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Abstract. The relations between the strength reduction factor Ry, the displacement ductility u
and the vibration period of the structure T, have been extensively studied for fixed-base struc-
tures by numerous researchers in the past. This project aims at identifying similar relations
for base-isolated structures. The investigation is conducted using a two-degree-of-freedom
model of a base-isolated structure. The hysteretic behavior of the base isolation devices and
the isolated superstructure is simulated in Matlab and OpenSees using a Bouc-Wen model.
The results of the observed response are verified through the excitation of the isolated struc-
ture by a large number of recorded ground motions. These motions cover a wide range of
ground motion types, magnitudes and distances. The effects of base isolation and superstruc-
ture design parameters, such as stiffness and strength, are quantified through parametric
studies. The resulting Ry-x-T, relationship for inelastic seismically isolated structures is
based on the statistical processing of the inelastic response data of the isolated superstructure.
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1 INTRODUCTION

The current codes for seismic design of structures focus on preventing their collapse.
However, this design approach does not address the short and long-term effects due to the loss
or the disruption of the function of the built infrastructure after an earthquake event.

Seismic response modification technologies are used to modify the dynamic response of
structures to mitigate their damage and guarantee their post-earthquake functionality. Seismic
isolation of structures is a response modification technology which has been widely used in
the past for the design of new structures or the seismic retrofit of existing structures [6-9].

Seismic isolation is defined as a system of flexible or sliding structural elements that de-
couple a structure from the horizontal components of ground excitation. The orthogonality of
the structure vibration mode to the seismic isolation vibration mode results in low transmis-
sion of energy from the ground motion to the structure [1]. This lower transmission of energy
results in the reduction of the earthquake-induced damage to the structure. Furthermore, the
fundamental vibration period of the isolated structure is lengthened comparing to a conven-
tional fixed-based structure. This lengthening of the vibration period leads to a significant de-
crease of the seismic base shear acting on the structure.

However, as the design codes worldwide prohibit extensive yielding of the isolated super-
structure, the initial construction cost of an isolated structure is significant. This cost could be
reduced if the design base shear for the isolated structure is reduced, thus allowing it to devel-
op ductility demands similar to those permitted for fixed-base structures. The reduction of
cost due to a lighter superstructure could then offset the high bearing installation cost. From
this point of view, a further insight into the behavior ranges of the inelastic seismically isolat-
ed structures is needed for two reasons:

First, to identify the possibility of yielding for a more economical design of new seismical-
ly isolated structures. Constantinou and Quarshie [2], Ordonez et al. [3], Kikuchi et al. [4],
Thiravechyan et al. [5] have investigated the response of yielding seismically isolated struc-
tures and agreed that allowing seismically isolated structures to yield needs careful considera-
tion.

Second, to account for the case in which the applied forces exceed the design forces due to
an extreme earthquake event or reduced structural strength in existing seismically isolated
structures. This analysis could lead to the identification of the existing base-isolated structures
whose strength is not sufficient to keep their response in the elastic range.

This study focuses on the determination of the relations between the force reduction factor
Ry, the displacement ductility demand x and the vibration period of the superstructure Ty, for
base-isolated structures. Numerous previous studies have investigated relationships between
Ry, u and T, for fixed-base structures. Newmark and Hall [10], Lai and Biggs [11] and Riddel
and Newmark [12] have proposed piece-wise linear Ry-u-T, relations for fixed-base structures.
Riddel, Hidalgo and Cruz [13] and Vidic, Fajfar and Fischinger [14] have presented bilinear
approximations for Ry-u-T, relations. Elgadamsi and Mohraz [15], Arias and Hidalgo [16],
Nassar and Krawinkler [17], Miranda [18], and Miranda and Bertero [19] have suggested the
use of nonlinear curves for Ry-u-T, relations. According to these studies, the seismic response
of structures is categorized in three regions: 1) an “Elastic” or “Acceleration sensitive region”,
which governs the behavior of very stiff structures; 2) a “Hysteretic energy conservation re-
gion”; and 3) a “Displacement conservation region”, which is observed for very soft struc-
tures. The goal of this study is to identify the vibration period delineated behavior ranges for
base-isolated structures analogous to those for fixed-base structures.
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1.1 Dynamic modeling

The dynamics of a seismically isolated structure, according to the work of Naeim and
Kelly [1] can be investigated by using a two-degree-of-freedom system, as presented in Fig-
ure 1.1. Masses mg and my, represent the mass of the superstructure and the mass of the base
above the isolation system, respectively. The stiffness and damping are expressed as ks, Cs,
when referring to the superstructure and ky, c, when referring to the base. The deformation us
is the deformation of the superstructure with respect to the base mat, and uy is the deformation
of the bearings with respect to the ground.
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Figure 1.1: Parameters of the 2-DOF model of a base isolated structure.

The following quantities are defined:
1. Fixed-base period and cyclic frequency:

T =21 /ﬂ w, = /k—
kS mS

2. Isolation period and cyclic frequency:

T =27 fms+mb Lo, = , ok,
ok, m, +m,

3. Non-hysteretic structural and isolation damping ratio:

CS
2m. o,

Cb
2(m,+m, ),

S

S =
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4. Mass ratio:

m

Y =— (4)
ms + mb

A Bouc-Wen [20, 21] model is used to simulate the bilinear hysteretic behavior of the iso-
lation system. The restoring force of the isolation system is modeled as:

(1) =—aku, (t)—Q-2z, (t)—c,u, (t) (5)

where ay, is the hardening ratio of post-yield to pre-yield stiffness of the isolation system (Fig-
ure 1.1), Q is the strength of the system (force at zero displacement), and zy(t) is a dimension-
less parameter of the Bouc-Wen model.

The strength of the isolation system is determined for friction pendulum bearings using the
following equation:

Q:(ms"'mb)ﬂfg (6)
where y; is the bearing coefficient of friction.

A Bouc-Wen model in parallel with a viscous damper is used to model the bilinear hyster-
etic behavior of the isolated structure. The restoring force of the isolated structure is given by:

F(t) =—aku, (t)-(1-a, )ku, z,(t)-cu,(t) (7)

where o5 is the hardening ratio of post-yield to pre-yield stiffness of the isolated structure
(Figure 1.1), uys is the yield displacement of the isolated structure and z(t) is a dimensionless
parameter of the Bouc-Wen model.

The yield strength of the isolated structure is:

F, =kU,, (8)
Dynamic equilibrium of the isolated structure and the base isolation system gives:
(m, +m, )G, +myl; + e kyu, +Qz, (t)+c,u, (t) =—(m, +m, )i, (9)
Dynamic equilibrium of the isolated structure gives:

m.U, +m.U, + k.U, +(1—as)ksuys z,+Cl, =—m,l (10)

Consequently, equations (9) and (10) become equations of motion of the combined struc-

ture-isolation system. When dividing equations (9) and (10) by (ms+my), equations (11) and

(12) are derived: The results presented in this study were obtained by solving the derived
equations (11) and (12) using Matlab and Opensees:

G, +y U + @ u, + mL z, + 25,0, =, (11)
S b

U, +0, + o,0,°u, +(1- ¢, )a)fuys z,+ 250U, = (12)

9
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2 ANALYSIS

2.1 Ground motion data

The 160 motions used in this study cover a wide range of ground motion types, magnitudes
(5.5 to 7.7) and distances (10 to 60 km). They were taken from the Pacific Earthquake Engi-
neering Research (PEER) Center next generation attenuation (NGA) strong motion database
[22, 23].

2.2 Methodology

The analysis method used in this study involves the determination of strength reduction
factors Ry for a certain predetermined displacement ductility ratio x. The structural model
shown in Figure 1.1 was subjected to the ground motion ensemble presented in 2.1. The vi-
bration period of the isolation bearings Ty, was selected first. The strength of the isolation sys-
tem was determined by the choice of the bearing friction coefficient 4 =0.05. Then, for each
ground motion record, an elastic analysis is conducted for the calculation of the maximum
elastic force and displacement demands of the isolated structure with vibration period T, €
{0.1, 05, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0}. After the determination of these values, an iterative pro-
cedure is performed to compute the maximum strength needed to keep the displacement duc-
tility demand to the predefined level x within a range of 1%. The strength reduction factors
that result in this displacement ductility value can then be easily determined.

2.3 Statistical fit

Based on the analysis presented above, the results obtained for Tp=2 and =2 are shown in
Figure 1.2. These results (labeled “actual) represent the mean value and the standard devia-
tion of the response of the model subjected to the applied ground motion ensemble. Bilinear
curve fitting is carried out to the mean of the data to establish a first approximation of Ry-u-T,
relation. The proposed bilinear curve representing the statistical fit is also presented in Figure
1.2.

Ry- pu-T n proposed relations

—actual
—proposed
------- actual+1s.d
------- actual-1s.d

T (sec) T,

Figure 1.2: Ry-u-T, relation for T,=2 and x=2 (actual and proposed)
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Similar simulations have been performed for a wide variety of values of the isolation peri-
od Ty, and the ductility demand . As the deviation of the results varies with respect to the vi-
bration period of the structure T, the maximum standard deviation omax (T) Was computed to
quantify the dispersion of the results (Table 1.1).

T\ 2 3 4
2 seconds 0.42 0.86 0.98
3 seconds 0.31 0.75 0.97
4 seconds 0.28 0.80 0.86

Table 1.1: Standard deviation oy, (T) for alternate values of T, and u

3 PARAMETRIC STUDY

As the relation between Ry and x is non-linear, the period range for which the equal dis-
placement rule applies (Ry=¢) cannot be easily identified. From this point of view, the use of a
bilinear curve is more appropriate, it can lead to the determination of the vibration period T,
as an intersection of 2 lines (Figure 1.1). Among other issues, this study attempts to quantify
the range of this displacement-sensitive region by taking into account the most crucial param-
eters that influence this relation:

a) The isolation period Tp.
b)The displacement ductility ratio u
¢) The hardening ratio as of post-yield to pre-yield stiffness of the isolated structure

3.1 Proposed Ry-u-T, relations for isolated structures

The form of the proposed Ry-u-T, relation for isolated structures was adapted from T.
Vidic, P. Fajfar and M. Fischinger [14].

R, =1 T<T, (12)
o, T

R, =c, (1£-1)" +1, T<T, 13

y =C.(4-1) T (13)

R, =u, T>T, (14)

The coefficients c, and ¢, were chosen to quantify the influence of the hardening ratio o
and the displacement ductility ratio x on the strength reduction factor Ry. Their values, deter-
mined by statistical fitting vary as shown in the following Table 1.2:

as Ca U C.
0% 1.00 2 0.85
5% 1.10 3 0.90

10% 1.15 4 0.95

Table 1.2: Coefficients c, and c, for alternate values of as and x

T

1
c

a
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Then, the vibration period, after which the equal displacement rule applies can be deter-
mined as an intersection (Ry=g) between two lines:
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3.2 Influence of essential parameters

The essential parameters that influence the proposed R,-x-T, relation are: The isolation
period Ty, the displacement ductility ratio p of the isolated structure and the hardening ratio os
of post-yield to pre-yield stiffness of the isolated structure. As presented in Figures 1.3 and
1.4, the use of softer isolators giving longer isolation period values Ty significantly increases
T. (moves it to the right), thus reducing the range of the displacement conservation region.
Similar, but less pronounced, is the influence of isolated structure post-yield hardening (Fig-
ures 1.5 and 1.6): The displacement conservation region decreases for structures with less
hardening. Finally, the effect of the displacement ductility ratio x of the isolated structure on
the location of the displacement conservation range is rather negligible and becomes less im-
portant for larger displacement ductility values (Figures 1.7 and 1.8).

R - u-T _relations- Influence of T
y n b

_Tb=2 sec
5 . _Tb=3 sec

_Tb=4 sec

o3
2,
1,
; ‘ ‘ . 5
T (sec)
4]
Figure 1.3: Ry-u-T, relation for T,=2,3,4 sec and x=4 (actual mean values)
Ry— pu-T n relations- Influence of T b
6, -
_Tb=2 sec
5 . _Tb=3 sec
_Tb=4 sec
4, N
o3
2,
1,

Tn (sec)

Figure 1.4 Ry-u-T, relation for T,=2,3,4 sec and =4 (proposed values)
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Ry- p-T  relations- Influence of o
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s
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i i i i i i
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Figure 1.5: Ry-u-Tj, relation for a;=0, 5%, 10%, x=3 and T,=3 sec (actual mean values)

Ry— p-T  relations- Influence of o
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Figure 1.6: Ry-u-T, relation for a;=0, 5%, 10%, x=3 and T,=3 sec (proposed values)
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Ry- p-T n relations- Influence of p
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Figure 1.7: Ry-u-T, relation for 4=2,3,4 and T,=3 sec (actual mean values)
Ry- p-T n relations- Influence of p
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Figure 1.8: Ry-u-T, relation for x=2,3,4 and T,=3 sec (proposed values)
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4  CONCLUSIONS

The results obtained in the parametric analysis conducted in this study indicate the nature
of the relation between the force reduction factor Ry, the displacement ductility demand 4 and
the vibration period of the superstructure T,, for base-isolated structures. These relations are
non-linear and show significant similarity to the ones proposed for fixed-base structures [10-
19]. Compared to fixed-base structures, the acceleration sensitive region of the response of
inelastic base-isolated structures extends towards longer periods. Moreover, the hysteretic en-
ergy and the displacement conservation regions shrink and translate along the period axis.

However, the determination of the exact vibration period T, after which the equal dis-
placement rule applies (Ry=g) is difficult without using linear approximations of the obtained
Ry-u-Ty, relations. Therefore, simple bilinear expressions are proposed in this study to quantify
the sensitivity of the relations to the selected parameters (3.1).

The isolation period Ty has the largest effect on the proposed Ry-u-T, relation for isolated
structures. Increasing the isolation period (by using softer isolation bearings) moves the equal
displacement range for the isolated structures towards longer period values (T, moves to the
right). The effects of post-yield hardening and displacement ductility of the isolated structure
on the proposed Ry-u-T, relation are not significant.

The ultimate goal of the Ry-u-T, relations proposed in this study is the quantification of
the inelastic performance of base-isolated structures for a wide range of earthquake records.
The proposed Ry-u-T, relation indicates that if the strength of typical seismically isolated
structures is selected such that they are allowed to enter their inelastic response range, the
structures will develop displacement ductility demands significantly larger than those predict-
ed by the equal displacement rule. The accuracy of the proposed Ry-u-T, relation can be im-
proved by using a larger sample of more diverse ground motion records and by widening and
denser sampling of the design parameter space.

REFERENCES

1. Kelly JM. Earthquake Resistant Design with Rubber. Springer, London, 1997

2. Constantinou MC, Quarshie JK. Response modification factors for seismically isolated
bridges. Report No. MCEER-98-0014, Multidisciplinary Center for Earthquake Engineering
Research, Buffalo, NY, 1998

3. Ordonez D, Foti D, Bozzo L. Comparative study of the inelastic response of base isolated
buildings. Earthquake Engineering and Structural Dynamics, 32, 151-164, 2003

4. Kikuchi M, Black CJ, Aiken ID. On the response of yielding seismically isolated structures.
Earthquake Engineering and Structural Dynamics , 37(5), 659-679, 2008

5. Thiravechyan P., Kasai K. Morgan TA, The effects of superstructural yielding on the
seismic response of base isolated structures., Joint Conference proceedings, 9" International
Conference on Urban Earthquake Engineering / 4™ Asia Conference on Earthquake Engi-
neering, Tokyo, Japan, 2012

6. Kelly JM. Seismic isolation of civil buildings in the USA. Progress in Structural Engineer-
ing and Materials, 1, 279-285, 1998

7. Asher JW, Hoskere S, Ewing R, Van Volkinburg DR, Mayes R, Button M. Seismic per-
formance of the base isolated USC university hospital in the 1994 Northridge earthquake.
Proc., ASME Pressure Vessels and Piping Conf., New York, 1995

1780



Anastasios Tsiavos, Michalis F. Vassiliou, Kevin R. Mackie and Bozidar Stojadinovic

8. De Luca A, Mele E, Molina J, Verzeletti G, Pinto AV. Base isolation for retrofitting histor-
ic buildings: Evaluation of seismic performance through experimental investigation. Earth-
quake Engineering and Structural Dynamics, 30, 1125-1145, 2001

9. Mokha AS, Amin N, Constantinou MC, Zayas V. Seismic Isolation Retrofit of Large His-
toric Building. Journal of Structural Engineering, 122(3), 298-309, 1996

10. N. M. Newmark and W. J. Hall, Seismic design criteria for nuclear reactor facili-
ties, Report 46, Building Practices for Disaster Mitigation, National Bureau of Standards,
pp. 209-236, 1973

11. S.-S. P. Lai and J. M. Biggs, Inelastic response spectra for aseismic building design, J.
struct. diu. ASCE 106, 1980

12. R. Riddell and N. M. Newmark, Statistical analysis of the response of nonlinear systems
subjected to earthquakes. Structural Research Series No. 468, Civil Engineering Studies, Uni-
versity of Illinois, Urbana-Champaign, IL, 1979

13. Riddell R, Hidalgo PA, Cruz EF. Response modification factors for earthquake resistant
design of short period buildings. Earthquake Spectra, 5(3), 571-590, 1989

14. T. Vidic, P. Fajfar and M. Fischinger, Consistent inelastic design spectra: strength and
displacement, Earthquake Engng. Struct. Dyn. 23, 502-521, 1994

15. Elghadamsi, F. E. and Mohraz, B., Inelastic earthquake spectra. Earthquake Engng.
Struct. Dyn., 15, 91-104, 1987

16. P. A. Hidalgo and A. Arias, New Chilean Code for earthquake-resistant design of build-
ings, Proc. 4th U.S. earthquake eng., Palm Springs, EERI, 2, 927-936, 1990

17. Nassar AA, Krawinkler H. Seismic demands for SDOF and MDOF systems. Report No.
95, The John A.Blume Earthguake Engineering Center, Stanford University, Stanford, 1991.
18. Miranda E. Evaluation of site-dependent inelastic seismic design spectra. Journal of
Structural Engineering (ASCE), 119(5), 1319-1338, 1993

19. E. Miranda and V. V. Bertero, Evaluation of strength reduction factors for earthquake re-
sistant design, Earthquake Spectra, 10, 357-379, 1994

20. Wen, Y.K. Approximate method for nonlinear random vibration, J. Eng. Mech. Div.,
101(4), 389-401, 1975

21. Wen, Y.K. Method for random vibration of hysteretic systems, J. Eng. Mech. Div., 102(2),
249-263, 1976

22. PEER NGA strong motion database, Pacific Earthquake Engineering Research Center,
Berkeley, California, 2010

23. Mackie, K.R., and Stojadinovic, B. Fragility basis for California highway overpass bridge
seismic decision making. PEER Report No. 2005/02, Pacific Earthquake Engineering Re-
search Center, University of California, Berkeley, 2005

1781



