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Abstract

The goal of this study is to determine experimentally the inelastic response modes of
seismically isolated structures. A steel specimen is designed and constructed to simulate the
dynamic behavior of a Single-Degree-Of-Freedom (SDOF) system. The specimen is seismi-
cally isolated with four friction pendulum bearings and excited by a group of earthquake
ground motion records using the shaking table of ETH Zurich Laboratory. A mechanical clev-
is connection consisting of two hinges and two replaceable steel coupons is designed and
constructed to facilitate the parametric investigation of the inelastic response of the isolated
structure for varying values of its strength. Two fundamentally different inelastic response
modes have been observed during the excitation of the structure: A response mode dominated
by large sliding displacement demand in the isolators and a response mode characterized by
large displacement ductility demand in the isolated structure. This paper shows the effect of
the design parameters of the isolation system and the isolated structure on the manifestation of
these two response modes, thus paving the way for the understanding of the inelastic response
of seismically isolated structures subjected to extreme earthquake ground motions.
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1 INTRODUCTION

The attractive characteristics of seismic isolation on the seismic protection of structures
through the use of frictional or elastomeric devices have been demonstrated by many re-
searchers in the past [1-3]. The current seismic code provisions prescribe the elastic design of
these structures for a design-basis earthquake event. In view of these provisions, most of the
existing studies investigating the dynamic response of seismically isolated structures use an
elastic dynamic model for the simulation of the seismic response of the isolated structure.

However, seismically isolated structures can be subjected to inelastic behavior and damage,
when they are excited by earthquake ground motion with intensities exceeding the design
seismic hazard level. Furthermore, seismically isolated structures can manifest inelastic
behavior even for ground motion intensities corresponding to the design hazard level, when
they are unintentionally constructed with lower strength than the value prescribed by the code
provisions [4-7]. The investigation of such behavior of existing seismically isolated structures
sheds light on their reliability and robustness compared to fixed-based structures, as defined
by Castaldo et al. [8, 9], Tsang [10] and Peng et al. [11].

In view of these challenges, the inelastic behavior of seismically isolated structures has
been investigated in several studies in the past. Kikuchi et al. [12] and Cardone et al. [13]
investigated analytically the inelastic behavior of seismically isolated structures, concluding
that the behavior of these structures after they yield is substantially different from the
corresponding fixed-based structures. Ragni et al. [14] presented the seismic damage and
collapse risk of seismically isolated buildings, designed according to the Italian seismic code
provisions. Tsiavos et al. [15] determined analytically and verified experimentally [16, 17] the
relations between the strength reduction factor R), the ductility demand x4 and the fixed-based
vibration period 7, of seismically isolated structures.

Nevertheless, these studies did not focus on the two different failure types that characterize
the inelastic behavior of seismically isolated structures: The failure of the isolators and the
occurrence of damage in the isolated structure.

Along these lines, the present study aims to illustrate experimentally the design parameters
that lead to the two different failure types of seismically isolated structures. A steel structure
is seismically isolated with four friction pendulum bearings and subjected to an ensemble of
recorded, unidirectional earthquake ground motion excitations. The design and construction
of a mechanical clevis connection allows the variation of the strength of the isolated structure.

2  EXPERIMENTAL CONFIGURATION

2.1 Design of the experimental setup

The experimental setup shown in Fig. 1 entails a 1.9m tall steel structure, which is seismically
isolated using four friction pendulum bearings. The seismically isolated structure is excited by
an ensemble of earthquake ground motion excitations using the 2m x 1m unidirectional shak-
ing table of the ETH Laboratory.

The steel structure was designed with a fixed-base vibration period 7,=0.5s, similar to the
one of a 2-4 story building. The structure comprises a steel frame with a lumped mass
ms=250kg rigidly fixed on top. The frame consists of two hollow rectangular columns con-
nected at regular intervals by seven horizontal struts. A mechanical clevis connection consist-
ing of two hinge elements and a couple of replaceable steel coupons was designed to enable a
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parametric investigation of the inelastic response of the structure for varying strength values.
The two steel coupons shown in Fig. 2 (Nominal size: M16, Body Diameter D=16mm,
Thread pitch=1.5mm) with nominal strength f,=275MPa are inserted between this steel plate
and another bottom steel plate, thus restraining the hinge rotation through their axial defor-
mation. The steel coupons are designed to yield before the other components of the structure,
thus concentrating the inelastic behavior of the structure in a plastic hinge. Two different di-
ameters, D,.s—4mm and D,.,=5mm, were used for the reduced section of the M16 steel cou-
pons (Fig. 2).

The seismic isolation system comprises four friction pendulum bearings (Fig. 3) manufac-
tured by the company Mageba SA (Fig. 1). The radius of curvature of each bearing was 1.5m,

leading to a fundamental natural period of the isolated structure 7, =27 \/E =2.468~5T,, while
g

the bearing displacement capacity was 0.15m. The coefficient of friction of the sliding
bearings for a vertical stress 6,=0.88MPa was ©=0.0405. A 30cm thick steel base plate with
mass my=665kg and dimensions of 2.1m x 1.35m is fixed on top of the isolators to enable the
horizontal diaphragm function of the seismic isolation system.
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Fig. 1. Top and side views of the designed seismically isolated structure (Dimensions in mm).
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Fig. 2. Top view and cross sections of the mechanical configuration comprising two replaceable steel
coupons (Dimensions in mm).

Di1=77mm T1=26mm
Ds=96mm T>=13.7mm
Ds=60mm T4=35.5mm
De=320mm  Te¢=23mm
R>=60mm R4=1500mm

Fig. 3. Drawing of the friction pendulum bearings used in the experimental setup, as designed by the
company Mageba SA.

Fig. 4. Constructed experimental setup at the ETH Structures Laboratory.
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2.2 Ground motion ensemble

The seismically isolated structure shown in Fig. 1 was excited by 8§ different ground motion
records obtained from the PEER Strong Ground Motion Database. The characteristics of the
applied records are shown in Table 1. The recorded motions, scaled to different Peak Ground
Acceleration (PGA) levels, are applied in the X-direction of the experimental setup shown in
Fig. 1, using the unidirectional shaking table of the ETH Structures Laboratory with a stroke
dmax=240mm. Each ground motion record was applied twice to the seismically isolated
structure, characterized by two different strength values: First, a seismically isolated structure
with strength reduction factor R,=1.5, engineered through the use of steel coupons with
reduced section (Fig. 2) of diameter D,.s=5mm, was subjected to the ground motion record.
Second, a seismically isolated structure with strength reduction factor R,=2, engineered
through the use of steel coupons with reduced section (Fig. 2) of diameter D,.;=4mm, was
subjected to the same ground motion record.

2.3 Instrumentation

The attachment of 6 uniaxial accelerometers and 6 displacement markers to the experimental-
ly investigated structure shown in Fig. 1 enables the continuous monitoring of the acceleration
and the displacement time history response of the structure during the shaking table motion.

Table 1. List of recorded earthquake ground motions used for the excitation of the steel structure
(PEER NGA Database, 2019 [18]).

PGA of the ’:‘gﬁﬁmgf PGA of
No. Date Earthquake and Station original the ori ginal the scaled
motion (g) mo ti%) N motion (g)
1| opno71 | San Feman‘})oé rfl79 Pacoima 123 35% 0.43
Northridge, USGS/VA 637 .
2| 1701994 | S VA Hospital 0.75 75% 0.56
3 | o2/5/1982 | Cealinga, 1651 Transmitter 0.84 100% 0.84
Hill station
4 | 16/9/1978 Tabas, 9101 0.84 32.5% 027
5 | 20/9/1999 Chi-Chi, CHY 080 0.97 40% 0.39
6 | 16/01/1995 Kobe, KIMA 0.82 65% 0.53
7 | 18/10/1989 Loma Prieta, 0.97 17.5% 0.17
UCSC 16 LGPC
Morgan Hill,
8| 2410411984 | 51100 e ake Dam 0.71 100% 0.71
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3 SHAKING TABLE INVESTIGATION

3.1 Response dominated by inelastic behaviour of the seismically isolated structure

The presented structure (Fig. 1) was first excited by the 17.5% scaled-down 1989 Loma Prieta
ground motion acceleration record (No. 7 in Table 1), shown in Fig. 5. The experimentally
derived displacement time history response of the isolated structure designed with a strength
reduction factor R,=1.5 relative to the isolators is shown in Fig. 6. The experimentally ob-
served displacement time history response of the seismic isolation system relative to the shak-
ing table motion is shown in the same Figure.
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Fig. 5. 17.5%-scaled Loma Prieta ground motion acceleration record.
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Fig. 6. Displacement time history response of the seismically isolated structure with a strength reduc-
tion factor R,=1.5 and the seismic isolation system subjected to the 17.5%-scaled Loma Prieta ground
motion.

After the initiation of yielding, the isolated structure manifested significant inelastic behavior,
leading to a maximum inelastic displacement wu,,=40.2mm and a ductility demand
U=Umax/uy=40.2mm/20mm=2.01. The maximum sliding displacement of the seismic isolation
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system was not significant for this ground motion excitation, reaching a maximum value of
19.8mm for a dimensionless friction ratio [T,=ug/PGA=0.62, as defined by Tsiavos et al. [15].

3.2 Response dominated by the sliding displacement of the seismic isolation system

The experimentally derived response of the seismic isolation system was substantially dif-
ferent when the seismically isolated structure (Fig. 1) was subjected to the 35% scaled-down
San Fernando ground motion acceleration record (No. 1 in Table 2), shown in Fig. 7.
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Fig. 7. 35%-scaled San Fernando ground motion acceleration record.
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Fig. 8. Displacement time history response of the seismically isolated structure with a strength reduc-
tion factor R,=1.5 and the seismic isolation system subjected to the 35%-scaled San Fernando ground
motion.
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As shown in the displacement time history response of Fig. 8, the isolated structure mani-
fested significant inelastic behavior in this case as well, despite the earlier and more pro-
nounced activation of the seismic isolation system. The emerging ductility demand in this
case (for the same strength reduction factor R,=1.5) in the isolated structure was
U=Umax/,=37.4mm/20mm=1.87. Furthermore, the maximum sliding displacement of the
seismic isolation system relative to the shaking table was in this case 125mm, much higher
than the corresponding sliding displacement of 19.8mm observed for the Loma Prieta ground
motion. This large sliding displacements usually manifest themselves during excitations of the
seismically isolated structure by long-period ground motion records, as observed by Tsiavos
etal. [19, 20], Banovic et al. [21], De Domenico et al. [22] and Gandelli et al. [23].

3.3 Damage Type

Two different limit states have been identified in this study to quantify the potential occur-
rence of damage in a seismically isolated structures: The exceedance of a predetermined duc-
tility demand level in the seismically isolated structure indicating damage in the structure; and
the exceedance of a predefined isolator displacement, which is related to a potential damage
in the isolators.

The exceedance of the ductility demand level =2 was chosen to quantify the manifestation of
severe damage in the isolated structure. As the current code provisions for seismically isolated
structures prescribe the elastic design of these structures, the detailing of these structures is
usually not sufficient to facilitate high ductility capacity in the isolated structure.

The exceedance of an isolator displacement corresponding to 90% of the isolator displace-
ment capacity d=150mm was chosen to quantify the occurrence of damage in the seismic iso-
lation system. Furinghetti et al. [5] have experimentally evaluated and determined the extra-
stroke displacement capacity of curved surface slider devices, which is limited by the maxi-
mum contact pressure that can be tolerated by the installed sliding material. This extra-stroke
displacement capacity was not considered in this study, but it can be further investigated by
future studies on the same topic.

As shown in Tables 2 and 3, the value of the dimensionless friction ratio IT,=ug/PGA, as de-
fined by [15], indicated the predominant response and damage mode of the system for the
case of a strength reduction factor of the isolated structure R,=1.5: Values of 1> smaller than
20% were correlated with high sliding displacement and potential damage in the seismic iso-
lation system. Nevertheless, values of Il greater than 30% led to high ductility demand and
damage concentrated in the seismically isolated structure. This variability in the response
modes of the system for R,=1.5 indicates that the response is also influenced by the frequency
content of the ground motion characteristics.

However, the design of a weaker isolated structure with R,=2 led to high ductility demand and
concentration of damage in the seismically isolated structure for all the ground motion records
used in this study. The sliding displacement of the seismic isolation system was substantially
lower in this case, indicating that the response mode of the isolated structure subjected to
extreme earthquake events is significantly influenced by the strength of the isolated structure:
The reduction of the strength of the isolated structure leads to higher amount of damage in the
isolated structure, which is not influenced by the ground motion characteristics.
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Table 2. Experimentally and analytically derived response for R,=1.5.

Experimentally
Strength | Experimentally . . observed
. Dimensionless . -
reduction observed e . maximum sliding
No. o friction ratio .
factor ductility demand o displacement of the Damage type
1> (%) . .
R, u seismic isolation
system (mm)
1 1.5 1.87 24 125 -
Seismic isolation
2 1.5 1.96 19 148.3 system
3 15 178 13 147 4 Seismic isolation
system
4 1.5 2.03 39 56.9 Isolated structure
1.5 2.23 30 77.6 Isolated structure
6 15 181 20 150 Seismic isolation
system
7 1.5 2.01 62 19.8 Isolated structure
8 15 1.82 15 143 Seismic isolation
system
Table 3. Experimentally and analytically derived response for R,=2.
Experimentally
Strength | Experimentally . . observed
- Dimensionless . 1
reduction observed - . maximum sliding
No. o friction ratio .
factor ductility N displacement of the Damage type
R 4 I (%) .
¢ emand u seismic isolation
system (mm)
1 2.0 2.92 24 117.3 Isolated structure
2 2.0 2.81 19 135.8 Isolated structure
3 2.0 2.77 13 139.2 Isolated structure
4 2.0 3.08 39 55.1 Isolated structure
5 2.0 3.17 30 72.4 Isolated structure
6 2.0 2.45 20 131.2 Isolated structure
7 2.0 3.38 62 16.7 Isolated structure
8 2.0 2.76 15 129.5 Isolated structure

4 CONCLUSIONS

This study shows experimentally the effect of the design parameters of the seismic isolation
system and the seismically isolated structure on the response modes of seismically isolated
structures subjected to extreme earthquake events. This effect is demonstrated through a shak-
ing table investigation of the response of a seismically isolated steel structure, subjected to a
strong earthquake ground motion excitation ensemble. The tested steel structure was seismi-
cally isolated with four friction pendulum bearings. The steel structure was equipped with a
mechanical clevis connection comprising two hinges and a pair of replaceable steel coupons.
The coupons are designed to yield before the other components of the structure and can be
replaced after every shaking table test, thus allowing the experimental seismic fragility analy-

sis of structures.
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The shaking table investigation demonstrated the two different fundamental response modes
of seismically isolated structures, subjected to above-design earthquake ground motion excita-
tion: A mode characterized by excessive damage of the seismically isolated structure but lim-
ited damage in the isolators and a mode dominated by excessive isolator displacement and
less damage in the isolated structure.

The two different seismic damage modes of a seismically isolated structure emerging from
these two response modes were quantified based on two selected limit states. For the case of a
seismically isolated structure designed with a strength reduction factor R,=1.5, both damage
modes were observed. These modes were strongly correlated with the value of the dimension-
less friction ratio Ilx: Values of Il smaller than 20% were correlated with damage in the
seismic isolation system, while values of I, bigger than 30% led to damage concentrated in
the seismically isolated structure. However, the weaker seismically isolated structure designed
with R,=2 manifested only damage in the isolated structure and lower sliding displacement of
the isolation system, when subjected to the same ground motion excitation ensemble.
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