (Nishimura et al. 2004a, b), where the
experimental damping coefficient, static frictional coefficient, dynamic frictional
coefficient and frictional coefficients were assigned as ¢ = 0.03 — 0.352,
Umax =0.17 — 0.22, pmin = 0.07 — 0.09, p = 0.05 — 0.1, respectively. It was also
shown that even if = 0.1 — 0.2, it could be effective in the case of a big earth-
quake. In the same study, two different types of stainless steel were proposed as
sliding bearings and both the accelerations and inter-storey drifts were reported to
be reduced by 20-40%. The response reduction effect was analyzed using the
multi-degree-of-freedom system. In this analysis, the static and the dynamic fric-
tional coefficient were assigned to 0.2 and both the accelerations and inter-storey
drifts were reduced by 40-80% in the case of four-or 11-degree of freedom, which
shows that the response reduction effect was more than the expected under a
significantly larger earthquake even when the friction coefficient was u = 0.2. The
difference between lubricant and no-lubricant cases was hardly seen. Dolce et al.
(2005) studied the frictional behavior of steel-PTFE (Polytetrafluoroethylene)
interfaces for seismic isolation to evaluate the effect of the sliding velocity, contact
pressure, air temperature and state of lubrication on the mechanical behavior of
steel-PTFE sliding. In another study, the optimum design for a resilient sliding
isolation system was used in the seismic protection equipment have been investi-
gated by sinusoidal excitation on the shaking table (Iemura et al. 2007) and max-
imum values of friction coefficient were found to be 0.1 and 0.2, respectively.
Nishimura et al. (2007) reported on the results of two previous studies, where they
investigated a metal-touched type base isolator, for which they assigned the
experimental damping coefficient, static frictional coefficient and dynamic frictional
coefficient as ¢ =0.096 — 0.153, ppnax = 0.17 — 0.21, and p;, = 0.11 — 0.16,
respectively, and used a simulation to evaluate the response reduction effect of a
multi-degree-freedom system model. The responses were reduced in the range of
50-80%. McCormick et al. (2009) reported that the friction developed between a
steel base plate and a mortar base added shear resistance to the building system
during a seismic event. The authors evaluated the possible sliding behavior of a
steel base plate and a mortar base on a shake table (under various horizontal input
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accelerations and at various magnitude and frequencies). The results showed a
constant friction coefficient during sliding with an average value of approximately
u=0.78. A P-F isolation system using coarse dry sand as a friction material
(i = 0.36) was proposed for low-rise buildings in economically developing coun-
tries (Ahmad et al. 2009). It was observed that more than 70% of the energy was
dissipated through this pure friction isolation technique. Experimental studies were
performed with the shaking table test to investigate a frictional base isolation
system using geo-textiles and smooth marble at the plinth level of a brick masonry
building (Nanda et al. 2010). A 65% reduction was observed in the absolute
response acceleration at the roof level when compared with the response of the
fixed base structure at the cost of 0.025 m peak sliding displacement, which is well
within the plinth projection of 0.075 m. A three-dimensional shaking table test was
investigated (Ikawa et al. 2011) using the sliding isolation devices composed of
surface-treated steel plates when p = 0.01, 4 = 0.02, and it was reported that in
terms of the damage to the building, the decrease in the inter-storey displacement is
more important. This was shown by Mukaibo et al. (2011), who investigated a
traditional Japan timber building under a strong earthquake action and found that
the friction coefficient between the base and the foundation stone could be
dependent on the sliding direction and the friction coefficient may vary when the
sliding occurs. For three types of specimens, the friction coefficient was obtained as
Maverage = 0.38. In another study (Nanda et al. 2012), four different sliding inter-
faces, green marble/high density poly ethylene (HDPE), green marble/green marble,
green marble/geo-synthetic, and green marble/rubber layers were used in a P-F
system and the average friction coefficients were found to be
u = 0.075, 0.085, 0.105, and 0.17, respectively. The results showed that most of
these sliding interfaces were effective in reducing the spectral accelerations up to
50% and the sliding displacement was restricted within 0.075 m.

The P-F base isolation composed with other models was also investigated in
terms of their effectiveness in improving the seismic resistance superstructure.
Hong and Kim (2004) evaluated the performance of a multi-storey structure with a
resilient-friction base isolation system on the excitation for the stationary random
process. The responses that were obtained using the equivalent linearization tech-
nique were compared with those calculated from the time history analysis.
A discontinuous nonlinearity P-F system was developed and evaluated using linear
laminated rubber bearings, viscous dampers, and nonlinear friction elements (Suy
et al. 2007). In another research (Jalali et al. 2011), steel-Teflon flat sliding bearings
were used to support the gravity loads while allowing large horizontal displace-
ments, and simply connected Shape Memory Allow (SMA) truss elements, to
provide the necessary horizontal stiffness as well as proper restoring capability. The
system was referred to as the Smart Restorable Sliding Isolation System (SRSBIS).
Gajan and Saravanathiiban (2011) evaluated the structures with energy dissipating
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devices and found that approximately 70-90% of the seismic input energy is dis-
sipated by these devices while foundation rocking dissipates around 30-90% of the
total seismic input energy in the foundation soil (depending on the static factor of
safety). The results also indicated that if the system was properly designed (with
reliable capacity and tolerable settlements), the adverse effect of foundation rocking
could be minimized due to the favorable features of foundation rocking and hence
they can be used as efficient and economical seismic energy dissipation mecha-
nisms in buildings and bridges. Self-lubricating materials were proposed to be used
in sliding isolation systems; such as the curved surface sliding isolator system, or
pendulum bearing system, for the protection of buildings and structures (Quaglini
et al. 2012; Becker and Mahin 2011). In another study (Gur and Mishra 2013), a
P-F system supplemented with shape memory allow-restraining was presented on a
framework of multi-objective optimization. A reduction in the residual bearing
displacement was observed.

The base isolation technology can be used for both new structural design and
seismic retrofit. A more detailed historical progression of the isolation systems are
presented in the studies by Ismail et al. (2010) and Islam et al. (2011). Various types
of isolators were also schematically classified (Naeim and Kelly 1999), where the
design force approach and design displacement approach were set up for the design
of isolation systems as defined by the ATC-Applied Technology Council (ATC
1996). Since the first implementation of seismic isolation (Foothill Community Law
and Justice Center, Rancho Cucamonga, CA, United States 1985) successful energy
dissipaters have been developed all around the world to control the response of an
isolated structure by limiting both the displacement and the forces. At the same
time, relevant regulations have been issued; such as the FEMA (2009) and the
International Code Council (2018) computer software based on the finite element
has been developed for the design.

3.2 Problem Identification

The overview of the literature shows that, a P-F isolation system needs to be
developed after studying and exploring various sliding interface materials and
improving the system by incorporating the restoring mechanism. The other
important point is that this friction interface materials must be researched at least
during the repetition time of major earthquakes. As seen from the references there
are no or very few such research studies and the time for research have not been
able to be sufficient for the applications.

The results of the studies comparing the repeat times of strong earthquakes also
indicate that the majority of the materials used in the experiments were not suffi-
ciently investigated, particularly in terms of their behavior over an extended period.
In another word, in references, friction interface material was not researched at least



90 A. A. Kasimzade et al.

during for the repetition time of major earthquakes. For example, Nagashima
(1998) investigated Teflon only for ten years and reported that the friction coeffi-
cient had increased by 20% after ten years. In other research studies where the
restoring mechanism was included in the P-F system, the resulting combined iso-
lation system were period-dependent. Therefore, there is a need to search (a) for
alternative interface materials of which behavior was researched and have gained
experience in time that have the potential to be used efficiently as friction interface
materials and (b) present and prove the restorable particularity of the earthquake
action, which can partly be used in the P-F base isolation systems.

Being experienced in time Horasan mortar was used as friction interface material
which are provided above requirements. Horasan mortar was widely used in his-
torical buildings across the world, known as “cocciopesto” in the Roman Empire, as
“surkhi” in India, as “Korassa” in Greece and as “Homra” in Arabia. The historical
use of the Horasan mortar was investigated in many studies and its characteristics
were compared to the material produced under the laboratory conditions (Cakmak
et al. 1995; Camlibel 1998; Valluzzi et al. 2005; Binal 2008).

The aim of the present study is to explore (a) the feasibility of using Horasan
mortar as the sliding interface material on the presented single friction interface for
natural seismic isolation or protection (NSI or NSP, Kasimzade 2009) device
(Fig. 3.1); and (b) to explore the restorable particularity of the earthquake action.

The NSI with Horasan mortar as the interface material was devised when the
“Walled Obelisk” monument was modeled for investigation in terms of its struc-
tural safety (Kasimzade 2009, 2012; Kasimzade et al. 2009, 2011, 2014). The
results of the research showed that the bottom part of the monument acts as a
frictional responsive seismic isolator. This bottom part of the monument consists of
a three-step marble stone and a massive marble stone (enablement) that form the
four friction/sliding surfaces with Horasan mortar as the interface. So, the bottom
part of the monument acts as the NSI device with three steps and four sliding
interfaces (Fig. 3.2).

transverse beam
building gravity force - -

column |
transverse beam transverse beam

step
- horasan mortar

mat foundation

Fig. 3.1 Illustration of the NSI devices with single step and single friction interface of Horasan
mortar
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Fig. 3.2 Comparison of the related peculiarities of the Walled Obelisk monument’s (Istanbul/
Turkey) foundation “Natural Seismic Isolator” (on left) and elastomeric seismic isolation system
with lead (LCRB) core (on right) (Kasimzade et al. 2011)

Fig. 3.3 Tomb of cyrus
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Tomb of Cyrus (Fig. 3.3) (in Pasargadae, a city in ancient Persia, now Iran) is
said to be the oldest and first base-isolated structure in the world where used similar
isolation technology and friction interface materials, were used.

3.3 The Discovery of Restoring Mechanism Phenomenon
of Earthquake and Its Application

The nature of the earthquake excitation force has been reported to undertake the
role of a restoring mechanism, in other words, it maintains the absolute rigid
structure around equilibrium (Kasimzade 2009; Kasimzade et al. 2009, 2011, 2013,
2014).

This asserts that, excitation force must be undertaking the role of the restoring
mechanism. In another word keeping the structure around equilibrium, may be
proved only if, applied to the structure excitation force energy-the total supplied
energy equals to the sum of the stored energy (Egoreq) and the dissipated energy
(Edissipatea) and total energy during over time must be equal to zero. In another word
the following relation must be satisfied (Eq. 3.1):

ti’:g

Estored +Edissipaled = / mmtali/.lg(t)u(t)dt =0 (31)
0

Mol = const  and My 7# 0 (3.2)

and taking into consideration that (Eq. 3.2) the above relation becomes as (Eq. 3.3)

liig

Egored + Edissipated = mtolal/ ug (t)u(t)dt =0 (33)
0

Applying integration by part, chosen to be (Eq. 3.4-3.5)

u=u(t), i(r)dr=dvy (3.4)

(=}

Equation (3.5) and from here it is obtained that (Eq. 3.6)
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Tiig lig

/ i (1) (1)t = v — / v, (3.6)

0 0

where moy is the total mass of the structure; i, (), t;;, is the earthquake acceleration
and duration time respectively; u(¢) is NSI system device displacement.

As seen from the relations (Egs. 3.1 or 3.3) for it proof, it is necessary to prove
that total earthquake acceleration area over excitation time (Eq. 3.5) must be equal
to zero (and supporting it, relation (Eq. 3.6) and consequently (Eq. 3.1) or (Eq. 3.3)
becomes zero). Real earthquake’s acceleration-time relation has many discontinuity
points, because relation (Eq. 3.6) was investigated numerically (trapezoidal
numerical integration) for the various acceleration records from PEER (PEER
2011), with different characteristics. Results are presented in Table 3.1.

As seen from Table 3.1 target assertion (Eq. 3.5 equal to zero) was reached with
error range which may be acceptable. This very little deviation from the target
assertion may be explicable with numerical integration method error.

This earthquake action phenomenon presented by Egs. 3.1, 3.3 and 3.5 was
found out, proved and was used for mathematic modeling monument’s seismic
isolation system by the author (Kasimzade 2009; Kasimzade et al. 2009, 2011,
2012, 2014) for the first time. It may enable the design of a seismic isolation system
simpler and very cheaper as far as maximum possible (Kasimzade et al. 2013).

The results were obtained with the assumption of absolutely rigidity of super-
structure. In this case there is a P-F isolation sliding interface between the super-
structure and foundation. The foundation maintains its equilibrium during an
earthquake, but superstructure slides. In other words, the earthquake partly keeps
the superstructure around equilibrium while another part is controlled by the friction
coefficient of the isolation interface. As a result, the duration of the earthquake
excitation has a residual displacement on the superstructure (Fig. 3.4).

Hence it has been found out that the NSI device has no restoring mechanism and
no natural period. This particularity indicates that excitation force must be under-
taking the role of the restoring mechanism, in another word, keeping the structure
around equilibrium. Based on this phenomenon and the NSI device found out, for

Table 3.1 Characteristics of various earthquake records and appropriate ground acceleration area
obtained by trapezoidal numerical integration and the integration error from target assertion

Earthquake Duzce, Erzincan | Kocaeli Cape Chichi Tabas Iran
name, date, Turkey, Turkey, Turkey, Mendocino Taiwan 16.09.1978
time/ 12.11.1999 |27.12. 19.07. California USA | Nantou 19:18:00
characteristics | 18:57:00 1939 1999 25.04.1992 County

01:57:00 |03:02:00 | 11:06:00 21.09.1999

01:47:12

Acceleration | —0.0035 0.00083 | —0.00074 | —0.00095 —0.000045 | 0.00034
area & error | 0.35 0.083 0.074 0.095 0.0045 0.034
in %
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Fig. 3.4 Illustration of the residual displacement at the bottom of the “Walled Obelisk”
monument in Istanbul in December 2008. The massive stone surface was shifted above the level of
1.24 m, which is not entirely the original position (Kasimzade et al. 2011)

application to day’s structures (Fig. 3.1). The new isolation bearing presented in
this paper is referred to as no restoring mechanism seismic base isolation—NSI
system and the first implementation is illustrated in Figs. 3.5a—d.

3.4 Frictional Model for the Pure Friction (P-F) Seismic
Isolation System

The Coulomb friction model defines an equivalent shear stress (1), at which sliding
on the surface begins as a friction of the contact pressure (Kaldal 2013) (Fig. 3.6)
(Eq. 3.7)

T = PP + Ceohesion, (37>

where Ceonesion Specifies the cohesion sliding resistance and u is the friction coef-
ficient is expressed in (Eq. 3.7).

Considering velocity dependency, the frictional coefficient is expressed as (Kato
et al. 1974; Constantinou et al. 1990) (Fig. 3.7) (Eq. 3.8)

'LL(V) = Hmin + (:umax - :umin)e_dlv‘7 (38>

where d is the parameter for velocity dependency; v is the sliding velocity;
Umins Hmax are the minimum and maximum friction coefficients respectively
(Enokida and Nagae 2017; Symans et al. 2000).

For mortar contact, ft = lmax, 1.€., dynamic effects are ignored (LS-DYNA
Keyword User’s Manual R10.0 Vol 1 2017)
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Fig. 3.5 First natural seismic isolated (NSI) private building in Turkey/Samsun (Incesu Mah.
Sirincak Sok. No: 2/1) a Preparation of the friction interface-Level 1 b Preparation of the friction
interface-Level 2 ¢ General view of building—SN direction d General view of building—NS
direction

ol L) EJLtLl
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Fig. 3.5 (continued)

Here tmax, Umin are the minimum and maximum friction coefficients, d is the
parameter for velocity dependency and v is the sliding velocity, respectively. For
definition of the mentioned coefficients numerical values for selected friction
interface materials, the equation of motion experimental equipment on shaking
table is expressed as follows (Fig. 3.8).
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Fig. 3.8 Experimental equipment on shaking table
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Assuming that the underground part of the structure (or the shaking table) is
moved u, meter from initial position Oy — Oy to position O; — O; with an accel-
eration ii, in the same direction and superstructure with mass m, under adopted
force miig, slides u meter relative to the position O; — Oy, and superstructure takes
the acceleration # and velocity i respectively. By arranging the projection of forces
on the positive moving direction of the superstructure (), its equation of motion
becomes as (Egs. 3.9 and 3.10)

ZF+LI = 01 m()i’ig - m()i/.l() — Hgmoy = 0 (39)
ito + g + ito) = i (3.10)

Equation of motion superstructure (Eq. 3.10) valid for the positive velocity of
the superstructure. By generalizing it for both directions it becomes (Eq. 3.11);

ilg+ g sgn (i) = ity (3.11)

where ug, iy, ity are the relative displacement, velocity, acceleration of the super-
structure relatively to the underground part of the structure; ('Lio — iig) is the
absolute acceleration of the superstructure ().

The observed response u.q(t;) = u.o; for any time ¢; during shaking table exci-
tation duration will be defined experimentally.

The adopted target function (Eq. 3.12)

F, = Z (te0i — Mog)z (3.12)

(F,) will be close to zero, when max, Umin, & approach appropriate values.
By the minimization (the slowdown Newton method) of the target function for
Horasan mortar, parameters are obtained as:

Hmax = 0.37, Hmin = 0.26,d =11

Here, Duzce Earthquake is used with duration 55.9 s and PGA = 8.0588 m/s?.
For the gray-iron/mortar and stainless steel above parameters was obtained as
(Iemura et al. 2007) respectively:

Umax = 0.28, ptin = 0.214, d =11, pl = 0.2, pin = 0.14, d =11

Here was wused horizontal earthquake excitations JMA Kobe- NS
(PGA = 8.18 m/s2) and JMA Kobe- EW (PGA = 6.17 m/sz) respectively.

Due to the relation given by Eq. 3.8, friction coefficient diagrams for the above
frictional interfaces are presented on Fig. 3.9a—c respectively.
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Fig. 3.9 Friction coefficient
diagrams by the relation

Eq. 3.8 for the frictional
interfaces a Friction
coefficient behavior for the
stainless steel friction
interface b Friction coefficient
behavior for the gray/iron
mortar friction interface

¢ Friction coefficient behavior
for the Horasan mortar
friction interface
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3.5 Four-Storey Building’s Mathematical Model
with Frictional Bearing

Based on the relation presented by Egs. 3.13-3.15,
Fy, = uN = uMg (3.13)

M = mgy + mg (3.14)

Mgs = Zm,- (3.15)

i=1,n
the sliding phase defined by relation (Eq. 3.16)

mo .. ciiy + kyuy

" iy~ g) + (3.16)

Equation of motion can be exhibited by the set of system differential equations
as (Egs. 3.17a and 3.17b)

moiig + pMg sgn (itg) — ciity — kjuy = myiig (3.17a)

Cll:{l +k1M1

[m){it} + [c[{ie} + [k[{u} = [”m—l\ig sgn (ito) }[m]{l} (3.17b)

my

Otherwise, if the condition (Eq. 3.16) is not met, equation of motion because as
(Eq. 3.18),

(ml{i} + [cl{u} + [k[{u} = +itg[m]{1}, (3.18)
where sgn is defined as (Eq. 3.19)

sgn — /Tlg [% (I/lg — ﬁ()) + Cilulx;klul], 1f|u0‘ =0

(3.19)
else if wup >0, sgn=1, else sgn=—1,

Parameters included in Eqs. 3.13-3.19 illustrated in Fig. 3.10 and explained.

Here [m], [c], [k] are mass, damping, and stiffness matrices respectively, u is
displacement, u is velocity, u is base displacement, i, is earthquake acceleration.

Set of equations (Eqgs. 3.17a-3.17b) are highly nonlinear. It is created by FEM
and Runge—Kutta method is used with Matlab tools (MATLAB R2017b
Documentation 2017).

In the presented seismic base isolation application, the superstructure’s mass
distribution is designed such that the occurrence of overturning moments is pre-
vented. Reinforced concrete transfer beams (they are red color in Figs. 3.11 and
3.12) with the floor slabs on it (Slab_types are hardy slabs. All beams are hidden
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Fig. 3.10 Illustration of the four story building’s mathematical model with frictional bearing
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Fig. 3.11 Illustration of the NSI devices with single step (blue) and single friction interface of
Horasan mortar, reinforced concrete transfer beams (red) with the floor slabs on it and mat
foundatlon (white) under the column foots (blue) and sliding interface (green) on building
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£

Fig. 3.12 Bottom view illustration of the NSI devices with single step (blue) on building
application example

beams. It is not shown in Fig. 3.1) are designed to ensure the synchronous working
condition of the column foots (they are blue color in Figs. 3.11 and 3.12) on the
sliding interface (they are green color in Fig. 3.11) under earthquake excitation and
building application example illustration shown in Figs. 3.11 and 3.12 super-
structure separated from the mat foundation (it is white color in Fig. 3.11) only by
sliding interface (they are green color in Fig. 3.11). In another word, the ground
floor slabs (not shown in Fig. 3.1) with counter transfer beams is designed so that,
under horizontal earthquake excitation they are in their own plane may keep rigid
body behavior.

For application a four-storey hospital building is used, which previously was
designed under Duzce earthquake with PGA = 8.0599 m/s* and duration time
t; =59.99 s. Extructed from here are the mass [m], damping [c] and stiffness
[£] matrices presented as follow (Eqgs. 3.20-3.22)

2025 0 0 0
0 20033 0 0
) =101 o 20033 o [|& (3.20)

0 0 0 1.6755
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3.7486  —2.1587 0 0
0| —21587 43173 —2.1587 0
[k = Te 0 21587 43173 —2.1587 | VM) (3.21)
0 0 —2.1587  2.1587

2.6101 —0.8576 —0.1669 —0.0749
] = 1¢7 —0.8576  2.6571 —0.9001 —0.2060
—-0.1669 —-0.9001 2.5759 —0.9917
—-0.0749 -0.2060 —-0.9917 1.6596

(Nsn/m) (3.22)

The response quantities of interest are the top and base levels of the examined
hospital building and are presented in Table 3.2 and Figs. 3.14, 3.15 and 3.16
respectively from the Duzce earthquake (Fig. 3.13).

As seen the structure base acceleration is decreased by 45.6437, 38.3919,
33.0212%; top floor acceleration is decreased by 64.9959, 61.4724, 58.4987%; top
floor drift is decreased by 58.1769, 54.0705, 48.1211% regarding to fixed based
structure for stainless steel, gray-iron mortar and Horasan mortar respectively. Pure
frictional systems maximum displacement was 0.068, 0.0469, 0.0276 m for stain-
less steel, gray-iron mortar and Horasan mortar respectively.

Earthquake Accelaration

10 - - -
E— 5 If
&
8
o
3
-]
o
2

0

-5 5 A

0 10 20 30 40 50 60
Time {s)

Fig. 3.13 Horizontal acceleration component of the Duzce (12/11/1999) earthquake
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Fig. 3.14 Structure response
with Stainless steel interface
from the Duzce earthquake
a Pure friction isolated
building top floor
displacement b Pure friction
isolated building top floor
velocity ¢ Pure friction
isolated building top floor
acceleration d Pure friction
isolated building bearing
displacement e Pure friction
isolated building bearing
velocity f Pure friction
isolated building bearing
acceleration
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Fig. 3.15 Structure response (a) « 2 . Strocture Dleplachmnt us:
with gray-iron/mortar from
the Duzce earthquake a Pure £l 8
friction isolated building top
floor displacement b Pure
friction isolated building top
floor velocity ¢ Pure friction
isolated building top floor
acceleration d Pure friction
isolated building bearing
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Fig. 3.15 (continued)
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Fig. 3.16 Structure response
for Horasan mortar from the
Duzce earthquake a Pure
friction isolated building top
floor displacement b Pure
friction isolated building top
floor velocity ¢ Pure friction
isolated building top floor
acceleration d Pure friction
isolated building bearing
displacement e Pure friction
isolated building bearing
velocity f Pure friction
isolated building bearing
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3.6 Assessment of the NSI Device’s Material Stress—Strain
Range

For assessment of the NSI device’s material stress-and strain range, the NSI device
finite element modeling has been provided by ANSYS software under the vertical
5 x 10° N (approximately equivalent to the force on a single column foot’s in a
four-storey reinforced concrete building) force and horizontal acceleration of the
earthquake and analysis result have been compared to the related ultimate values
presented in Table 3.3. For this force one step reinforced plates with dimensions of
1.4 x 1.4 x 0.6 m and 1% reinforcing percentages of the steel bars is for each of
the x, y, z coordinate direction. The thickness of the Horasan mortar between the
step and mat foundation is 0.02 m. The parameters of the materials presented NSI
device model (Fig. 3.1) are presented in Table 3.3.

In the presented example, steel bars have been used for reinforcing. Other
possible reinforcing materials include fiber, which provides more protection against
corrosion. It is also possible to replace the reinforced concrete with a more durable
material. According to the Von Mises yield criterion the yielding of materials
begins when the second deviator stress invariant reaches a critical value, otherwise,
the system remains in linear case. As shown in Table 3.3, the second deviator stress
invariant (the ultimate tensile stress value) for Horasan mortar is low. Therefore,
under the strong lateral motion of the earthquake, Horasan mortar is cracked and
will exhibit the characteristics of granular material. This was taken into consider-
ation in the estimation of bound of the friction coefficient. The known bound of the
friction coefficient by fuzzification or stochastic methods (in Kasimzade 2002;
Kasimzade and Tuhta 2004) can be defined the bound of response. Inversely, the
known response bound can be defined (Kasimzade and Tuhta 2012) the bound of
friction coefficient. Plastic properties of the mortar in the construction phase as well
as after earthquakes horizontal deformation causes largely maintain its shape.
Granular material is devoid of these features alone.

Three major parts of the plasticity model and the nonlinear material properties of
Horasan presented here are: flow rule, yield criterion, and hardening rule. The
bilinear stress—strain curve is used to study the Horasan mortar as nonlinear contact

Table 3.3 Physical and mechanical parameters of the concrete, reinforced concrete and Horasan
mortar used in the seismic NSI device

Material Module of | Poisson | Density Compressive | Tensile Shear
elasticity ratio (kg/m®) strength strength strength
(N/m?) (N/m?) (N/m?) (N/m?)

Concrete 0.32 x 10" 0.2 0.22 x 10* 0.3 x 10* 0.19 x 107 {0.27 x 10®

(C30)

Reinforced | 0.38 x 10" |0.25 0.24 x 10*  [0.76 x 10* | 0.76 x 107 | 0.304 x 10

concrete

Sliding 3.89 x 10° |0.167 13.342 x 10> {049 x 10’ | 1.71 x 10° | 0.275 x 10’

interface
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interface material behavior, which is also characterized by rate independent (in-
dependent of time) plasticity. The yield criterion determines the stress level at
which yielding of a material will occur, Von Mises criterion is used. In associative
flow rule, which is a type of flow rule pertaining to bilinear isotropic hardening
behavior, the plastic potential gradient is normal to the yield surface. The hardening
rule describes the changing of the yield surface with progressive yielding, and the
two fundamental hardening types, isotropic (usually assumed for small strain
deformation) and kinematic are existent. Here the kinematic hardening plasticity is
used. In this investigation, plasticity and the nonlinear material properties of
Horasan mortar has been modeled and implemented by ANSYS software (ANSYS
Online Manual’s Release 5.5 2017).

For the contact element, the conventional Coulomb frictional model was used
(Eq. 3.8). The structure with presented aseismic NSI device (Fig. 3.1), super-
structure’s load transfer to the mat foundation has been realized by the one step
reinforced plate which was placed under each column (as column foot). Horasan
mortar as the friction interface material has been used between the reinforced plate
(step) and mat foundation.

For modeling contact and sliding by the above relations between Horasan mortar
—one step reinforced plate and Horasan mortar—-mat foundation interfaces “con-
tact” (CONTA174) and “target” (TARGE170) finite elements are used. This ele-
ment is located on the surfaces of three-dimensional solid elements (one step
reinforced plate and reinforced mat foundation has been modeled by SOLID65
element) with midside nodes.

Penalty (penalize the nodes which penetrate) method is used as contact algo-
rithm. All contact formulations require the solver to identify the elements where the
surface penetration has occurred. Surface integration (Gauss) points for contact
detection method are used. Surface integration point method allows for additional
points to detect penetration between surfaces. Surface to surface contact is truly
assembled, which has been used in presented implementation of contact problem.
Contact stiffness has been updated for every step of iteration. Updating the penalty
stiffness allow the solver to calculate the penalty stiffness smartly. In order to assess
the nonlinear performance (Belytschko et al. 2001), the stress—strain state of 3D
model and analysis of the contact problem has been modeled and implemented by
ANSYS software.

The reinforced steps and the mortar between them are modeled using the rein-
forced solid and structural solid elements. Horasan mortar, between the step and the
mat foundation, form one sliding surfaces and the contact elements. The modeling
system has 8927 elements in total including 1561 joint elements. Contact problems
are highly nonlinear and required significant computer resources. The finite element
model of the system has been excited by the Duzce earthquake (12/11/1999) and
the results have been obtained through the nonlinear transient analysis.

Some of the results of the analysis are presented below (Table 3.4).

Analysis results have been illustrated in Figs. 3.17, 3.18, 3.19, 3.20, 3.21, 3.22
and 3.23. Units in the manuscript are presented in the international system of units
SI (length meters, speed meters/second, acceleration m/sec?, stresses Newton/m2).
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Table 3.4 The absolute displacement and acceleration of the single-step NSI device from Duzce

earthquake with an excitation time of 7.,q = 55.88 s

Dimension of the
friction interface under
the every column’s

Absolute displacement- m
(reduction regarding)

Absolute acceleration—m/

sec2

(reduction regarding

foot (m) litg] .= 8-058780 m/s?,
in %)
Interval Average Displacement | Interval Average
state for fenq
14 x 1.4 (—0.0464384) | 0.0025706 | —0.035062 —4.17922 | 3.741785
—(0.00497443) —3.30435 | (53.57) %
(48.14-
59.00)%
1
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Fig. 3.17 The absolute acceleration of the step

As can be seen, the reinforced plate (step) obtained von Mises stress ranges
between (+0.107 x 107) and (+0.321 x 10”) N/m?, normal (in Z direction) stress
ranges between (—0.34 x 107) and (—323884) N/m?, shear (in XY plane) stress
ranges between (—282901) and (+294814) N/m? are not exceeded the material
ultimate compressive strength (0.76 x 10%) N/m? ultimate tensile strength
(0.76 x 107) N/m? and ultimate shear strength (0.304 x 10%) N/m?, respectively.
The NSI device in the earthquake action direction obtained a value of 4.97-
46.44 mm total average displacement (Fig. 3.23) and maximum acceleration
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Fig. 3.19 The absolute velocity of the step

responses are reduced by an average of 48-59% (Table 3.4 and Fig. 3.17). The
residual displacement is 35.06 mm (Fig. 3.18). The NSI device’s absolute velocity
and time relation is presented in Fig. 3.19.
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Fig. 3.20 Von Mises stress of the NSI device
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Fig. 3.22 Shear (in XY plane) stresses of the NSI device
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As can be seen from the Ls-Dyna software modeling results for the four story
building (Figs. 3.11 and 3.12) with the NSI devices with Horasan mortar sliding
base interface under Duzce/Turkey, 1999 earthquake (Appendix, Figs. 3.24-3.36):
1) Horasan mortar Von Mises stresses do not exceed safety stress limit; 2) Stresses
obtained according the inside forces acting to the structural elements do not exceed
safety stress limits also; 3)Averaged absolute maximum of the base (bearing-step)
level acceleration was decreased 35% (Fig. 3.31); 4) Averaged absolute maximum
of the base level velocity is 0.51 m/s (Fig. 3.32) and this velocity is much lower
than the velocity limit (0.7~ m/s) that can damage sensitive equipment involved
inside of the building; 5) Averaged absolute maximum of the base level dis-
placements (Fig. 3.33) indicate that the superstructure does not exceed the
boundaries of the mat foundation area. The same structure’s base and top levels
responses (Appendix, Figs. 3.34, 3.35 and 3.36) using lightweight concrete (su-
perstructure total mass equal to 4.08 ¢*® kg), with Horasan mortar sliding base
interface minimum, maximum decay parameters 0.17, 0.37, 11 respectively under
same Duzce/Turkey, 1999 earthquake also indicate decreasing (44%) of the
superstructure accelerations (Fig. 3.34) and averaged absolute maximum of
the velocity (Fig. 3.35) and displacement(Fig. 3.36) of the base and top levels of the
superstructure are in the reliable acceptable limits respectively.

3.7 Conclusions

Assessment of the NSI device’s materials (reinforced concrete, Horasan mortar as
friction interface) stress—strain range shows that stress ranges of the appropriated
materials of the aseismic control device are around ultimate values which were
presented in Table 3.4.

In whole isolated with NSI devices four-storey hospital building’s base accel-
eration is decreased by 45.6437, 38.3919, 33.0212%; top floor acceleration is
decreased by 64.9959, 61.4754, 58.4987%; top floor drift is decreased by 58.1769,
54.0705, 48.1211% regarding to fixed based structure for stainless steel, gray-iron
mortar and Horasan mortar respectively. Building NSI device maximum dis-
placement is 0.068, 0.0469, 0.0276 m for stainless steel, gray-iron mortar and
Horasan mortar respectively.

Using lightweight concrete with Horasan mortar sliding base interface, its
increases the performance of the mentioned system even further (for example the
acceleration reduction became 44% for presented same structure, Appendex 1).

The research reveals that the NSI device with a sliding interface provided by
Horasan mortar is feasible for aseismic base isolation applications.

The particularity of the earthquake action to act as a restoring force has also been
presented. In other words, the earthquake action can keep the superstructure around
equilibrium while another part is controlled by the friction coefficient of the iso-
lation interface. From this point of view, the device incorporates isolation, energy
dissipation,.and the restoring force mechanism in a single unit. Also, the durability
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of this device has been shown to extend over ten centuries requiring virtually no
maintenance.

The simplicity of the model and the long-term experience with the sliding
interface material involved make the NSI device attractive for application in the
isolation and retrofit of building structures.

Appendix

Figs. (3.24-3.36) Ls-Dyna software modeling response results of the four story
building with the NSI devices with Horasan mortar sliding base interface under
Duzce/Turkey, 1999 earthquake for time 10.83 s: Fig. (3.24) Horasan Mortar’s Von
Mises stress; Fig. (3.25) Superstructure beams axial forces; Fig. (3.26)
Superstructure beams tor-sional forces; Fig. (3.27) Superstructure beams bending
moments in section S direction; Fig. (3.28) Superstructure beams bending moments
in section T direction; Fig. (3.29) Superstructure beams shear forces in section S
direction; Fig. (3.30) Superstructure beams shear forces in section T direction;
(Fig. 3.31) Averaged base level (green) acceleration; (Fig. 3.32) Averaged base
level (green) velocity; (Fig. 3.33) Averaged base level (green) displacement;
(Fig. 3.34) Averaged base level (pinkish) and toplevel (yellow) acceler-ations;
(Fig. 3.35) Averaged base level (pinkish) and top-level (yellow) velocities;
(Fig. 3.36) Averaged base level (pinkish) and top level (yellow) displacement.

Fig. 3.24 Horasan Mortar’s Effective Stress (v-m)
Von Mises stress 3.065e+06
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Fig. 3.25 Superstructure
beams axial forces

Fig. 3.26 Superstructure
beams torsional forces
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Fig. 3.27 Superstructure
beams bending moments in
section S direction

Fig. 3.28 Superstructure
beams bending moments in
section T direction
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Fig. 3.29 Superstructure
beams shear forces in section
S direction

Fig. 3.30 Superstructure
beams shear forces in section
T direction
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Chapter 4 M)
BC Earthquake Early Warning System, et
a Program for Seismic Structural Health
Monitoring of Infrastructure

Carlos E. Ventura, Yavuz Kaya and Alireza Taale

Abstract The University of British Columbia (UBC) and the British Columbia
Ministry of Transportation and Infrastructure in Canada, have been instrumenting
key structures in recent years to provide confirmation of their seismic capacity,
assist in focusing retrofit efforts, detect damage from any cause, and provide rapid
damage assessment of those structures following a seismic event. The program now
includes more than 15 monitored bridges and is expanding to include public schools
and other buildings. The newest addition to the bridge monitoring program is the
incorporation of an earthquake early warning system developed at UBC. This paper
describes how the EEW system will be used as part of the existing seismic struc-
tural health monitoring program in British Columbia.

Keywords Earthquake early warning system - Structural health monitoring system
Smart infrastructure - Performance-based earthquake engineering
Automated decision support systems - Damage detection

4.1 Introduction

The British Columbia Ministry of Transportation and Infrastructure (MoT) has been
instrumenting structures in collaboration with the Earthquake Engineering Research
Facility (EERF) at The University of British Columbia (UBC) since the late 1990s.
The west coast of British Columbia (BC) lies in Canada’s highest seismic zone, and
as a result, the primary, initial purpose of the instrumentation systems was to
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capture the ground motion input and effect on the structure in the event of an
earthquake. More recently, the instrumentation has been expanded to incorporate
Structural Health Monitoring (SHM) capabilities.

In addition to the structural monitoring, the Geologic Survey of Canada (GSC),
through the Pacific Geosciences Centre (PGC), maintains the Provincial Strong
Motion Network (SMN) comprised of over 130 ground monitoring stations. The
bridge instrumentation and SMN have been integrated into a system called the BC
Smart Infrastructure Monitoring System (BCSIMS). The system integrates data
from the instrumented structures and strong motion network, organizes and pro-
cesses the information in an efficient manner, to deliver that information to the
appropriate parties.

A parallel collaborative project between the EERF, the MoT, the Roman
Catholic Archdiocese of Vancouver (RCAYV), and the BC Ministry of Education
(MoE) was started in 2013 to develop and implement an Earthquake Early Warning
System (EEWS) for urban areas in the province.

This paper describes the rationale and approach that has been followed to
integrate these two systems and provides an update on how the systems are being
integrated.

4.2 Description of BCSIMS

The (FDD) ambient modal identification is an extension of the Basic Frequency
Domain (BFD) technique or called the Peak-Picking technique. This method uses
the fact that modes can be estimated from the spectral densities calculated, in the
case of a white noise input, and a lightly damped structure. It is a non parametric
technique that determines the modal parameters directly from signal processing.
The FDD technique estimates the modes using a Singular Value Decomposition
(SVD) of each of the measurement data sets. This decomposition corresponds to a
Single Degree of Freedom (SDOF) identification of the measured system for each
singular value.

All of the data and results are available via the web interface as shown at the
bottom right of the figure. The http://www.bcsims.ca website is a gateway for user
interaction and operational management. The primary display consists of a sha-
kemap which provides information on the severity of shaking across the region;
Fig. 4.1 shows the website homepage. The circles represent the strong motion
network stations, and the squares are structural stations.

The page is displayed as an interactive map allows zooming in/out and focus on
a particular station. Additional metadata for the structures such as location infor-
mation and live links to webcams are also provided. Lists of recent events and
recent seismic activities are provided from which the user can access published
information for the corresponding events and activities (Fig. 4.2).

The user has the option to display several different shake maps such as
Instrumental Intensity (1999), Katayama Spectra Intensity (1998), and Japan
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Meteorological Agency Intensity (Karim and Yamazaki 2002). Other options
include PGA, PGV, and PGD values. The epicenter for is event is shown as a star
with size being proportional to event magnitude.

In addition to the homepage and shakemaps, links from each bridge icon in the
map directs to the Structures Information Pages (SIP). The SIP provides an over-
view of the status of the structure and more detailed results of the various structural
assessments carried out by the system. The information available depends on the
structure, what is monitored and how it is analyzed. The system is setup to have
many capabilities of analysis including statistics, modal analysis, damage detection,
FE analysis and FE model updating. Details of the system can be found in Ventura
and Kaya (2012).

4.3 Description of BC-EEWN

Earthquake Early Warning (EEW) is achieved by monitoring ground vibrations to
detect the arrival of a P-wave from an earthquake and provide a warning before the
more damaging waves arrive. The EEW output can be an audio tone and message
that can be passed to a Public Address system for distribution throughout the site of
interest. The amount of warning time may be only a few seconds for a nearby
earthquake to as many as 40 s or more for a distant event.

In the past decade, progress has been made towards implementation of earth-
quake early warning in Japan, Taiwan, Mexico, Southern California, Italy, and
Romania. In particular, the systems developed at the National Research Institute for
Earth Science and Disaster Prevention (NIED) and the Japan Meteorological
Agency (JMA) were integrated in June 2005. The system has been successfully
activated during several earthquakes since 2007, and provided accurate information
regarding the source location, magnitude, and intensity at about 3.8 s after the
arrival of P-wave at nearby stations.

There is an ongoing effort to establish a regional EEW network in the province
of British Columbia and several Provincial Government institutions are involved in
this effort. The institutions presently involved include the Roman Catholic
Archdiocese of Vancouver, the BC Ministry of Transportation & Infrastructure, the
BC Ministry of Education, Emergency Management BC, BC Housing, NRCan,
Ocean Networks Canada (NEPTUNE project) and the EERF at UBC. The name of
the network is British Columbia Earthquake Early Warning Network
(BC-EEWN).

The BC-EEWN consists of sites with highly customized sensors called “TETRA
sensors” and alarms (Node Site), sites with alarms only (Alarm Site) and the central
server for data processing and earthquake notification at UBC (UBC site). All the
sites are interconnected via the Internet as shown in the schematic diagram in
Fig. 4.3.

It is expected that by the end of 2016 there will be a large network of TETRAS
distributed _throughout_the province that will be part of the BC-EEWN. And,
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eventually, the BC-EEWN will be integrated with the EEWS being developed by
the US Geological Survey for California, Oregon and Washington.

The sites that have sensors in British Columbia each have a controller and a pair
of Tetras. Ideally the two sensors are installed in free-field sites, about 30 m feet
apart, but if this is not possible, at least one sensor is installed in a free-field site
about 30 m away from any major construction and the other sensor will be installed
inside the building where the controller will be installed. These EEW systems will
operate in standalone mode.

For any warning system, reliability is always important and it is desirable to have
redundancy built into the system to make it more robust. As part of this project, we
are exploring the feasibility of using several early warning algorithms to increase
the speed (efficiency) and reliability (efficacy) of early warning. In these algorithms,
the information from the initial part (up to a few seconds) of P-wave is used to
estimate the magnitude and the strength of the impending ground motion at the
same site. A network of sensors will improve earthquake early warning. A network
of sensors can quickly identify the earthquake’s epicenter, improve predictions of
the earthquake’s magnitude and reduce the incidence of false alarms. All the sites
where the EEWS has been installed are connected to the network in order to
improve the reliability of the warning system. Once a warning is confirmed, noti-
fications are provided to all the sites that subscribe to the network in BC.

At the present time the BC-EEWN includes more than 30 Node sites and over 50
Alarm sites. The system is displayed on a webpage showing all of the sites, which
are online, in alarm and other information, as shown in Fig. 4.4. The system has
been in operation since the fall of 2014, and has shown to be capable of detecting
far away earthquakes of magnitude 4.5 and higher. However, the system has not
been fully tested since no significant earthquake has affected BC in recent months.
Figure 4.5 shows a recently developed version of a webpage that shows in real time
the seismic activity detected at each Node (measuring station) in the Vancouver
region.
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Fig. 4.5 Overview of Node sites (green color bars) in the Vancouver region. Each node site
includes two sensors

4.4 Integrating the EEW System and the SHM Program

Efforts to integrate an EEW system with a seismic SHM program have been
recently discussed by Rainieri et al. (2010) and Wu and Beck (2012). Earlier work
discussing the interaction of SHM and EEW systems for effective structural control
of buildings can be found in Kanda et al. (1994) and Occhiuzzi et al. (2004).
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Rainieri and his colleagues present the results of a research study aimed at the
development of an SHM architecture that integrates the information and data
available from EEW systems. They proposed hardware solutions for continuous
monitoring of the dynamic response of buildings that allows to host information
and data provided by EWW applications and pointed out key aspects for the
effective integration of both systems.

These included the need for proactive seismic risk mitigation programs incor-
porating proper seismic design, retrofit of existing buildings and the installation of
an EEW network; the need for the EEW system to be able to calculate in real-time
important seismic parameters, and to effectively transmit a warning signal to the
interested receivers in order to take adequate countermeasures; and effective
emergency management program that accounts for all actions to be taken imme-
diately after the main event including the assessment of the safety of critical
buildings.

Wu and Beck (2012) proposed a synergistic framework to utilize information
from both EEW and SHM systems to provide more reliable loss estimation and
safety alerts. In this approach, EEW information can be used independently to
provide pre-event loss estimation and decision support based on the Performance
Based Earthquake Engineering (PBEE) methodology developed at the Pacific
Earthquake Engineering Center (PEER). By making use of the EEW information to
reduce the inherent (i.e., Epistemic) uncertainty in the probabilistic SHM system to
predict damage. The posterior information from the SHM system is used as feed-
back information to update the EEW loss estimation and provide more reliable
future safety alerts. The approach proposed by Wu and Beck is illustrated in
Fig. 4.6.

The study concludes that the combination of SHM and EEW systems can pro-
vide a tool for safety enhancement of existing critical buildings. The hardware
architecture of the monitoring system can incorporate alarms and triggers of
countermeasures and at the same time evaluate the health of the structure.

A modified version of the proposed approach outlined by Wu and Beck is
presently being incorporated as part of the integration of the BC-EEWN and

| EEW triggered | Earthquake arrives

|] SHM: | - Damage detect with SHM data

|] Syn. : Pre-event action H Damage detect with SHM & EEW data

Fig. 4.6 Framework that combines information from EEW and SHM systems [Adapted from Wu
and Beck (2012)]
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BCSIMS. Instead of implementing the PBEE methodology developed by PEER,
the various damage estimation and localization techniques already incorporated in
BCSIMS are being used. Future work will incorporate the adaptation of the PBEE
(i.e., fragility curves and seismic hazard estimation) to bridges and other structures
in Western Canada.

4.4.1 Major Challenges

There are a handful competing demands within the context of Earthquake Early
Warning Platforms (EEWP). One common viewpoint is to characterize effective-
ness versus efficiency. These two quantities may be applied to both hardware and
software (Table 4.1).

Literally, it is desired to maximize both efficiency and efficacy, however, it is
likely impractical. Therefore, it may be more realistic to optimize a platform to
practically meet a specific set of requirements. On one hand, in case of a regional
EEWP, it is apparent that efficiency becomes more important than efficacy in terms
of software and software. On the other hand, should an on-site EEWP be desired
then the effectiveness of the system becomes central. In both cases, regional or

Table 4.1 Representation of efficacy and efficiency for H/W and S/W for an earthquake early
warning platform

Efficacy

Efficiency

Hardware | Sensor network Latency of network
Precision Cost of equipment
Accuracy Maintenance of platform
Signal to noise ratio Redundancy
Dynamic range Processing capacity
Resolution Installation
Commissioning
Software Detection algorithm Processing time

Estimation algorithm (M, R, PGA, PGV,
PGD)

Implementation of algorithms

Warning time estimation algorithm

Integration of algorithms

Decision-making algorithm

Robustness of algorithms

Site characterization (Geotechnical
assessment)

Maintenance

Structural characterization (SHM)

Accessibility to software
platform

Data storage capacity

Graphical User Interface

Data communication procedure

Programming language

oLl Z'yl_ilsl
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on-site the driving factor by which efficacy can be compromised is uncertainty.
Better efficacy demands less uncertainty. Lastly, the major driving factor for effi-
ciency is cost in general. More efficient platform would most likely require more
expensive hardware and software.

Typical range of EEW lead time is very short, from just a few seconds up to a
minute or more in western Canada; this can be a huge challenge for applications
taking advantage of EEW. Therefore, a robust automated decision process about
whether to initiate a mitigation action is essential.

The effect of lead time (in particular a short lead time) has a critical effect on a
decision process which is required to be performed in real time. Consequently, it is
desirable to conduct detailed investigation of any actions than can be implemented
to account for this short lead time in initiating a decision process. Concepts such as
the earthquake probability-based automated decision-making (ePAD) proposed by
Wau et al. (2013) are being considered for this integration of systems to maximize
the benefits of EEW given a short lead time. The ePAD method uses concepts of
decision function, decision contour, and surrogate model to perform fast compu-
tations and to allow comparison between various decision criteria.

Once the EEW system issues a warning, the three main steps in a mitigation
application are performing the probabilistic ground motion prediction for the site,
the response prediction for the target structure/system, and the loss/damage pre-
diction. Because the last two steps do not involve information from the EEW, they
can be done ahead of time.

Since some of the damage detection tools incorporated in the SHM and BCSIMS
program rely on a priori information about the status of the structure, the imple-
mentation of the ePAD concept is of great interest for the integration of the EEW
and SHM systems.

4.4.2 Proposing Framework

The central idea of integrating BCSIMS and BC-EEWN is to incorporate suitable
event characterization algorithms into a Server which makes an informed decision
based on current dynamic properties of the structure at hand (e.g., Hydropower
Plants, Bridges, Hospitals) and activates a predetermined set of procedures (i.e.,
actions) when estimated seismic event compromises the serviceability of the
structure. The Server hosts a handful of algorithms by which seismic P-Wave is
detected and analyzed in order to evaluate the risk, based on structural health
monitoring information stored in Database and it subsequently packages and
transmits customized instructions for clients A, B, C and so on by means of an
Automatic Response Unit. The physical location of the Server is recommended by
the client (Fig. 4.7).
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Fig. 4.7 Visualization of proposed EEWP; dashed lines demonstrate potential future develop-
ments; pentagons represent Structural Health Monitoring (SHM) deployments

The proposed platform will comply with current protocols employed by the
British Columbia Smart Infrastructure Monitoring System (BCSIMS) as well as
British Columbia Earthquake Early Warning Network (BCEEWN) which indeed
provides the capacity for future developments.

4.4.3 Client-Oriented Automated Deciding Concept
(Cadence)

There have been (or are currently underway) major EEW deployments in countries
such as Japan, US, Canada, Mexico, Turkey, Italy, Romania, Taiwan, and China.
Explicit similarities are evidently present among all deployments. For example, the
LTA/STA algorithm has nearly become a standard procedure in P-wave detection
process, although there are examples in which this procedure has been enhanced.

All these deployments are, however, implicitly different in terms of the adopted
methodologies which may be based on seismology, probabilistic concepts or even
crowd sourcing techniques. None of the reported methods (including but not limited
to the abovementioned ones) has claimed to be the best practice so far. Nonetheless,
all deployments have practically met a set of requirements defined by their clients.
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In general, the complexity of algorithms (e.g., Detection, Estimation, etc.),
which is hosted by the server, decides the quality of hardware (e.g., sensor type,
resolution, SNR, processing capacity, communication bandwidth and so on). The
primary focus of the alternative algorithm is to optimize efficiency and efficacy at a
reasonable cost.

Client-oriented Automated Deciding Concept

Sensor Network <
y
Moving Average Filter
(e.g.STA/LTA)
Not Ambient No
Noise?
Trigger and
Record for Up to Structural
3 seconds Health
‘ Monitoring
Estimate Damage Intensity (DI)
Estimate Warning Time (Tw) l
¢ —_—— ——
Estimate -
P( Collapse | DI, SHM,...) Database
NU
Yes
A Emergency
Package Information for
Automatic Response Unit - hﬁgﬁm:t

Fig. 4.8 Flow of information in Cadence algorithm hosted by the server; § is a very small number
e.g. 0.1, 0.01) that may be specified by the client/user
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Cadence block diagram (Fig. 4.8) showcases the flow of information by which
the proposed decision-making process is realized. The general characteristics of the
concept can be summarized in the followings:

e Automation: To make an informed and reliable decision without human
intervention

o Efficient and Effective: To incorporate both regional and site specific informa-
tion for estimating the possibility of failure (i.e., structural capacity)

e Cost efficiency: To minimize the cost of installation and configuration of the
system

e Network Connectivity: To deliver the earthquake information, warning or any
notification, the system must be easy to connect network.

4.5 Conclusions

The University of British Columbia, in collaboration with several Provincial
Government Institutions have undertaken development of both a Structural Health
Monitoring network and an Earthquake Early Warning network over the last
10 years. The next major step in their development is in integrating the two systems
to take advantage of the benefits of each.

A synergy can be achieved by combining an EEW system with installed SHM
systems to enhance pre-event prognosis and post-event diagnosis of structural
health. For pre-event prognosis, the EEW system information can be used to make
predictions of the anticipated performance or potential damage to a structure. These
predictions can support decision-making regarding the activation of appropriate risk
mitigation systems suitable for the type of structure that is being monitored.
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Chapter 5 )
Structural Health Monitoring: Lessons pas
Learned

Eser Cakti and Erdal Safak

Abstract Department of Earthquake Engineering of Kandilli Observatory and
Earthquake Research Institute, Bogazi¢i University (DEE-KOERI) has designed
and been operating a significant number of structural monitoring networks in
Istanbul. They are installed in a large number of historical structures (i.e., mosques,
minarets, and museums), lifeline structures across the Bosphorus (i.e., suspension
bridges and tunnels) and several tall buildings including the Sapphire tower, cur-
rently the tallest building in Europe. The structural monitoring networks record the
dynamic motions of the structures continuously, and the data are transmitted in real
time to the monitoring center at the DEE-KOERI. The majority of the systems use
accelerometers for monitoring. Some structures are also instrumented with tilt-
meters and GPS sensors. In-house real-time modal analysis software is used to
process and analyze the data. The software includes data processing, spectral
identification, and animation modules. The results are displayed in real time,
showing the time variations of modal properties and the structure’s configuration.
This chapter provides an overview of these monitoring systems in Istanbul.
Moreover, it presents major findings related to the dynamic response properties of
monitored structures particularly focusing on structural response to long-distance,
long-period earthquakes; on the sensitivity of dynamic modal parameters to vari-
ations in atmospheric conditions; on structural response characteristics due to
explosions; and on damping in tall buildings.
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5.1 Introduction

Structural Health Monitoring (SHM) networks are designed and installed in
structures to monitor their dynamic motions continuously in order to track any
changes in their structural integrity and detect damage. From the earthquake
engineering perspective, the majority of the systems use accelerometers for moni-
toring. Some structures are also instrumented with tiltmeters and GPS sensors. The
continuous recording of dynamic motions requires that the data are processed and
analyzed continuously and the results are displayed in real time.

The analyses of data from SHM systems with 24/7 data feed have led to sig-
nificant improvements in our understanding of structural behavior, particularly for
flexible structures and masonry buildings. Such analyses have also underlined the
importance of factors other than earthquakes in structural response, as continuous
monitoring and analysis enable a fresh look at long-term effects such as variation
in atmospheric conditions, unforeseen events such as explosions; or transient
phenomena such as storms or strong winds. Acknowledging the fact that the term
SHM should be used in a broader sense including monitoring of vibrations, strains,
displacements, stresses, and local atmospheric conditions, herein we focus on
systems for vibration monitoring. This contribution gives some examples of SHM
systems that are being operated in Istanbul, and the lessons learned from the data.

5.2 SHM Networks in Istanbul

The Department of Earthquake Engineering of Kandilli Observatory and
Earthquake Research Institute, Bogazi¢i University (DEE-KOERI) has designed
and been operating a significant number of SHM networks in Istanbul. They are
installed in a large number of historical structures (i.e., mosques, minarets, muse-
ums), suspension bridges on the Bosphorus, the Marmaray rail tube tunnel
and several tall buildings. The monitoring systems installed in historical structures
in Istanbul are unique, as they form the largest group of monumental structures in
the world monitored in one city. In-house real-time modal analysis software is used
to process and analyze the data. The software includes data processing, spectral
identification, and animation modules. The results are displayed in real time,
showing the time variations of modal properties and the structure’s configuration.

5.2.1 SHM Networks in Historical Structures

The first installations of SHM systems in Istanbul have started with historical
structures back in 1991. Today they include the 35-channel Hagia Sophia Museum;
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Fig. 5.1 Hagia Sophia Museum SHM network

47-channel Fatih Mosque; 27-channel Siileymaniye Mosque; 30-channel
Sultanahmet Mosque; and the 35-channel Mihrimah Sultan Mosque systems.
Each system consists of three-component accelerometers placed in structurally
critical locations. They record the vibrations of the structures continuously and
transmit the data in real time to the data center at the DEE-KOERI. Three of the
systems (Hagia Sophia Museum, Fatih Mosque, and Mihrimah Sultan Mosque) also
include four two-channel tiltmeters. Among the monitored historical structures, the
sixth-century Hagia Sophia Museum is the oldest, and the seventeenth-century
Sultanahmet Mosque (i.e., the Blue Mosque) is the youngest. The Hagia Sophia
Museum and the existing sensor layout are shown in Fig. 5.1.

Additionally, we monitor two minarets in Istanbul. Because of their slenderness,
minarets are vulnerable, not only to earthquake-induced vibrations, but also the
wind-induced vibrations due to vortex shedding. The first minaret instrumented is
one of the four masonry minarets of the Hagia Sophia Museum (Fig. 5.2). It was
added to the complex in the sixteenth century. The second minaret is one of the four
reinforced concrete minarets of the Maltepe Mosque, which is currently the tallest
modern minaret in Istanbul. It was constructed in 1970. The Maltepe Mosque with
its minarets is shown in Fig. 5.2.

5.2.2 SHM Networks in Lifelines

The three critical lifeline structures that are installed with SHM systems are the two
suspension bridges on the Bosphorus, i.e., the 15 July Martyrs Bridge and the Fatih
Sultan Mehmet Bridge, and the Marmaray rail tube tunnel under the Bosphorus.
The SHM system on the 15 July Martyrs Bridge (i.e., the First Bosphorus
Bridge) was installed in 2007 by the Turkish Highway Department during a major
maintenance work done on the bridge. It is composed of 258 channels of real-time
data from 168 sensors, which includes accelerometers, GPS sensors, tiltmeters,
laser-based displacement meters, load sensors, thermos couples, and strain gauges.
The SHM system on the Fatih Sultan Mehmet Bridge (i.e., the Second Bosphorus
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®

Fig. 5.2 Hagia Sophia in Istanbul (center top) and its instrumented minaret (left). The Maltepe
Mosque (center bottom) and its instrumented minaret (right)

Bridge) was installed by DEE-KOERI in 2008 as part of a research project funded
by EU. It is composed of 44 channels of accelerometers placed inside the deck, on
the towers, and the center of suspension cables. The bridge and the instrument
layout are shown schematically in Fig. 5.3.

The recently opened Marmaray rail tube tunnel runs at the bottom of the
Bosphorus at a depth of 60 m (Fig. 5.4). It is composed of two adjoining tunnels
and connects the European and Asian lines of Istanbul metro. The tube is composed
of eleven 100 m reinforced concrete segments that were lowered to the sea bottom
and joined together. Each segment is instrumented with four 3-channel
accelerometers. The data are collected continuously and transmitted in real time
to the data center at DEE-KOERI.

5.2.3 SHM Networks in Buildings

The SHM systems in buildings include the 36-channel Sapphire Tower, and
the 15-channel each Kanyon Building, Isbank Tower and Polat Tower networks.
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Fig. 5.3 FSM Bridge—Structural Health Monitoring system (44 channels)

Figure 5.5 shows the 62-story, 238 m high Sapphire Building, which is currently
the tallest building in Turkey, and the sensor layout of the monitoring system.

5.3 Real-Time Analysis of SHM Data

Data from the structural monitoring networks are transmitted in real time to the
monitoring center at DEE-KOERI. The in-house real-time modal identification
software, KOERI_MIDS, is used to process and analyze the data. The software
includes data processing, spectral identification, and animation modules. The results
are displayed in real time, showing the time variations of modal properties and the
structure’s configuration. Figure 5.6 gives a typical screen plot of KOERI_MIDS.
There are four main windows. The window in upper right shows the selected
(recorded or processed) waveforms. The window in upper left shows the spectral
content of the selected waveforms. The window in lower left shows the time
variations of the identified structural parameters from the data, such as modal
frequencies and damping ratios. The window in lower right shows the real-time
animations of the total or modal responses.
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Fig. 5.4 The Marmaray Tube Tunnel across the Bosphorus (top, image from Wikipedia); the
instrument layout in the tunnel (bottom), each section has accelerometers installed on both sides
and tiltmeters (Tunc 2016)
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Fig. 5.5 62-story Sapphire Tower and the sensor layout

1FHa L RA0Y C UE WU

s [AST Druction Displacement Mistory (M sac) LAST Dowcton Fourier Amgloate Spocven
: : __1 yg;f : : ';‘.g' Ny~ -
e [ i P g P i WS —owey
wite [ : L i of fF i F i |—emy
Pt et : i | : : ;

Do s (e

/. \; 1TFR2009 062645
, \! Dedel Frequensy 20081
) B e 045%
,I i

- N e I I 2 —¢ A
b e wow omowowmom o wedd .D,i
I~ b iy Tima )

Fig. 5.6 Typical screenshot of the real-time modal identification software, KOERI_MIDS. Image
shows the software running for Hagia Sophia
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5.4 Lessons Learned from SHM Data

5.4.1 Response of Long-Period Structures to Distant Large
Earthquakes

In recent years, seismic response of long-period structures (e.g., tall buildings,
long-span bridges, pipelines, base-isolated structures) has become an important
research subject. The seismic excitation of such structures is mainly controlled by
long-period surface waves, which can travel very long distances without much
attenuation. Consequently, even if they are located in low-seismicity regions,
long-period structures can be vulnerable to large earthquakes occurring in far-away
locations. SHM data clearly show that long-period structures, such as tall buildings,
are susceptible to long-duration shaking from distant large earthquakes. Such waves
can cause resonant vibrations in tall buildings, even when the earthquake is hun-
dreds of kilometers away. We will give two examples of this phenomenon.

The first example is the response of the Sapphire tower, a 238 m tall reinforced
concrete building with a narrow rectangular cross section. The building was
instrumented with an SHM system in 2011 (Fig. 5.5).

On 24 May 2014, there was an M = 6.5 earthquake in Northern Aegean Sea,
which is 300 km away from the building as shown in Fig. 5.7. Figure 5.8 shows the
displacements calculated from the recorded accelerations by double integration in
the longer and shorter directions of the building during this earthquake. As the
figure shows, in the shorter direction, the vibration amplitudes at the top of the
building are very large and last more than 10 min after the earthquake has stopped.
Although the accelerations and displacements are not large enough to present any
danger structurally, the long duration of building’s vibrations was strongly felt by
the occupants. Maltepe minaret responded in a similar manner during the earth-
quake. Accelerations and displacements at its uppermost balcony are shown in
Fig. 5.8. In Fig. 5.9, the strong directionality in the displacements in parts of the
records in the Sapphire tower and the Maltepe minaret following the strong shaking
is illustrated.

The second example is a 74-story, 310 m-tall building with ellipse-like cross-
section in Abu Dhabi, whose SHM system is designed by the DEE-KOERI. The
building is being monitored with 31 channels of accelerometers plus a wind sensor
at the top. The accelerometers are installed at 10 different levels, including the
basement and the ground level as shown in Fig. 5.10 (Safak et al. 2014). AM = 7.8
earthquake at 82 km depth near the Iran—Pakistan border occurred on 16 April
2013. The epicenter of the earthquake was 900 km away from the building, as
shown in Fig. 5.11. The shaking from the earthquake was felt over a wide area,
including the Middle East, causing panic among people in tall buildings in the
region.

Recorded top-story accelerations and corresponding displacements in the
building from this earthquake are shown in Fig. 5.12. The figure clearly indicates
the effects of long-period surface waves in the shaking. The acceleration plots show
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Istanbul

M=6.5; 24 May 2014

Fig. 5.7 Location of M = 6.5, 24 May 2014 Northern Aegean earthquake and its distance from
Istanbul

strong shaking for about one minute. The strong shaking for displacements lasts
much longer, about 5 min in the long direction and more than 15 min in the short
direction. Although both the acceleration and displacement amplitudes were not
critical in terms of structural safety, such a long duration of shaking was the main
reason for the panic among people in this tall building. Similar panics were
observed in all tall buildings throughout the Middle East during this earthquake.

The Marmaray rail tube tunnel provides another example representative of the
response of large-scale engineering structures to distant earthquakes. During the
2014 Northern Aegean Sea earthquake the SHM system in the tunnel registered
long-duration accelerations, which when converted to displacements yielded peak
values that were controlled by long-period components and significant considering
the size of the earthquake and the distance of the tunnel from the epicentre
(Fig. 5.13). The level of long period displacements are large, but from the point of
structural safety of the tunnel they are at the low-risk side.

5.4.2 Damping in Tall Buildings and Masonry Structures

In addition to long-period resonant excitations from surface waves, another reason
for the long duration of vibrations in tall buildings is the very low levels of
damping.
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Fig. 5.8 Acceleration and displacement responses of the Sapphire building (top) and the Maltepe
minaret (bottom) filtered between 0.1 and 2.0 Hz. Direction east, represented with E in the top
figure, corresponds to the short direction of the Sapphire Tower. Direction north is parallel to its
long direction. The figure shows data from the 24 May 2014 Northern Aegean earthquake (M6.5)
recorded at the uppermost stations in the two structures

Figure 5.14 shows the modal damping values for the two horizontal and the
torsional modes of the 62-story Sapphire building calculated from the recorded
vibrations during the 2014 Northern Aegean earthquake. The damping values are
calculated from the decay of the free vibration modal displacements of the building
after the earthquake stopped. As the figure shows, the viscous damping ratios are all
less than 1%.
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Fig. 5.9 Particle motions at the top level co-shown with accelerations recorded at the same level,
all filtered between 0.1 and 2.0 Hz; Sapphire tower on the left, Maltepe minaret on the right

Similar results were observed by others as well. A study by Satake et al. (2003)
on a large number of records from tall buildings confirms that there is a definite
reduction in damping ratios as the building height increases (Fig. 5.15). On the
other hand, it has been observed that damping in a structure is temperature
dependent. Long-term, continuous observation of historical structures over several
years suggests that damping in a masonry structure tends to decrease as the tem-
perature increases. This phenomenon will be elaborated on in the following
subsection.

5.4.3 Influence of Environmental Conditions on Structural
Response

Structures are under the continuous influence of many external factors such as
ambient vibrations, earthquakes, atmospheric conditions, and other human activi-
ties. One of the most important external factors is the change in the atmospheric
conditions. Daily and seasonal variations in the temperature, for example, induce
continuous cyclic variation in the dynamic response parameters such as modal
frequencies and modal damping.
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MARMARAY TUBE TUNNEL OSCILLATIONS
M=6.5 GOKCEADA EARTHQUAKE 24 May 2014

Maximum Displacements:
maxMS (total)=19.73 mm.
maxN$ [relative) = 1.49 mm
maxEW (total)=06.60 mm.
maxEW [relative) = 01.70 mm
maxUD {total) =02.79 mm.
maxlD (relative) = 00.29 mm

Fig. 5.13 Displacements across the Marmaray tube tunnel during the 24 May 2014 Northern
Aegean Sea earthquake
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Fig. 5.14 Damping ratios for the first three modes of the Istanbul building calculated from the
records

Cakti and Dar (2015) have shown that Hagia Sophia’s first modal frequencies in two
orthogonal directions increase with the rise of temperature in the transition from winter
to summer and decrease with the temperature towards winter months (Fig. 5.16). The
increase in frequency is 9.8% for the first mode and 7.4% for the second mode. It is
found that modal frequencies are not only sensitive to long-term temperature variations
anges within a month and even within one
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Fig. 5.15 Variation of measured damping with building height (after Satake et al. 2003)
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Fig. 5.16 Variation in the first modal frequency of Hagia Sophia in Istanbul at the gallery level
(left) and at the dome level (right) over a one-year period, co-shown with temperature change in
the same year

day. The rise in modal frequency starts at about 10 °C and has a more or less linear
trend (Fig. 5.17). In lower temperatures, no variation in frequency was observed. It was
found that modal damping is temperature dependent as well. The damping coefficients
of Hagia Sophia drop over the period of time from winter to summer and then start to
increase again in autumn and winter months (Fig. 5.18).

Although subtle, it appears that wind also has an influence on the vibration
properties of the structure. It was observed that with increased wind speeds, the
modal frequencies tend to drop. The observation is clear at times when the tem-
perature change does not dominate the variation in frequency.

These findings indicate that the algorithms to estimate damage from frequency
variations in buildings need to consider changes in atmospheric conditions and the
structure’s response to them. They also suggest that frequency should not be a

ingle ider i etection, since frequency variations up to
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Fig. 5.18 Variation of modal damping in Hagia Sophia in Istanbul at the dome level over a
one-year period

10% can be associated with temperature. Each structure responds in a different way
to such factors. Therefore it is essential to monitor each building for a sufficiently
long time, before coming up with a reliable and suitable algorithm that is care-
fully tuned to the conditions of the structure.

5.4.4 Amplitude and Duration Dependence of Modal
Frequency

It is known that modal parameters, i.e., frequency and damping, depend on the level
of shaking. Moreover, they are also dependent on the duration of strong shaking.
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Fig. 5.19 Frequency drop in Hagia Sophia with respect to acceleration (top) and duration
(bottom)

With increased levels of vibration amplitudes during earthquakes, the modal fre-
quencies tend to drop. They recover their pre-event values following the earth-
quake. In Hagia Sophia, as an example, the frequency appears to drop up to 25%
with respect to the pre-event modal frequency, estimated based on the study of
earthquakes recorded over fifteen years in the structure (Fig. 5.19, top).

Duration of strong shaking gets longer with magnitude. However, there are
many instances when the duration of two records is substantially different from each
other, even though their peak amplitudes are comparable. Probable reasons for this
could be distance, site conditions and structural properties. Data from Hagia Sophia
suggest that the drop in modal frequencies during events of longer duration is larger
than the events with shorter duration and similar peak amplitudes (Fig. 5.19,
bottom).

5.4.5 Structural Response During Explosions

The blast as a result of the bombing attack that took place in the Sultanahmet
Square in Istanbul, Turkey on 12 January 2016 was recorded by the strong motion
networks installed in two nearby historical monuments, i.e., the Sultanahmet
Mosque and the Hagia Sophia Museum. The explosion took place at about 100 m
away from the Sultanahmet mosque, near the Egyptian Obelisk in the Hippodrome
(Fig. 5.20). These very rare records by the two systems, i.e., Sultanahmet and Hagia
Sophia, show the onset of the explosion that lasted about 1.5 s, followed by the free
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Fig. 5.20 The location of the explosion on 12 January 2016 in the Hippodrome in Sultanahmet

vibration of the two buildings. Damping could be estimated from the free vibration
part of the records. The movies created focusing on the explosion and on the
following seconds showed their response, which was dominated by the induced
push in the direction of the explosion and opening and closing, i.e., breathing at the
dome level. The phenomenon can be seen in Fig. 5.21 for the Sultanahmet mosque.

5.4.6 Long-Term Deformation Monitoring

Laser technology created remarkable opportunities for architectural and structural
investigations. Traditional methods and technologies mostly involve point specific
measurements. Laser technology, on the other hand, is capable of registering
three-dimensional point clouds of objects to a high precision. This implies that it
can be a tool for structural monitoring. Structural deformations/damage caused by
earthquakes, or due to other static or dynamic mechanisms can be monitored with
the help of laser technology and by comparative analyses of point cloud data. We
have implemented this technology since 2015 in our structural monitoring activi-
ties. Historical monuments that we monitor are periodically scanned to assess the
extent and progress of structural deformations (if there are any) that could poten-
tially be the result of geotechnical, structural and/or material problems or be gen-
erated as a consequence of dynamic sources such as earthquakes.
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Fig. 5.21 Displacements on the Sultanahmet Mosque during the nearby explosion on 12 January
2016. Top row: dome base, bottom row: tops of the main piers

5.5 Conclusions

The number of structures with SHM systems is rapidly increasing. Istanbul is one of
the major cities that has a large number of such systems.

The records from structures installed with SHM networks have significantly
contributed to our understanding of structural dynamic response. Continuous
monitoring enabled a fresh look at structural dynamics due to excitation sources
other than earthquakes. Traditional location- or point-specific measurements are
slowly being replaced by surface distributed systems and by systems using 3D laser
technology. Among the new knowledge gained, we can include the
surface-wave-induced, long-duration response of tall buildings, associated very low
damping ratios, and the sensitivity of dynamic characteristics of structures to
changes in environmental conditions.
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Chapter 6 M)
Earthquake Performance of Hagia s
Sophia

Mustafa Erdik

Abstract Hagia Sophia, during its history, was affected by many earthquakes,
resulting in several reconstructions of parts of its main dome and main arches.
Being one of the most important buildings of the mankind’s common heritage and
given Istanbul’s high seismic risk, the worthiness of the present-day structure in a
future major earthquake and what, if any, strengthening interventions will be
needed to carry the edifice intact to the future were reviewed. The review
encompasses studies conducted on structural and sub-structural assessments,
material characterization, linear and nonlinear finite element dynamic analysis,
nondestructive structural testing, ambient vibration testing, and the analysis of the
strong motion data. The expected earthquake response, possible failure modes, and
the retrofit proposals for the improvement of the earthquake performance of Hagia
Sophia covered in different studies were comparatively and critically analyzed.

Keywords Hagia sophia - Earthquake - Analysis - Performance
Retrofit

6.1 Introduction

With its vast scale, immense cost, extraordinary speed of erection and stunning
interior space, the creation of Hagia Sophia is unparalleled in architecture.
Dedicated during the reign of Justinian in 537, after 5 years of construction, it has
been an inspiring architectural and engineering marvel throughout the ages. The
Anatolian architects/engineers, Anthemius of Tralles (todays Aydin, Turkey) and
Isidorus of Miletus (todays Balat, Aydin, Turkey) created a building that was a big
challenge given its size, the day’s technology, and the construction materials brick
and stone masonry (Fig. 6.1). It remained as the largest vaulted structure in the
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Fig. 6.1 Hagia Sophia

world for some 800 years and it was the largest cathedral in the world for nearly a
thousand years, until the completion of the Seville Cathedral in 1520.

Being one of the most important buildings of the mankind’s common heritage
and given Istanbul’s high seismic risk, the worthiness of the present-day structure in
a future major earthquake and what, if any, strengthening interventions will be
needed to carry the edifice intact to the future millennia are important questions.
This paper will review the studies conducted in response to these questions and will
provide a summary of answers obtained.

6.2 Past Earthquake Damages and Structural
Interventions

Hagia Sophia, during its history, was affected by many earthquakes, resulting in
several reconstructions of parts of its main dome and main arches and repair of
some structural elements. In 558, only 20 years after completion of construction,
the central dome, including its supporting elements, partially collapsed due to an
earthquake in 557. Nephew of Isidorus was assigned for the repair works and a new
dome with an altered form was completed in 563. The important earthquake
damages and the interventions are provided in Table 6.1.

Starting with the reconstruction of the main dome in 562 Hagia Sophia has
experienced a multitude of structural interventions. After the collapse of the west
main arch, sector of the main dome and the semidome in 989 extensive recon-
structions were carried out till 994. Figure 6.2 provides renderings of the year 989
and year 1346 damages (Duppel 2009). Similar reconstructions on the eastern part
were conducted on the eastern side between 1344 and 1354 after the collapse of east
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Table 6.1 Structural history and past earthquake damages to Hagia Sophia

23 Feb 532: Construction started (Anthemius of Tralles and Isidorus of Miletus and about 10,000
workers)

27 Dec 537: Consecrated (Justinian I)
7 May 558: First collapse east arch, east semidome and east quadrant of main dome

24 Dec 562: East arch and east semidome rebuilt to original dimensions. New dome built 6m
higher by Isidorus the younger

565-577: Southwest corner alterations due to building of patriarchal palace
768-769: Unspecified repairs

869: Damage to western arch caused by Earthquake and repairs

26 Oct 989: Second collapse of west arch, west semidome and west quadrant of main dome

993: West arch rebuilt to present larger size. Semidome, part of main dome and rebuilt to original
dimensions by Tradat. Tympana under north and south main arches were built.

1317: Exerior buttresses added
19 May 1346: Third collapse east arch, east semidome east quadrant of main dome

1347: East Arch, East semidome rebuilt to original dimensions by Phakeolatos

1354: East quadrant of dome rebuilt to original dimensions by Astras and Peralta

1453: Sultan mehmet II builds the two western minarets
Sept. 10, 1509 Partial damage due to earthquake
May 10, 1556 Partial damage due to earthquake

1572—4: Architect Sinan (Under Sultan Selim II) builds two buttresses (One at the southwest
corner, the other in the middle of the south) and repairs other buttresses

1574-6: Sultan Murat III Orders Architect Sinan to complete the repairs started by Selim II

1609: Sultan Ahmet I orders various repairs

Sept. 2, 1754 Partial damage due to earthquake

May 22, 1766 Partial damage due to earthquake

1847-9: Sultan Abdiilmecid orders the fossati restoration
July 10, 1894 Light damage due to earthquake

main arch, sector of the main dome and the semidome. Buttresses to the south and
southeast were built in early thirteenth century, later amended during the Ottomans.
Four flying buttresses were added in fourteenth century to support the dome at the
location of repair joints. During the reign of Selim II (1566—-1577), the edifice was
extensively strengthened with the addition of new and strengthening of existing
buttresses to its exterior by the great architect Mimar Sinan. One of the most
comprehensive restoration and retrofit of the Hagia Sophia was completed during
the period 1847-1849 by the architects Fossati brothers. In addition to consoli-
dating the dome and vaults and straightening columns, iron bars were placed around
the square dome base and the four flying buttresses were removed. The last major
earthquake that has caused light damage (probably reactivation of the old cracks)
was 1894 earthquake (Fig. 6.3).
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6.3 Current Structure

The period of systematic analytical study, assessment, and restoration of Hagia
Sophia has been initiated in 1940 by the Byzantine Institute of the United States and
the Dumbarton Oaks Field Committee. In this connection, R. L. Van Nice, R.
J. Mainstone, and C. Mango have provided valuable information of the structure of
the edifice (Mainstone 1988, 1992, 1993a, b, c; Van Nice 1964, 1965, 1986). R. L.
Van Nice has carried out the first modern survey of Hagia Sophia and in 1965 and
1966 has released his survey drawings and documents. R. J. Mainstone in 1988
published his extensive studies as a book. In addition to several structural studies
conducted by Japanese, Italian, and German researchers, since 1989, a consortium
formed by Princeton and Bogazici Universities have undertaken extensive studies
to understand the structural characteristics of Hagia Sophia. Isometric cutaway
figures of Hagia Sophia depicting the current status and status prior to tenth century
are presented in Figs. 6.4 and 6.5 provides plan and sections of the edifice.

The foundations of Hagia Sophia are well placed in terms of the surrounding
geology. It rests upon natural rock, which is Folded Devonian schist at the crest of
the Devonian anticline. Because this rock is a compressed and old formation, it was
good for a structure on the scale of Hagia Sophia (Emerson and Van Nice 1943).

The main dome is spherically shaped and rests on a square dome base. Major
elements include the four main piers supporting the corners of the dome base and
the four main arches that spring from these piers and support the edges of the dome
base. Entrance to nave of the structure is provided by through a narthex form west.
The nave is shaped by a procession of piers and colonnades that separates it from
aisles at the ground level and from the galleries above. The nave ends with an apse
on the east side, covered by a barrel vault and semidome. The structure’s nave has
an uninterrupted free internal space of 30 m wide, 80 m long. At the corners of the
nave, the colonnades become exedra, covered with semidomes above the gallery
level. These two half domes are used to expand the nave space from west to east

Fig. 6.4 Cutaway view of the current structure (left) and the original structure (right) (after R.
J. Mainstone)
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Fig. 6.5 Plan and N-S and E-W section views (after Van Nice 1965)

and also to counter support the outward thrust of the main dome. Four main piers,
forming a square at the central of the structure, support arches above them. Four
buttress piers are connected to the main piers by barrel vaults and arches passing
transversely the aisles at ground and gallery level. Four great arches span 30 m
between the main piers. Space above the main arches is filled by surcharge for the
purpose of generating a square platform. This platform converted into a circle
shaped domebase by four pendentives which have a form of equilateral triangles.

The north and south ones are actually two arches which are supported by
tympana walls and the gallery and aisle colonnades under them. The two arches on
the north (N) and south (S) sides are stiffened by additional arches with infill
provided between the primary and secondary arches. The N and S arches have
approximately the same dimensions and are symmetrically located.

The east and west arches are abutted by main semidomes, which are in turn are
supported by both secondary piers and exedra semidomes. The E and W arches span
an open area with buttress piers providing lateral support to the main piers in the N-S
direction. A secondary colonnade system also provides some resistance to lateral
motion of the main piers in the E-W direction. The E and W arches are not symmetric
in dimension and are slightly asymmetric in location. This asymmetry is due to a
reconstruction and enlargement of the W arch after a partial collapse in 989.
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Main dome, supported by 40 ribs resting on this circle, has a maximum diameter
of 31.24 m and reaches 55.6 m height above floor. Due to settlements, deforma-
tions, and consecutive repairs, the dome has lost its perfect circular base and has
become somewhat elliptical with a diameter varying between 31.24 m and
30.86 m.

At the present time, the dome shows four lines of discontinuity following to the
meridians which constitute the limiting points between the dissimilar parts recon-
structed at different times. The North and South parts show two segments of what
was once the sixth-century dome. On the West and East, interrupting t