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PREFACE

MCEER is a national center of excellence dedicated to the discovery and development of new
knowledge, tools and technologies that equip communities to become more disaster resilient in the
face of earthquakes and other extreme events. MCEER accomplishes this through a system of
multidisciplinary, multi-hazard research, education and outreach initiatives.

Headquartered at the University at Buffalo, State University of New York, MCEER was
originally established by the National Science Foundation (NSF) in 1986, as the first National
Center for Earthquake Engineering Research (NCEER). In 1998, it became known as the
Multidisciplinary Center for Earthquake Engineering Research (MCEER), from which the current
name, MCEER, evolved.

Comprising a consortium of researchers and industry partners from numerous disciplines and
institutions throughout the United States, MCEER’s mission has expanded from its original focus
on earthquake engineering to one which addresses the technical and socioeconomic impacts of a
variety of hazards, both natural and man-made, on critical infrastructure, facilities, and society.

MCEER investigators derive support from the State of New York, National Science
Foundation, Federal Highway Administration, National Institute of Standards and Technology,
Department of Homeland Security/Federal Emergency Management Agency, other state
governments, academic institutions, foreign governments and private industry.

This report describes the Quintuple Friction Pendulum Isolator, which is a spherical sliding
isolator with six sliding surfaces. Analytical models of behavior are presented to describe the
force-displacement loop for two general cases of geometric and frictional parameters. The
analytical model is useful in performing simplified calculations and in verifying more complex
computational models. Computational models are also presented which may be implemented in
commercial software. A model isolator was tested and the results are used to validate the
analytical and computational models.






ABSTRACT

This report describes the behavior of the Quintuple Friction Pendulum Isolator, a spherical sliding
isolator with six sliding surfaces, five effective pendula and nine regimes of operation that allow
for complex multi-stage adaptive behavior, depending on the amplitude of displacement. An
analytical model is presented that is capable of tracing the behavior of the isolator in two general
configurations of geometric and frictional properties. This analytical model is useful for verifying
computational models and in performing simplified calculations for analysis and design. A
computational model that can be implemented in program SAP2000 is also presented and verified
by comparison to the analytical model. Two configurations of a model Quintuple Friction
Pendulum Isolator have been tested and the results have been used to validate the analytical and

computational models.
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SECTION 1
INTRODUCTION

The Quintuple Friction Pendulum (FP) Isolator is an extension of the Triple FP Isolator (Morgan,
2007; Fenz and Constantinou, 2008a and 2008b) and consists of six spherical sliding surfaces. It
offers a more complex multi-stage behavior and smoother transition between regimes than the
Triple FP Isolator. It is envisioned as another isolator in the arsenal of isolators available to the
engineer to choose from when very large displacement capacities are needed and when complex

multi-stage behavior improves performance.

Table 1-1 illustrates the evolution of the Friction Pendulum Isolator and presents information on
the number of effective pendula and the number of sliding regimes (or stages) of behavior. The
Single FP Isolator (Zayas et al, 1987; Mokha et al, 1991) is characterized by a single sliding surface,
one effective pendulum and has one stage of operation. The Double FP Isolator (Fenz and
Constantinou, 2006) offers the important advantages of reduced heating effects and increased
displacement capacity for a given plan dimension, and can be configured for limited adaptive
behavior (although then with the requirement for articulation, which would reduce the axial load
capacity). It has two effective pendula and three sliding regimes. The Triple FP Isolator has the
same advantages as the Double FP Isolator and also an increased capability for adaptive behavior.
It has three effective pendula and five sliding regimes. The Quintuple FP Isolator will be shown
to have five effective pendula and nine sliding regimes. The increased number of pendula and
sliding regimes increases the adaptability of behavior at the expense of increased complexity in
modeling its behavior. The number of effective pendula denotes the name of each isolator. Note
that the schematics of isolators in Table 1-1 show the Double FP Isolator having an articulated
slider as it is needed for adaptive behavior (Fenz and Constantinou, 2006). Removal of the
articulation requires certain friction and geometric constraints that reduce the isolator to having
the same behavior as the Single FP Isolator. Also, the Triple and Quintuple FP Isolators are shown
to lack articulation for the inner most part-the rigid slider—as articulation would render the bearings

unstable (Sarlis and Constantinou, 2013).



TABLE 1-1 Evolution of Friction Pendulum lIsolator and Number of Effective Pendula and Sliding
Regimes

Single FP Double FP Triple FP Quintuple FP
Configuration o v ]E \Jj WF ,_};/:‘ 1 H( i;_ -,
Number of
effective 1 2 3 5
pendula
Number of
sliding 1 3 5 9
regimes

The existence of the Quintuple FP Isolator was postulated by Tsai et al (2010) who studied isolators
with multiple sliding surfaces and presented a computational plasticity-based model of behavior.
Tsai et al (2010) also presented simple algebraic force-displacement relations that only apply for

the loading branch and provide no information for unloading.

This paper presents a treatment of the Quintuple Friction Pendulum Isolator that includes:

1) Analytical force-displacement relations for all sliding regimes which are valid for the
loading and the unloading branches of the hysteresis loop, and for two general
configurations of geometric and frictional properties. These relations may be used to
perform simplified calculations in accordance with the Equivalent Lateral Force (ELF)
procedure of the ASCE 7 Standard (ASCE, 2010). They can also be used to verify

computational models for use in response history analysis.

2) A computational model that can be readily utilized in commercially available software,

with examples developed in program SAP2000 (Computers and Structures, 2014).

3) Testresults on two configurations of a model Quintuple FP Isolator that are used to validate

the analytical and computational models presented.



SECTION 2
ANALYTICAL FORCE-DISPLACEMENT RELATIONS

Figure 2-1 presents a cross section of the Quintuple FP Isolator and defines the geometric and
frictional parameters. Note that quantities Ri, i=1 to 6 are the radii of curvature of the six concave
surfaces and quantities Wi, i=1 to 6 are the coefficients of friction at the six sliding interfaces. The
analytical force-displacement relations are derived using the approach of Fenz and Constantinou
(2008a) and Morgan (2007) in which only equilibrium of horizontal and vertical forces is used.
This necessitates certain geometric and frictional constraints. A model for general geometric and
frictional parameters further requires consideration of equilibrium of moments and results in a
much higher complexity without any practical significance as shown by Sarlis and Constantinou
(2013).

R6’lu6 R5x/u5
R, 4 Ryt

A Ry, g

FIGURE 2-1 Cross Section of Quintuple Friction Pendulum Isolator

The basic assumptions of the theory for the Quintuple FP Isolators parallel those for the Triple FP

Isolator in the model of Fenz and Constantinou (2008a). They are as follows where quantity Ry

is the effective radius of curvature and d. is the actual displacement capacity.

Reff,i =R —h, (1)
i di(Reﬁ,i/Ri) (2)

o
I

1) The effective radii satisfy the condition: Refis = Refta << Reff2 < Refts << Reff1 < Reffs.



2) The coefficients of friction satisfy either of the following two conditions:
a. Configuration 1, where s, = g, < pts < g1, < pts < gy .
b. Configuration 2, where w1, = 1, < g1, < 145 < 145 < 14y .
Note that configuration 2 is achieved by interchanging plates C and E of
configuration 1 as shown in Figure 2-1. Also, the combination of conditions

u, =, and Ry, =R, ensures that initiation of motion occurs simultaneously on

interfaces 3 and 4 (per Figure 2-1). Any other combination of these four parameters
would have resulted in behavior that cannot be exactly predicted by the model
presented herein and would require a more complex treatment (Sarlis and
Constantinou, 2013). Note that configurations 1 and 2 also encompass the simpler

configuration where 1, = u, < 4, = 1, < 14, < g, , Which is characterized by four

effective pendula and seven regimes of operation.

3) The displacement capacity of each surface is such that there is gradual stiffening at large
displacement. For both configurations, motion on outer surfaces should initiate prior to
reaching the restrainers of the inner surfaces (for example, motion on sliding surface 1
should initiate prior to reaching the restrainer of part B, etc.) which leads to the following

conditions:
d . d, ;L4 dg
+ > =My + + > Hy = Hy
Ref‘fl Reff 2 eff 1 Reff 2 ReffB
©)
% , 4 @ L& G
+ > Hg = Hs » + + > Hs = Hy
Reff 5 Reﬁ 6 Reﬁ 4 Reff 5 Reff 6

4) Sliding should initiate on the surface of highest friction prior to the onset of any stiffening
(i.e. prior to contacting any of the displacement restrainers). This leads to the requirement
that

de > (14 — 45 ) Regs (4)



5) For the special case of Configuration 2 whereRr,,, <R, the following condition is also

needed:

PP BT (5)
Reff 1 Reff 2 Reff 5 Reff 6

Details of the derivation of the force-displacement relations are presented in Appendix A. Summaries of

the relations are presented in Table 2-1 for Configuration 1 and in Table 2-2 for Configuration 2. Details

of the unloading branch of each loop are presented in Appendix A. Representative force-displacement

relations based on the algebraic equations of Tables 2-1 and 2-2 will be presented in the next section

together with results of computational analysis.

Note that configurations 1 and 2 only differ in that regimes 2 and 3 and regimes 8 and 9 are interchanged.

This leads to small differences in the loops, which will be illustrated in examples.

TABLE 2-1 Force-Displacement Relation of Quintuple FP Isolator of Configuration 1

Requirements

My =y < s < [y < Hg < 1y

Regime

Conditions

Force-displacement relation

Motion starts on
surfaces 3 and 4.

Motion occurs on
surfaces 3 and 4.

F..R..+F. R
W U 4 f3t3 f4 ff 4

Reff3 + Reﬁ4 ReﬁS + Reff4

Valid until: F'=F,, u' = (s — 145 ) Regrs + (145 — 14, ) Regr s

Motion stops on 4
and starts on 5.

Motion occurs on
surfaces 3 and 5.

w FfBReffS+Ff4Reﬁ4+Ff5(Reff5_Reff4)

F= u+
Reff3 + ReffS Reff3 + ReffS

Valid until: F' =Fy,, u" =u'+(F, = Fyg ) x[ (Rugs + Rugs ) W |

Motion stops on 3
and starts on 2.

Motion occurs on
surfaces 2 and 5.

W FfZ(ReffZ - Reff3)+ Ff3Reff3 + Ff4Reff4 + Ffs(Reﬁs - ReffA)

F= u+
Reffz + Reﬁs Reﬁz + Reffs

Valid until: F" = Fyg, ™ =u"+ (Fyg — Fpp )x[ Rz + Rugs ) /W |




w +Ff2(Reﬁ2_Reﬁ3)+Ff3Reﬁ3

= u
Motion stops on 5 Rer2 + Retro Rer2 + Retro
and starts on 6.
v +Ff4Reff4+Ff5(Reﬁ5_Reﬁ4)+Ffe(Reﬁe_Reff5)
Motion occurs on Retr2 + Retro
surfaces 2 and 6.
Valid until: F" = Fy;, u™ =u" +(Ff1 - FfG)X[(ReffZ + Reﬁﬁ)/W:|
W u+Ffl(Reﬁl_Reﬁ2)+Ff2(Reﬁ2_Reﬁ3)+Ff3Reh‘3
Rer1 + Rets Reirs + Rt
Motion stops on 2 FiaReis + Fis (Reffs - Ref‘f4)+ Fio (Reﬂs - Reﬂs)
and starts on 1. + R._+R
V eff 1 eff 6
Motion occurs on ] Ly W oo
surfaces 1and 6. | Validuntil: F* =F; o =——dg + F,
eff 6
uY =uy, =u" +(Fdr6 - Ffl)x[(Reﬁl + Reffe)/W:I
W
Motion reaches =2 R (U—Ug)+ Fyo
end on 6 and eff1 T Mefts
VI stops. Motion W
starts on 5. Valid until: F¥' =F,, =—d, + F,,,
eff 1
Motion occurs on v
surfaces 1 and 5. U™ =Ugy =Uge + ( Fars = Fare ) x [( Retts + Rens ) /Wj|
W
Motion reaches F= W(U ~Ugy )+ oy
end on 1 and eff2 * Teffs
Vil stops. Motion . .
starts on 2. Valid until: FV" = F, . =W ds , 95 |, Froo
eff 5 eff 6
Motion occurs on
surfaces 2 and 5. UM = Uyys = Ugyy +(Fyps = Fc,rl)x[(Reffz + Reﬁs)lw]
W
Motion reaches "R, LR (U udr5)+ Fars
end on 5 and eff 2 © "leff4
VIIl | stops. Motion . .
starts on 4. Valid until: ¥ =, —w [d_lJr d J+ F.,.
eff 1 eff 2

Motion occurs on
surfaces 2 and 4.

uM" Uy, = U +(Fdr2 — Fdr5)><[(Reﬁ2 + Rem)/WJ




Motion reaches
end on 2 and
stops. Motion
starts on 3.

Motion occurs on
surfaces 3 and 4.

W

F :—(U _udr2)+ Fdrz
Reff3 + Reff4

W

Ref‘f3 + Reﬁ4

Valid until: F™ = (U'X _udr2)+ F.,

u*=d; +d, +d, +d, +d; +d;

TABLE 2-2 Force-Displacement Relation of Quintuple FP Isolator of Configuration 2

Requirements

My =y <y < g < g < fh

Regime Conditions Force-displacement relation
Motion starts on W FeaRers + FraRe s
| surfaces 3 and 4. Ry + Ry Rys + Ry
Motion oceurs on | valid until: F'=F,, u' =(#, = 14) Rags + (442 = 144 ) Reg s
surfaces 3 and 4.
FrsRurs + FraRura + Fro (R, — R
Motion stops on E_ W U+ £3%ff 3 f 4 eff 4 f2( eff 2 eff3)
3 and starts on 2. Rz + Rerra Rtz + Rerrs
1 . . n_
Motion 0ceUrs on Valid until: F" =F,., u” =u +(Ff5 - Ffz)x[(Reff2 + Re“)/WJ
surfaces 2 and 4.
Motion stops on Eo W U+ FfZ(ReﬁZ_Reﬁ3)+Ff3Reﬁ3 + FfAReff4+Ff5(Reff5_Reff4)
" 4 and starts on 5. Ry, + Ry Ry, + Rys
Motion occurs on- | vzaid until: F" = F,,, u" =u" +(F,; — Fys ) x| (Ry, + Rygs ) /W
surfaces 2 and 5. e’ (Fie=Fis) [( o2+ Rars) ]
W FfZ(Reﬁz_Reﬁ3)+Ff3Reh‘3
= u+
Motion stops on Retr2 + Retre Ret2 + Retts
5 and starts on 6.
v +Ff4Reff4+FfS(ReﬁS_Reﬁ4)+Ff6(Reﬁ6_Reﬁ5)
Motion occurs on Ry, + Res

surfaces 2 and 6.

Valid until: FY = F iy, 0™ =0" +(Fy, — Fy)x[ (Ro + Ruge )W ]




w Ffl(Reﬂl_Reﬁ2)+Ff2(Reﬁ2_Reﬁ3)+Ff3Reh‘3

= u+
Reffl + Reffﬁ Reffl + Reffs
Motion stops on . FraRuta + Frs(Rers = Rea )+ Fro(Rers = Rurs)
v 2 and starts on 1. Ry, + Ry
Motion occurs on ) Sy W,
surfaces 1 and 6. | Validuntil: F* =F, =——d;+F,
eff 6
uY = Uy =u" +(Fdr6 - Ffl)xl:(Reffl + Reﬁﬁ)/W:|
W
Motion reaches F= ﬁ(u — Uy ) + Fyo
end on 6 and eff1 T M5
A\ stops. Motion W
starts on 5. Valid until: F¥'=F,, =——d, +F,,,
Reffl
Motion occurs on "
surfaces 1 and 5. U™ =Ugy = Uges +(Fyry = s ) % |:(Reff1 + Reﬁs)/W]
. W
Motion reaches F=———(U-Uy )+ Fy
end on 1 and Retrz + Retrs
VIl stops. Motion . )
starts on 2. Valid until: FVII — Fdrz =W d_1+ d2 + I:f2 ,
eff 1 Reffz
Motion occurs on
surfaces 2 and 5. U™ = Uy, = Ugy +(Fyr — Fdrl)x|:( Rerz + ReﬁS)/W:|
. W
Motion reaches F=———(U-Uy,)+Fy,
end on 2 and Res + Regs
VIIl | stops. Motion 4 4
starts on 3. Valid until: FV" = F,  =W| ——+ 2 |+ F,,,
ReffS eff 6
Motion occurs on
surfaces 3 and 5. u" = Ugrs = Ugro +(Fdr5 - Fdrz)x|:( Res + ReﬁS)/W:|
. W
Motion reaches F= —(u - udr5)+ F.
end on 5 and Rirs + Ry s
IX stops. Motion
starts on 4. Valid until: F™ = w (u'x —udrs) +Fys
eff 3 + Reff4

Motion occurs on
surfaces 3 and 4.

uX=d; +d, +d; +d, +d; +d;




SECTION 3
MODELING QUINTUPLE FRICTION PENDULUM ISOLATORS FOR
RESPONSE HISTORY ANALYSIS

The analytical algebraic model presented in Tables 2-1 and 2-2 is useful in quickly constructing
force-displacement loops of the quintuple FP Isolator to better understand its behavior, in
performing simplified calculations of response based on the Equivalent Lateral Force (ELF)
procedure of the ASCE 7 Standard (ASCE, 2010) and in verifying more complex computational
methods used in response history analysis. Moreover, the model may be used to develop a
computational tri-axial model (biaxial horizontal motion under varying vertical load) based on the
procedures presented in Ray et al (2013). However, of interest to the profession is the availability
of a verified computational model of the isolator that can be readily utilized in available
commercial software. Two such models are described in this section. Both utilize elements
available in program SAP2000 (Computers and Structures, 2014). The first of these models
utilizes a combination of five Single Friction Pendulum elements and additional gap elements.
The second model utilizes a combination of one Double Friction Pendulum and one Triple Friction

Pendulum elements.

3.1  Series Model Based on Single FP Elements

This model uses a series representation of up to five pendula based on the paradigm of Fenz and
Constantinou (2008c) in modeling the Triple FP Isolator in SAP2000, although the model can be
implemented in any program. The five pendula are needed in the general case where five different
values of friction and/or five different values of the effective radius describe the isolator behavior

(say in configuration 1 when s, = u, < g, < 1, < g < 1,). The number of needed pendula reduces

depending on the number of friction values and effective radii. For example, a case with R, =Ry, ,
Ryt2 = Rers » Rers = Rurs @ND 14, = 1, < g1 = 11, < g = g, Would require only three pendula as the

isolator effectively behaves as a Triple FP Isolator.



Figure 3-1 illustrates the model. Each single FP element is characterized by: (a) a linear elastic

spring of stiffness w /R, where W is the instantaneous axial load on the isolator, (b) a friction

force zw where z is a coefficient of friction that may be dependent on the velocity and (c) a gap

element with displacement capacity, d , that is related to the displacement capacity of each sliding

surface.
W W W W w
Reﬁ 1 Reff 2 Ref‘f 3 Reff 4 Ref‘f 5
VA i VAR W s
I I 1, i, i,
Fevr > 7 ¥ ——§T ¥ — ¥ 1 X »F
FP1 FP2 FP3 FP4 FP5
L L | L L | L
v i P P —a
d, d, d, d, dg

FIGURE 3-1 Representation of Series Model of Quintuple Friction Pendulum lIsolator

TABLE 3-1a Parameters Used in Series Model with Five Single FP Elements to Represent the

Behavior of the Quintuple FP Isolator of Configuration 1

Element Coefficient of friction | Radius of curvature Displacement capacity
Single FP1 ﬁl =M =l F_aefflz Reff3+Reff4 CT1:(:1::)tal _(JZ+JS+d_4+d_5+d_6)
. = ~ (d  d;
Slngle FP2 My, = s Reffz = Reff5 - Reff4 2= R + R (Reffs - Reff4)
eff 5 eff 6
. _ - — (d  d
Single FP3 My = M, Reirs = Rtz = Rerrs 7| R + R (Reﬁz - Reﬂ3)
eff 1 eff 2
. — D I * Reff5
Single FP4 My = Hg Reirs = Rere = Rerrs d,=dg|1- R
eff 6
) _ — - * Reff2
Single FP5 Hs = 14y Retrs = Rerts — Rtz ds=d; | 1-4
eff 1
Note: d. ., =d, +d, +d, +d; +d; +d, is the displacement capacity of the isolator
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The parameters in the series model are selected to represent the actual behavior of the isolator as
revealed in the analytical model of Tables 2-1 and 2-2. The force-displacement relation of the
series model of Figure 3-1 may be easily constructed and is shown in Figure 3-2. Comparison of
this loop to the model described in Tables 2-1 and 2-2 leads to relations presented in Table 3-1a

and 3-1b that define the parameters of the model.

TABLE 3-1b Parameters Used in Series Model with Five Single FP Elements to Represent the
Behavior of the Quintuple FP Isolator of Configuration 2

Element Coeﬁ_‘lc!ent of Radius of curvature Displacement capacity
friction
Single FP1 My =y = H, §eﬁl=Reﬁ3+Reﬁ4 alzd:;tal —(&2+a3+a4+d_5+66)
. _ _ _(d d
Single FP2 Hy = 1y Rtz = Ret2 = Retrs d, = R + (ReﬂZ_Reﬂ3)
eff 1 eff 2
. _ _ ~(d
Single FP3 My = Hs Reiis = Rers = Rets d; = R_ﬁ5+Rff6 (ReﬁS_RefM)
. — = q * Reffs
Single FP4 Hy = Mg Rets = Rere = Regrs d, =d; 1_R_
eff 6
. — D I * Reff2
Single FP5 Hs =ty Rers = Rers = Rez ds =d, 1_R_
eff 1
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FIGURE 3-2 Force-Displacement Relation of Series Model with Five Single FP Elements

The series model with five single FP elements shown in Figure 3-1 can be implemented as an
assembly of vertically-connected single FP elements and gap elements in commercial software
SAP2000. Admittedly, however, this modeling approach is complicated because it would require
37 nodes, 27 rigid beam elements, four additional boundary supports, five single FP elements and
at least 16 gap elements to model the tri-axial behavior of the bearing (see Fenz and Constantinou,
2008c for the similar case of the Triple FP Isolator). Figure 3-3 illustrates the model with five
single FP elements. The figure also shows that this element may be reduced to a pair of one Triple
FP and one Double FP elements, of which the Triple FP element exist in the most recent version
of program SAP2000, and the Double FP Element may be simulated as a subversion of the Triple
FP element in program SAP2000.
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FIGURE 3-3 Series Model of Quintuple FP Isolator with (a) Five Single FP Elements in Series and
(b) Pair of Double and Triple FP Elements

3.2 Series Model Based on Combination of Triple FP and Double FP Elements

The series model with five Single FP elements shown in Figure 3-3 can be represented by a pair
of one Double and one Triple FP Isolator element as shown in Figure 3-4. These two elements are
already available in program SAP2000 (the Double FP element is a subversion of the Triple FP
element). However, their use in modeling the Quintuple FP Isolator requires that the Double and
Triple FP element parameters be correctly specified.

The Triple FP element will be used to represent the behavior of an idealized Triple FP Isolator
with the parameters shown in Figure 3-4(a) and the Double FP element will be used to represent
the behavior of an idealized Double FP element with the parameters shown in Figure 3-4(b). Note
that the parameters of this idealized isolator will be determined so that the two elements represent
the behavior of the actual isolator. The assembly of these two elements consists of five pendula

that produce the same behavior as the series model of Figure 3-1.
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Quintuple FP lIsolator
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TABLE 3-2 Parameters Used in Series Model with One Triple and One Double FP Element to

Represent the Behavior of the Quintuple FP Isolator

Coefficient of . . .
Element Surface friction Radius of curvature Displacement capacity
Inner iy (= f15) Reff2(= ReffS) d,=d,=
sufaces | (=) | =Rya(=Ray) | [diw-(drdied,ed,)]r2
Trllple FP 1 outer top - 5 R § =g s Rets g
element surface Hy = Hs off 4 eff 5 4 5 R.. 6
Outer bottom s ~ + o+ R
= R. =R d, =d + d
surface =t ey it R P
Upper - ~ ~ . R,
pf Hs = Hsg Rets = Retrs — Retrs ds=dg| 1- =
Double FP surtace Rete
element Lower ) . _ X Ry,
surface He =ty Retts = Ret1 = Regr2 dg=d, |1- R

d.., =d; +d,+d; +d; +d; +d;

total

The parameters of Triple FP and Double FP elements are derived using the actual parameters of
the Quintuple FP Isolator are presented in Table 3-2. For the Triple FP element, the parameters

are derived by use of the following: (a) the relation between the actual parameters of the Triple FP

Isolator and the series model with three single FP pendula presented in Fenz and Constantinou

(2008c), and (b) the relation between the first three pendula of the series model in Figure 3-1 to

the actual parameters of Quintuple FP Isolator.
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3.3 Model Verification

To verify the computational models presented, a case of the Quintuple FP Isolator in Configuration
1 is modeled in program SAP2000, analyzed to obtain force-displacement relations and then
compared to the predictions of the analytical model. Table 3-3 presents the parameters of the
example Quintuple FP Isolator. For the analysis, a simple seismically-isolated structure was
constructed and analyzed in SAP2000. The lateral force-displacement relation was obtained by
imposing a history of displacement at a control point. Details are provided in Appendix B. A
second example of Configuration 2 will also be presented and discussed. The second example
consists of an isolator with the same geometric and frictional characteristics as the example of
Configuration 1, but with p2=0.03 and p5=0.06.

TABLE 3-3 Parameters of Analyzed Quintuple FP Isolator of Configuration 1

Radius (inch) Height (inch) Friction Coefficient D'Sp'acez?rfgg)capac'ty
R: 238 hy 8 ™ 0.10 d, 14
R, 50 hz 6 K2 0.06 dz 6
R 24 h .

3 3 4 TR 0.01 ds 2.25
R4 24 h4 4 ( = u4) d4 2.25
Rs 50 h5 6 HUs 0.03 d5 6
Ro 156 e 8 e 0.07 ds 14

Figure 3-5 compares force-displacement loops obtained by the computational SAP2000 model to
that constructed using the analytical model of Table 2-1 for the example of Configuration 1. The
five Single FP element model and the Triple-Double FP element model gave exactly the same
results so only the results of the latter are shown in Figure 3-5. The loops were constructed to a
displacement of 40inch, which is in regime IX and just short of the displacement capacity of
41.1linch. Loops at intermediate amplitudes of displacement are also shown in Figure 3-5. The
transition points between regimes are identified in the graphs. Evidently, the SAP2000
computational model predicts exactly the behavior of the isolator as determined by the analytical
model of Table 2-1.
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FIGURE 3-5 Comparison of Analytical and Computational Force-Displacement Loops for Example
of Configuration 1 in Table 3-3

The example of Configuration 2 also resulted in identical analytical and computational force-
displacement loops. However, the behavior of the isolator of Configuration 2 was the same as that
of Configuration 1 except for some small difference in the stiffening regimes which are related to
differences in the sliding regimes as revealed in Tables 2-1 and 2-2. Accordingly, only results of
the analytical model are presented in order to expose differences between the two configurations.
The comparison of loops for the configurations is presented in Figure 3-6. The small difference
between the two configurations is highlighted by zooming on the stiffening regimes. Analysis of
isolators with different geometric and frictional properties revealed generally small differences in
the force-displacement loops between the two configurations. An example of the largest
differences calculated is for a case for which the loops are presented in Figure 3-7. Configurations
1 is the same as that of Table 3-3 in terms of frictional and geometric properties but for the radius
of surface 5 being Rs=120inch instead of 50inch and coefficient of friction us=0.02 instead of 0.03.
Configuration 2 has the properties of surfaces 2 and 5 interchanged.
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FIGURE 3-7 Comparison of Analytical Force-Displacement Loops for Examples of Configurations
1 and 2 per Table 3-3 but with Rs=120in. and us=0.02

The results in Figures 3-6 and 3-7 demonstrate small differences between configurations 1 and 2.
Nevertheless, the force-displacement relations of the two configurations are governed by different

sets of equations, respectively given in Tables 2-1 and 2-2.
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The presented results provide verification for the computational model in program SAP2000.
Nevertheless, the analytical model and the computational model in program SAP2000 require

validation by comparison to experimental data. This is provided in the next section where test
results are presented.
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SECTION 4
MODEL VALIDATION

A model Quintuple FP Isolator was tested in the bearing test machine at the University at Buffalo

(Kasalanati and Constantinou, 1999). Table 4-1 presents the properties of the tested isolator. Two

configurations were tested, 1 and 2. Configuration 2 was created by simply interchanging the

position of parts C and E per Figure 2-1 and resulted in a change in the distribution of friction

values. Note the values of the friction coefficient in Table 4-1 were measured in the experiments

and are typical of very low speed conditions and an axial load W=20kip. The values of friction

varied a little during the testing as will be discussed later. Animage of the tested isolator, deformed

in the bearing testing machine is shown in Figure 4-1. Its basic dimensions (height of 3.8in is for

the un-deformed position) and the seven parts of the bearings are shown in the figure (also, see

Figure B-3 for detailed dimensions).

TABLE 4-1 Parameters of Tested Quintuple FP Isolator (Values of Friction are for Configuration 1.
Values in Parenthesis are for Configuration 2.)

Radius Height . - Displacement Capacity
(inch) (inch) Friction Coefficient (inch)
0.12
0.085
R> 8 h, 1.2 Y2 (0.035) d> 13
R3 2 h3 0.9 VK] d3 0.55
0.015
(0.015)
R4 2 h4 0.9 ( = |J.4) d4 0.55
0.035
R5 8 h5 1.2 Us (0085) d5 1.3
0.11
Re 18 he 1.4 He (011) de 1.5
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FIGURE 4-1 Image of Deformed Qumtuple FP Isolator in Testlng Machlne

Testing of the isolator was first conducted under quasi-static conditions (harmonic motion of
frequency equal to 0.005Hz, peak velocity of 0.16in/sec) so that the coefficient of friction remained
essentially constant (Coulomb friction). Accordingly, the tested isolator clearly exhibited the nine
regimes of operation and allowed for comparison to the analytical model. Subsequently testing
was conducted under dynamic conditions to reveal the smooth behavior that results from the

velocity dependence of the coefficient of friction.

Testing of the isolator was conducted under a specified constant load W=20kip. Table 4-2 presents
the conducted test program. The peak displacement was 5.0inch that represented a limit of the test
machine. The displacement capacity of the isolator was 5.58inch. The isolator was deformed up

to regime VIII.

TABLE 4-2 Test Matrix for Quintuple FP Isolator

coniuraion | To | Ve | Dilacenen” | Fogenss [ RO, | g
1 20 0.5 0.005 2 1l

2 20 15 0.005 2 Vv

1 3 20 3.0 0.005 2 V

4 20 4.5 0.005 2 VII

5 20 5.0 0.005 2 VI

2 6 20 5.0 0.005 2 VI
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During testing it was observed that parts of the isolator exhibited some rotation about the vertical
axis and, as a result of that, they had small out-of-plane motion. This resulted in slight variation
of the displacement at each of the transition points between regimes (uncertainty on what the

displacement exactly is).

Figure 4-2 presents a comparison of experimental and analytical results for the tests of
Configuration 1 in Table 4-1. Only the results of the analytical model are presented since the
computational model obtained in SAP2000 produces exactly the same results as the analytical
model. The values of friction coefficients used in the analytical model are those in Table 4-1. In
reality the values of friction varied in the loops at various amplitudes as a result of the velocity
dependence of the coefficient of friction. Note that velocity in the five tests shown in Figure 4-2
varied from a peak value of 0.016 to 0.16in/sec, a range over which there is some effect of velocity.
This explains the observed “smoothness” of the experimental loops whereas the analytical loops
show sharper transition from one regime to the next. Nevertheless, the analytical results are in

good agreement with the experimental results.

The experimental results of Figure 4-2 (and also in results presented later in this report under faster
motion conditions) show an uneven behavior as if there is a momentary stop of motion in the
stiffening regime of operation. It is not precisely known what caused this behavior but
experimental results and advanced theory presented in Sarlis and Constantinou (2013) indicate that
this may be caused by small differences in the values of friction at surfaces 3 and 4. Note that the

theory presented in this report is based on the assumption that these two values of friction are equal.

The single test of the isolator in Configuration 2 produced practically the same force-displacement
loop as that of Configuration 1, and both were accurately predictable by the analytical model.
Instead of comparing the force-displacement loops for the two configurations in this slow test, a

comparison is made when the two isolators were tested under dynamic conditions.
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FIGURE 4-2 Experimental and Analytical Force-Displacement Loops of Isolator in Configuration 1

Additional tests were conducted on the isolators of Configuration 1 and 2 under the same load but
larger velocity of motion in order to reveal the behavior of the isolators under dynamic conditions.
Test results are presented in Figures 4-3 and 4-4. Testing was conducted by first imposing a slow
motion to the maximum displacement over a period of 70sec, then pausing for 10sec and then
imposing two and a half cycles of harmonic motion of frequency of 0.1Hz and amplitude of either
3 or 5inch. The peak velocity of motion was either 1.9 or 3.1 in/sec. Figure 4-3 shows the results
for Configuration 1 in the test at peak velocity of 1.9in/sec, and Figures 4-4 and 4-5 show the
results in Configurations 1 and 2 in the tests at peak velocity of 3.1in/sec. The history of imposed
motion is included in the graphs of Figures 4-3 to 4-5. The graphs also include the loops obtained
in the quasi-static testing at the same amplitude of motion for comparison. The results clearly
illustrate the effect of velocity in affecting friction (increase) and in causing the loops to have

smooth transitions between regimes.
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Prediction by the computational model of the force-displacement loops under dynamic conditions
requires (a) knowledge of the coefficient of friction-velocity relations for each sliding surface, and
(b) a procedure for specifying these properties in the Triple-Double model of the isolator in

program SAP2000. It is generally assumed that the coefficient of friction follows the relation

# = teast — (Heast — Hsiow) e (6)

where .., and g ., are values of the coefficient of sliding friction valid for large velocity and

for quasi-static conditions, respectively, V is the velocity of sliding, and “a” is the rate parameter

used to describe the velocity-dependence of friction.

Specification of the three parameters of the model for each sliding surface is complicated by the
fact that the Triple FP bearing model in program SAP2000 (also the models of Morgan, 2007 and
Fenz and Constantinou, 2008a) does not truly trace the motion on the four sliding surfaces but
rather simulates the behavior through the motion of the three effective pendula. The result is that

the sliding velocity is not precisely known at each sliding surface but it can be estimated by the
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procedure described in Fenz and Constantinou (2008c) and with details provided in Sarlis and
Constantinou (2010). This requires the specification of fictitious values for the rate parameter for
the three effective pendula. This is further complicated by the fact that the manual of program
SAP2000 does not provide details and does not present verification examples. A comparison of
the results produced by the Triple FP element in the program and the validated series model of
Fenz and Constantinou (2008c) implemented in SAP2000 resulted in essentially the same results
and, therefore, it is believed that the values of the rate parameter for the Triple FP element in
SAP2000 should be specified using the approach outlined in Fenz and Constantinou (2008a) and
Sarlis and Constantinou (2010).

TABLE 4-3 Values of Friction Coefficient and Rate Parameter Used in Analysis of Isolator of
Configuration 1 (Top Table Reports Properties of Isolator; Bottom Table Reports Parameters of
Computational Model)

Quintuple Isolator y7A My My = Ly M H
Hsiow 0.12 0.085 0.015 0.035 0.11
Heast 0.16 0.11 0.04 0.09 0.15
Rate parameter a
) 4.0 3.6 3.0 3.6 4.0
(sec/inch)
Triple-Double Model i fy = [, i, He H
Hs ow 0.085 0.015 0.035 0.11 0.12
Hepst 0.11 0.04 0.09 0.15 0.16
Rate parameter &
) 3.0 15 3.0 2.0 2.0
(sec/inch)

The computational model of the Quintuple FP Isolator described in Appendix B requires the use
of three nodes interconnected by two Triple FP elements, one of which has been reduced to behave
as a Double FP element (this is done by specifying artificial values of the radius and friction to
impede motion of the inner sliding surfaces-see Table B-2b). Accordingly, the division of velocity
for the sliding surfaces of the Quintuple FP model should be based on approach described in Fenz
and Constantinou (2006) for the Double FP element and in Fenz and Constantinou (2008c) for the
Triple FP element. Table 4-3 presents values of friction and the rate parameter used in an analysis
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of the tested isolator of Configuration 1. Note that the values of the rate parameter were assumed
for each sliding surface to have a value in a range consistent with what is typically assumed in

analysis (e.g., Sarlis and Constantinou, 2010).

There are three sources of uncertainty in the data of Table 4-3: (a) unlike the case of quasi-static

conditions, the actual values of friction at high velocity ( zg.; ) are not directly measured (uncertain

due to the smoothness of the experimental loops) but assumed although some information was
obtained from the recorded loops, (b) the actual values of the rate parameter for each sliding
surface are not known but rather assumed, and (c) the values of the rate parameter in the
computational model are approximate as the velocities are not directly computed but rather

estimated on the basis of a simplified theory.

Figure 4-6 presents comparisons of experimental and computational force-displacement loops of
the tested isolator of Configuration 1 (with the properties of Table 4-3—also see Table B-2 for other
details) in the two tests at velocities of 1.9 and 3.1in/sec. The comparison is good given the several
sources of uncertainty in the values of the model parameters and the fact that the sliding velocities
are small (portions of the peak velocity of testing) so that there is considerable variability of friction,
which would not be dominant in testing with much higher velocity. (Unfortunately, testing at
higher velocities could not be performed due to instabilities in the control mechanism of the testing
machine). Nevertheless, it is noted that changes in the specified values of the rate parameter
resulted in noticeable changes in the computed loops for the motions used in the testing (up to
3.1lin/sec) but the effects where minor or insignificant when the peak velocity was larger than
10in/sec.
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FIGURE 4-6 Comparison of Experimental and Computational Force-Displacement Loops of Isolator

in Configuration 1 at Peak Test Velocities of 1.9 and 3.1lin/sec
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SECTION 5
CONCLUSIONS

The behavior of the Quintuple Friction Pendulum Isolator has been investigated. This isolator has
six spherical sliding surfaces, five effective pendula and nine regimes of operation that allow for
complex adaptive behavior and smooth transition between regimes of operation. Analytical
models of behavior have been presented for two configurations that are envisioned to include all
cases of interest in applications. Moreover, a computational model has been developed that is
readily implementable in computer program SAP2000. Comparison of results obtained by the

computational and analytical model provided verification of the computational model.

A model isolator was tested and the results were compared to predictions of the analytical and
computational models. The comparison demonstrated the validity of the analytical model and of
the computational model. It is believed that this isolator will be a useful addition to the arsenal of

isolators available to the engineer for use in the seismic protection of structures.
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APPENDIX A
DERIVATION OF FORCE-DISPLACEMENT RELATIONS FOR
CONFIGURATION 1

The derivation of the force-displacement relation of the quintuple FP Isolator is presented in detail
for configuration 1. The force-displacement relation is derived from the equilibrium and geometric
considerations following the paradigm of Fenz and Constantinou (2006 and 2008a) and
distinguishing the relation in accordance with the sliding regime. In what follows, W is the normal

load acting at the center of the top plate of the bearing, F is the horizontal force, F, = zW is the
friction force, u is assumed constant and independent of the conditions of motion (Coulomb
friction) and S is the resultant force acting perpendicularly to a sliding surface. Moreover, the
following quantities are defined in which i=1 to 6:

The effective radius of curvature

R =Ri =Ny (A-1)

The actual displacement capacity of each sliding surface:

di*zdi(Reﬂ,i/Ri) (A-2)
A-1 Sliding Regime |

Sliding Regime 1 begins with sliding on surfaces 3 and 4 which are characterized by the least
friction forces. Motion initiates when horizontal force is equal to friction force on surface 2 and 3

(F=F,;=F,,). The displaced shape (with the sliding surfaces highlighted in red) and the free

body diagram (FBD) of parts C and E during Sliding Regime | are shown in Figure A-1.

Equilibrium in the vertical and horizontal directions of the FBD of part C in Figure A-1 (b) results
in:

W + F,sin6, — S, cos0, =0 (A-3a)
F,,C080, +S,sin0, —F =0 (A-3b)
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From geometry, the relative displacement of slider C,u,, is

U; =R, Sin0, (A-4)

Assuming small rotations (so that cos6 ~ 1andsind ~ #) and rearranging equations (A-3) and (A-4),

the following is derived for force F :

Fu 4 (A5)

eff 3

FIGURE A-1 Displaced Shape (a) and Free Body Diagrams (b) of the Quintuple FP Isolator During
Sliding Regime |

Similarly, equilibrium for part E leads to:

E_ W

eff 4

u, + Ff4 (A'G)
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Sinceu=u, +u, andu, =u, =u, =u, =0, combination of equations (A-5) and (A-6) results in

W F iRy + FR,
F = U+ 3" Yeff 3 f4'Yeff4 (A-?)
Reffs + Reff4 Reﬁs + Reff4

The force-displacement loop in regime | is shown in Figure A-2. Note that on reversal motion the

force drops by 2F, (= 2F,,). This regime is valid until a displacement u=u'" is reached.

Sliding Regime I

‘z@[ Reff 3t Reff 4

Ffs(: Ff4)

2F,

o '

Horizontal force

Total displacement

FIGURE A-2 Force-Displacement Relationship in Sliding Regime |
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A-2 Sliding Regime 11

Sliding regime Il initiates when the lateral force F = F,, motion on surface 4 stops, motion initiates

on surface 5 and motion continues on surface 3 as shown in Figure A-3(a). This sequence of
motion is required for compatibility of displacements and is consistent with what occurs in the

Triple FP Isolator.

The transition displacement between sliding regimes 1 and 11, u', is obtained by solving equation

(A-7) for the displacement u when force F =F,:

u :(#5_ﬂ3)Reff3+(:u5_/’l4)Reff4
w

Us > <

(b) F -

FIGURE A-3 Displaced Shape (a) and Free Body Diagrams (b) of the Quintuple FP Isolator During

Sliding Regime 11
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Based on the FBD of Figure A-3(b) and geometric considerations in similarity to the presentation
for regime 1, the following is obtained:

u, =Ry ,sinod, (A-9a)
Us = Ryy5SiN0; (A-9b)
F=Y oy +F, (A-10a)
eff 3
F=lu+F, (A-10b)
eff 5
S;cos0; + F;,sin(0, +0;)—S, cos(0, +0; ) — F,;sin6; =0 (A-11a)
S,sin(0, +0;)+ F;, cos(6, +65)— Sy sin6; — F ,cosf, =0 (A-11a)

Assuming small rotations, the force-displacement relation is obtained as,

Reff 4 eff 5

F:WL U U J+Ff4 (A-12)

Combining equations (A-10) and (A-12) and usingu =u, +u, + u, , the force-displacement relation

in regime 11 is obtained:

FoRyo+FriRoys + Fro(Rye — R,
Fo W U arers F FraTara fS( ft 5 ff4) (A-13)
Rers + Rets Rers + Retrs

This relationship is shown in Figure A-4 together with that of regime | for completeness. This

regime is valid until a displacement u=u" is reached.
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Sliding Regime II

R..+R

eff 3 eff 4

(6]

(&)

S

o

y—

e

S

= O 1
o u
N

|-

o Vv
I

2u'

Total displacement

FIGURE A-4 Force-Displacement Relationship in Sliding Regime 11

A-3 Sliding Regime 111
The sliding regime 111 initiates when the lateral force F = F,,, motion stops on surface 3, motion

begins on surface 2 and motion continues on surface 4 as shown in Figure A-5(a). The transition

occurs at a displacement u'' obtained by solving equation (A-13) for displacement u whenF =F,, :

u"=u'+(Ff2—Ffs)x[(Reﬁ3+Reﬁ5)/w] (A-14)
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FIGURE A-5 Displaced Shape (a) and Free Body Diagrams (b) of the Quintuple FP Isolator During
Sliding Regime 111

Based on the FBD of Figure A-5(b) and geometric considerations in similarity to the presentation
for regimes | and I, the following is obtained:

U, =R, sino, (A-15a)
U; =Ry, Sin6, (A-15b)
F= Riu2 +F, (A-16)

eff 2
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Reff 2 eff 3

F=W{ o j+ Fis (A-17)

The force-displacement relationship in sliding regime 11l is finally obtained by combining
equations (A-10b), (A-12), (A-16) and (A-17) and usingu =u, +u, +U, + U, :

= W U+ Ffz(Reﬁz_Reﬁ3)+Ff3Reﬁ3 + Ff4Reﬁ4+Ff5(Reﬁ5_Reﬁ4)
Reffz + ReffS Reffz + Reffs

(A-18)

This relationship is shown in Figure A-6 together with those for regimes Il and I11. This regime is

valid until a displacement u=u'" is reached.

Sliding Regime III w

Horizontal force

Reff 2 + Reff5

Total displacement

FIGURE A-6 Force-Displacement Relationship in Sliding Regime 111
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A-4 Sliding Regime IV
The sliding regime 1V initiates when the lateral force F = F,,, motion stops on surface 5, motion
begins on surface 6 and motion continues on surface 2 as shown in Figure A-7(a). The transition

occurs at a displacement u'' obtained by solving equation (A-18) for displacement u whenF =F, :

Ul”:U“+(Ffe_Ff2)X[(Reﬁ2+Reﬁ5)/W:| (A-19)

(@)

(b)

FIGURE A-7 Displaced Shape (a) and Free Body Diagrams (b) of the Quintuple FP Isolator During
Sliding Regime IV
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Based on the FBD of Figure A-7(b) and geometric considerations in similarity to the presentation

for regimes | to 111, the following is obtained:

Us = Ry SINO, (A-20)
F- WV +F, (A-21)
Reffe
F :W[ U e ]+ F.. (A-22)
eff 5 eff 6

The equilibrium equations for part E are obtained by considering the FBD shown in Figure A-7(b)

and accounting for the its rotation:

S;c0s(05 + 0, )+ Fy,sin(0, +05 +0,)—S, cos(0, + 05 +65)— Fgsin(6;+0,)=0  (A-23a)
S,sin(6, +05 +05)+ F,cos(0, + 05 +0, ) —Sysin (05 + 65 )— Fscos(05 +0,)=0  (A-23b)

Assuming small displacements, equations (A-23) can be solved for force F:

Fow| ey b U | p (A-24)
Reff4 Reff5 Reﬁe

Inspection of free body diagrams of parts B and C in Figure A-7(b) shows that parts B and C
experience in regime IV only an increase in angle 6, by comparison to regime I11. Thus, the force-
displacement relationships for parts B and C are still governed by equations (A-16) and (A-17).

Therefore, the force and total displacement relationship in sliding regime IV can be obtained by
combining equations (A-16), (A-17), (A-21), (A-22), and (A-24) and usingu =u, + U, +U, + Uy + Uy :

w U+ Ff2(Reﬁ2 _Reﬂ3)+ FraRers + FraRera + FfS(ReﬂS _Reff4)+ FfG(ReﬁG _Reffs)
+ Reff6 Reffz + Reﬁe

R

eff 2

(A-25)

This relationship is shown in Figure A-8 together with those for the previous regimes. This regime

is valid until a displacement u=u'V is reached.
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Sliding Regime IV

Horizontal force

w
Rq«,+R
W eff 2 eff 5
Reff2+Reff6 2Um

Total displacement

FIGURE A-8 Force-Displacement Relationship in Sliding Regime 1V

A-5 Sliding Regime V
The sliding regime V initiates when the lateral force F = F,,, motion stops on surface 2, motion
begins on surface 1 and motion continues on surface 6 as shown in Figure A-9(a). The transition

occurs at a displacement u'v obtained by solving equation (A-25) for displacement uwhenF =F,, :

U =u" +(Fyy = Frg ) x| Rz + R ) /W ] (A-26)

Based on the FBD of Figure A-9(b) and geometric considerations in similarity to the presentation
for regimes | to 1V, the following is obtained:

U, = Ry, Sin6, (A-27)

oW

eff 1
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u, +F,; (A-28)



F=w ( R“l + R“Z ]+ F,, (A-29)
eff 1

Faw| 4y % % (A-30)
Reffl ReﬁZ Reff3

(a)
wlt
|
F— g
(b) G
e 1
Se ° !
F;
Fts
A
F% e,
" "
T Fia it
[ [
S m‘3$:5
-; 1 |' \§ 4
L
$ s
\;ﬁ:‘.«ez c 3
\>n<’91 Ff2

FIGURE A-9 Displaced Shape (a) and Free Body Diagrams (b) of the Quintuple FP Isolator in
Sliding Regime V
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The force-displacement relation in regime V is obtained by combining equations (A-21), (A-22),
(A-24), (A-28), (A-29) and (A-30) and usingu =u, +U, + U, + U, + U +Uj :

. w u+Ffl(Reﬁl_Reﬁ2)+FfZ(ReffZ_Reff3)+Ff3Reff3+Ff4Reﬁ4+Ff5(Reff5_Reff4)+Ff6(Reff6_Reff5)
- Reﬂ1+Reff6 R

eff 1 + Reffe

(A-31)

This relationship is shown in Figure A-10 together with those for the previous regimes. This

regime is valid until a displacement u= uars is reached.

Sliding Regime V ?\

Horizontal force

R., +R

eff 1 eff 6

Total displacement

FIGURE A-10 Force-Displacement Relationship in Sliding Regime V

45



A-6 Sliding Regime VI
The sliding regime V1 initiates when part F of the isolator contacts the restrainer of part G so that

motion on surface 6 stops, motion starts on surface 5 and motion continues on surface 1 as shown
in Figure A-11(a). This occurs at a displacement equal to ugrs.

w
d*6

— < Us

(a) G

—> <— Uy

(b)

FIGURE A-11 Displaced Shape (a) and Free Body Diagrams (b) of the Quintuple FP Isolator in
Sliding Regime VI
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At the point of transition, the displacement on surface 6 is u, =d; and the horizontal force F is

given by the following equation and termed F,

W .
Fare = R_de +Fg (A-32)

eff 6
Displacement u,,, is obtained by solving equation (A-31) for the displacement and usingF =F,, :

Ugre zulv+(Fdr6_Ffl)x[(Reﬁl+Reﬁ6)/W:| (A-33)

Based on the FBD of Figure A-11(b) and geometric considerations in similarity to the presentation

for regimes | to V, the following equations are obtained:

L di +F, o +F, (A-34)
eff 6
Fow| s 9 | F, (A-35)
Reffs eff 6
Fow| ey sy Gl (A-36)
Reff4 Reff5 Reff6

The force-displacement relation in regime V1 is obtained by combining equations (A-28), (A-29),

(A-30), (A-35) and (A-36) and usingu =d, +Uu, +U, +U, +U, +Uj:

w
F=e—— (u-u,)+F A-37
Reﬁl + ReﬁS ( er) dr6 ( )

This relationship is shown in Figure A-12 together with those for the previous regimes. This
regime is valid until a displacement u=uar1 is reached. The unloading process is same as regime

V until the lateral force drops by amount 2F,,. Motion then starts on surface 6 when the horizontal

force drops by F., + 2F,, that is, when the horizontal force is equal to

F=Fye —2F (A'38)
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For this to occur, the condition F, , —2F,, > F — 2F,, must be valid or, otherwise, motion will start

on surface 1 instead of 6. Accordingly, motion occurs on surface 1 when the displacement satisfies

the following condition

u>udr6+2(:ul_zue)(Reﬁl+Reﬁ5) (A-39)

However, based on equation (A-41b) that follows, for typical configurations with d, =d; and

Ryi1 = Ry » €Quation (A-39) will not be satisfied prior to the start of sliding regime VII. Thus for

typical configurations, motion will start on surface 6 prior to surface 1, as shown in Figure A-12.

Sliding Regime VI

Horizontal force

Total displacement

FIGURE A-12 Force-Displacement Relationship During Sliding Regime VI
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A-7 Sliding Regime VII
The sliding regime V11 initiates when part B of the isolator contacts the restrainer of part A so that

motion on surface 1 stops, motion starts on surface 2 and motion continues on surface 5 as shown
in Figure A-13(a). This occurs at a displacement equal to udra.

d*s w

— < Us
F —> <Y

(a) G

FIGURE A-13 Displaced Shape (a) and Free Body Diagrams (b) of the Quintuple FP Isolator During
Sliding Regime VII
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At the transition point, the displacement on surface 1 is u, =d, and the horizontal force F is given

by the following equation and termed Far1

W .
Fa = R_dl +Fq (A-40)

eff 1

Displacement uqr1 is obtained by solving equation (A-37) for the displacement and using F=Far1:

udrl = uer + ( I:drl - Fdre ) X |:( Reffl + Reﬁ 5 ) /W:| (A_41a)
or

d’ d.
Ugry =Ugre + 1 +u |- 6 + Hs (Reﬁl + Reﬁs) (A-41b)
Reffl ReffG

Based on the FBD in Figure A-13(b) and geometric considerations in similarity to the presentation

for regimes | to VI, the followings is obtained:

F:Ridl*+Ffl+Frl (A-42)
eff 1
Fw| By | F (A-43)
R f2

eff 1 eff 2

F=W g, T B T (A-44)
f3
eff 1 Reﬁz Reff3

The force-displacement relation in regime V11 is obtained by combining equations (A-34), (A-35),
(A-36), (A-43) and (A-44) and usingu =d, +u, +U, +U, +U, +d,

w
F=——(u-uy,)+F, A-45
Reﬁ2+Reﬁ5( dl) o ( )

This relationship is shown in Figure A-14 together with those for the previous regimes. This
regime is valid until a displacement uqrs is reached. The unloading process is the same as that of

regime VI until the lateral force drops by 2F,,. Motion then starts on surface 6 to be followed by
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motion on surface 1. For this to occur, the condition F,,-2F, >F,, —2F, must be valid or,

otherwise, motion will start on surface 1 and will be followed by motion on surface 6. For typical

configurations (d; =d; andR, = R, ), motion will start on surface 6 prior to surface 1, as shown

in Figure A-14.

Sliding Regime VI

Ffl
<5}
2
=
‘_,E Fare _2Ff6 ;
c
.g Fan —2F¢
[ -
o
I

b W
Reffl - Reﬁﬁ ReffZ + Reff6

Total displacement

FIGURE A-14 Force-Displacement Relationship During Sliding Regime V11

A-8 Sliding Regime VIII
The sliding regime V111 initiates when part E of the isolator contact to the restrainer of slider F so
that motion on surface 5 stops, motion resumes on surface 4 and motion continues on surface 2 as

shown in Figure 15(a). This occurs at a displacement equal to Udrs.
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FIGURE A-15 Displaced Shape (a) and Free Body Diagrams (b) of the Quintuple FP Isolator During
Sliding Regime V111
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At the transition point, the displacement on surface 5 is u, =d; and the horizontal force F is given

by the following equation and termed Fars

R

eff 5 eff 6

Fis =W( ds + ds }rFfs (A-46)

Displacement uqrs is determined by solving equation (A-46) for the displacement and using F=

Fars:

Ugrs = Ugrs + ( Fars — Fdrl) X [( Ret2 + Rests ) /W] (A-47)

From the FBD in Figure A-15(b) and geometric considerations in similarity to the presentation for
regimes I to VII, the followings is obtained:

Fe N 4 4F, +F, (A-48)
Reffe
d; . d
F=W + +Fs+Fs (A-49)
ReffS ReﬁG
Fow| ey B G ) e (A-50)
Reff4 ReffS Ref‘fe

The force-displacement relation in regime VII1 is obtained combining equations (A-43), (A-44)

and (A-50) and usingu =d, +u, +U, +u, +d, +d;:

W
F=——"—(U-Uys)+Fy A-51
Reﬁ2+Reff4( dS) e ( )

This relationship is shown in Figure A-16 together with those for the previous regimes. This

regime is valid until a displacement uar2 is reached. Upon reversal of motion, the lateral force

drops by 2Ff3(=2Ff4). Motion then starts on surface 5 when the horizontal force is equal to

F,s —2F,; . For this to occur, the condition F,,-2F,,>F —2F,,must be valid or, otherwise,
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motion will start on surface 2 instead of 5. Based on the similar analysis in regime VI, motion will

start on surface 5 prior to surface 2 for typical configurations (R, =R andd, =d; ), as shown

in Figure A-16. Motion then follows on the surfaces 1 and 6, as presented in regime VII.

Sliding Regime VII Fus
FdrS _2Ff5
(b
e
o
‘__.E Fdr6_2FfG
[
.g Fan —2F
—
o
I

Total displacement

FIGURE A-16 Force-Displacement Relationship During Sliding Regime V111

A-9 Sliding Regime I1X
The sliding regime 1X begins when part C of the isolator contacts the restrainer of part B, so that
motion stops on surface 2, motion resumes on surface 3 and motion continues on surface 4, as

shown in Figure A-17(a). This occurs at a displacement equal to udro.
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—> < Uy F

FIGURE A-17 Displaced Shape (a) and Free Body Diagrams (b) of the Quintuple FP Isolator During
Sliding Regime 1X

At the transition point, the displacement on surface 2 is u, =d, and the horizontal force F is given

by the following equation and termed Far2
55



Reff 1 eff 2

Firs =W[ d, + d, ]-ﬁ- Fi, (A-52)
Displacement uarz is obtained by solving equation (A-51) for the displacement and usingF =F,,,:

udrz = udr5 + ( Fdrz - I:dr5 ) X I:( Reﬁ 2 + Reff 4 ) /W:| (A_53)

Based on FBD in Figure A-17 (b) and geometric considerations in similarity to the presentation

for regimes | to VIII, the followings are obtained:

oW d +F, +F, (A-54)
eff 1
d _d,
F=W| 21+ +F,+F, (A-55)
R R
eff 1 eff 2
Fow| Gy By U (A-56)
Reffl ReffZ ReffS

The force-displacement relation in regime IX is obtained by combining equations (A-50) and (A-

56) and usingu =d, +d, +u, +u, +d, +d:

w
F=e——  (u-u,.)+F A-57
Reﬁ3 + Reﬁ4 ( drS) dr2 ( )

This relationship is shown in Figure A-18 together with those for the previous regimes. This

regime is valid until total displacement capacity is reached. Upon reversal of motion, the lateral

force drops by 2F, , (= 2Ff4) . Motion then starts on surface 5 instead of surface 2. For this to occur,

the condition Fars-2F >Fdr2-2Fr2 must be valid or, otherwise, motion will start on surface 2 instead

of surface 5 prior to surface 2. For typical configurations (R, =Ry, andd, =d; ), motion will

start on surface. Motion then follows on the surfaces 1 and 6, as presented in regime VII.
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Sliding Regime IX Farz

—_——

':drs - 2Ff5
Fdr2 - 2Ff2

dr5

Fer _ZFfGS
-

Horizontal force

"4
Fdrl - 2Ff1

R.,+R

eff 1 eff 6

Total displacement

FIGURE A-18 Force-Displacement Relationship During Sliding Regime 1X
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APPENDIX B
DETAILS OF COMPUTATIONAL MODEL IN PROGRAM SAP2000

B-1 Computational Model for the Isolator in Table 3-3

Figure B-1 presents a section of the analyzed isolator that shows the dimensional and the frictional
parameters (friction is constant in this analysis). This is the isolator of Configuration 1 with the
properties presented in Table 3-3 and with force-displacement loops shown in Figure 3-5.

70"
66"
38"
24"
18"

. R=238"4=0.07

19"

L

WS

| " R=156", = 0.10
“‘J. R:24”,,u:0.01 %RZSO”,ILIZOOE/OOG

FIGURE B-1 Geometrical and Frictional Properties of Analyzed Quintuple FP Isolator

Figure B-2 illustrates the model of the isolator used in program SAP2000 for simulating the
behavior of a single isolator under imposed gravity load W and lateral history of prescribed
displacement. A rigid massless bar was used to connect two identical isolators and impose motion
through a control point. Each of the two isolators in the model represented the analyzed isolator
carrying the load W. The model depicted in Figure B-2 is for the case of using the Triple FP
element of SAP2000. Table B-1a presents the effective properties of the analyzed isolator that

were used to calculate the properties of elements used in the computational model.
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384 inch

W

|

W
‘ Rigid Bar (weightless) ‘
Displacement-Controlling Point—

:T: Triple FP :T: 9.5inch
o= Double FP 9.5 inch

A

FIGURE B-2 Model of Quintuple FP Isolator for Analysis in Program SAP2000

The input parameters for each of the Triple FP and the Double FP elements in program SAP2000
utilized in the simulation are presented in Table B-1b. These parameters include the radii of
curvature, the friction coefficient values, and the displacement capacities (defined as stop distances
in SAP2000). It is noted that the “fast” and “slow” values of the coefficient of friction were
specified equal and the rate parameter in the SAP2000 elements was defined as zero (or an arbitrary
value) so that there is no velocity dependence of the coefficient of friction. Other parameters such
as element mass, effective stiffness and rotational moment of inertia did not have any noticeable
effect in the analysis results as long as they were selected to reasonably represent properties of the
isolator. The values for element mass and rotational moment of inertia were properly estimated
considering the isolator geometry. The effective stiffness in SAP2000 was selected to be half of
that of the isolator at a displacement equal to half of the isolator displacement capacity. This
stiffness was then assigned to the triple FP and double FP elements in a series. The vertical
stiffness was calculated as the stiffness of a column having the height of the isolator (19 inch) and
diameter equal to the diameter of part D of the isolator (18 inch) and distributed on the basis of the
details provided in the document of Sarlis and Constantinou (2010). The rotational and torsional

stiffness were specified to be zero.
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TABLE B-1a Effective Properties of Quintuple FP Isolator and Properties in Computational Model
in SAP2000 per Table 3-3 (Top Table Reports Properties of Isolator; Bottom Table Reports
Parameters of SAP2000 Model)

Sliding surface

Radius of curvature

Coefficient of friction

Displacement capacity

(in) (in)
Surface 1 Ry =230 1 =0.10 d, =13.53
Surface 2 Ry, =44 4, =0.06 d,; =5.28
Surface 3 Rtz =20 Uy =0.01 d; =1.875
Surface 4 Rea =20 u, =0.01 d; =1.875
Surface 5 Rs =44 s =0.03 d; =5.28
Surface 6 Ryre = 148 s =0.07 d; =13.28

Sliding surface

Radius of curvature

Coefficient of friction

Displacement capacity

(in) (in)
Lower surface R, = 44 i, =0.06 d,=7.868
E‘I;'T?elr:]tP Inner surfaces Ri20= 20 fo3 =001 d;, d,= 1875
Upper surface Ry, = 44 i, =0.03 d,=9.229
Double FP Upper surface Rys = 104 i, =0.07 d,=9.333
Element - -
Lower surface Ry = 186 s =0.10 d,=10.941
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TABLE B-1b Values of Parameters of Elements in Program SAP2000 in Case without Velocity-
Dependence of Friction per Table 3-3

Models Triple FP Double FP
. Inner Ynner
Sliding surface Lower Surfaces Upper Upper Surfaces Lower
Radius of s_,lldlng surface 44 20 44 104 0 186
(inch)
Friction coefficient
(FAST and SLOW) 0.03 0.01 0.06 0.07 1 0.10
Rate parameter (sec/in) 0 0 0 0 0 0
Stop distance (inch) 9.229 1.875 7.868 9.333 0 10.941
Supported weight (kip) 900 900 900 900 900 900
Yield displacement (inch) 0.01 0.01 0.01 0.01 0.01 0.01
Stiffness (elastic) (kip/in) 1350 450 2700 3150 23825 4500
Effective stiffness (kip/in) 5.6 5.6
Rotational _mqmentzof inertia 0.057 0
(Kip-in-sec?)
Element height (inch) 9.5 9.5
Shear deformation location
(in)-(distance from top joint of 4.75 4.75
FP element)
Element mass (Kip-s°/in) 0.001 0.001
Vertical stiffness (Kip/in) 323,667 485,500
Rotational / torsional stiffhess 0 fixed
(R1,R2,R3)

Yvalues of parameters specified for inner surfaces in Double FP element are artificial and intend to impede
motion at the inner sliding surfaces, specifically (a) zero for radius and stop distance and (b) unity for
friction.

2Value arbitrarily selected to be average of values for upper and lower parts. Very large values should not
be used as they result in convergence problems.
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B-2 Computational Model for the Isolator in Table 4-1

Figure B-3 presents a section of the tested isolator that shows the dimensional and frictional
parameters (friction values are for quasi-static conditions). This is the isolator with the properties

presented in Table 4-1 and with force-displacement loops shown in Figure 4-2.

A computational model of the tested isolator was also constructed based on the approach described
above. The properties for the tested isolator used in computational model are presented in Tables
B-2a (actual properties) and B-2b (input parameters for each of the Triple FP and Double FP

elements).

1 1ll
9-5"

3"
1 -5"

L

—__—“—‘_“—ﬁ\|;
\Dﬁ OOSS\;R :18",,1,1 =0.11
L_f_.-——"'fJ
A
\b \—R:8",y:0.085 R=18"4=0.12
R=2"1=0.015

FIGURE B-3 Geometrical and Frictional Properties of Tested Quintuple FP Isolator

3.8"
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TABLE B-2a Effective Properties of the Tested Isolator and Properties in Computational Model in
SAP2000 per Table 4-1 (Top Table Reports Properties of Isolator; Bottom Table Reports Parameters

of SAP2000 Model)

Sliding surface

Radius of curvature

Coefficient of friction

Displacement capacity

(in) (in)
Surface 1 Ry, = 16.6 w =012 d, =1.383
Surface 2 Ry, =6.8 1, =0.085 d;=1.105
Surface 3 Ryis =1.1 4, =0.015 d; =0.303
Surface 4 Ris =11 u, =0.015 d; =0.303
Surface 5 R.ss =6.8 s =0.035 d, = 1.105
Surface 6 Rere = 16.6 s =0.11 d, = 1.383

Sliding surface

Radius of curvature

Coefficient of friction

Displacement capacity

(in) (in)
Lower surface R, =6.8 i =0.085(0.11) d,=1.672
Triple FP ~ - -
Element | INer surfaces Ryro3=1.1 1,5, =0.015(0.04) d,, d,=0.303
Upper surface R,,=6.8 i1, =0.035(0.09) d,=1.672
Upper surface R;s=9.8 ji; =0.11(0.15) d,=0.816
Double FP
Element ~ ~ =
Lower surface Rys=9.8 £, =0.12(0.16) d,=0.816
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TABLE B-2b Values of Parameters of Elements in Program SAP2000 in Case without Velocity-
Dependence of Friction per Table 4-1 (Values in Parenthesis are for Case with Velocity-Dependence

of Friction)

Models

(R1,R2,R3)

Triple FP Double FP
.- Inner Inner
Sliding surface Lower Surfaces Upper Upper Surfaces Lower
Radius of s_Iiding surface 6.8 11 6.8 98 0 0.8
(inch)
Friction coefficient SLOW 0.085 0.015 0.035 0.11 1 0.12
Fricti fficient EAST 0.085 0.015 0.035 0.11 1 0.12
fiction cogthicien 011) | (0.04) | (0.09) | (0.15) 1) (0.16)
Rate parameter (sec/in) 0 0 0 0 0 0
P (3.0) (1.5) (3.0) (2.0) (0) (2.0)
Supported weight (kip) 20 20 20 20 20 20
Yield displacement (inch) 0.01 0.01 0.01 0.01 0.01 0.01
Stiffness (elastic) (kip/in) 110 40 90 150 155 160
Effective stiffness (kip/in) 1.25 1.25
Rotational moment of inertia 1.455x10* 0
(Kip-in-sec?)
Element height (inch) 1.95 1.95
Shear deformation location (in)-
(distance from top joint of FP 0.975 0.975
element)
Element mass (kip-s%/in) 0.0001 0.0001
Vertical stiffness (kip/in) 10,945 16,417
Rotational / torsional stiffness )
0 fixed
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"Seismic Testing of Installation Methods for Computers and Data Processing Equipment,” by K. Kosar, T.T.
Soong, K.L. Shen, J.A. HoLung and Y.K. Lin, 4/12/93, (PB93-198299, A07, MF-AQ2).

"Retrofit of Reinforced Concrete Frames Using Added Dampers,” by A. Reinhorn, M. Constantinou and C.
Li, not available.

"Seismic Behavior and Design Guidelines for Steel Frame Structures with Added Viscoelastic Dampers,"” by
K.C. Chang, M.L. Lai, T.T. Soong, D.S. Hao and Y.C. Yeh, 5/1/93, (PB94-141959, A07, MF-A02).

"Seismic Performance of Shear-Critical Reinforced Concrete Bridge Piers,” by J.B. Mander, S.M. Waheed,
M.T.A. Chaudhary and S.S. Chen, 5/12/93, (PB93-227494, A08, MF-A02).

"3D-BASIS-TABS: Computer Program for Nonlinear Dynamic Analysis of Three Dimensional Base Isolated
Structures,” by S. Nagarajaiah, C. Li, A.M. Reinhorn and M.C. Constantinou, 8/2/93, (PB94-141819, A09,
MF-A02).

"Effects of Hydrocarbon Spills from an Oil Pipeline Break on Ground Water," by O.J. Helweg and H.H.M.
Hwang, 8/3/93, (PB94-141942, A06, MF-A02).

"Simplified Procedures for Seismic Design of Nonstructural Components and Assessment of Current Code
Provisions," by M.P. Singh, L.E. Suarez, E.E. Matheu and G.O. Maldonado, 8/4/93, (PB94-141827, AQ9,
MF-A02).

"An Energy Approach to Seismic Analysis and Design of Secondary Systems,” by G. Chen and T.T. Soong,
8/6/93, (PB94-142767, A11, MF-A03).

78



NCEER-93-0015

NCEER-93-0016

NCEER-93-0017

NCEER-93-0018

NCEER-93-0019

NCEER-93-0020

NCEER-93-0021

NCEER-93-0022

NCEER-93-0023

NCEER-94-0001

NCEER-94-0002

NCEER-94-0003

NCEER-94-0004

NCEER-94-0005

NCEER-94-0006

NCEER-94-0007

NCEER-94-0008

NCEER-94-0009

"Proceedings from School Sites: Becoming Prepared for Earthquakes - Commemorating the Third
Anniversary of the Loma Prieta Earthquake,” Edited by F.E. Winslow and K.E.K. Ross, 8/16/93, (PB94-
154275, A16, MF-AQ2).

"Reconnaissance Report of Damage to Historic Monuments in Cairo, Egypt Following the October 12, 1992
Dahshur Earthquake," by D. Sykora, D. Look, G. Croci, E. Karaesmen and E. Karaesmen, 8/19/93, (PB94-
142221, A08, MF-AQ2).

"The Island of Guam Earthquake of August 8, 1993, by S.W. Swan and S.K. Harris, 9/30/93, (PB94-
141843, A04, MF-A01).

"Engineering Aspects of the October 12, 1992 Egyptian Earthquake,” by A.W. Elgamal, M. Amer, K.
Adalier and A. Abul-Fadl, 10/7/93, (PB94-141983, A05, MF-A01).

"Development of an Earthquake Motion Simulator and its Application in Dynamic Centrifuge Testing," by I.
Krstelj, Supervised by J.H. Prevost, 10/23/93, (PB94-181773, A-10, MF-A03).

"NCEER-Taisei Corporation Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and Analytical Study of a Friction Pendulum System (FPS)," by M.C. Constantinou, P.
Tsopelas, Y-S. Kim and S. Okamoto, 11/1/93, (PB94-142775, A08, MF-AQ2).

"Finite Element Modeling of Elastomeric Seismic Isolation Bearings," by L.J. Billings, Supervised by R.
Shepherd, 11/8/93, not available.

"Seismic Vulnerability of Equipment in Critical Facilities: Life-Safety and Operational Consequences,” by
K. Porter, G.S. Johnson, M.M. Zadeh, C. Scawthorn and S. Eder, 11/24/93, (PB94-181765, A16, MF-AQ03).

"Hokkaido Nansei-oki, Japan Earthquake of July 12, 1993, by P.I. Yanev and C.R. Scawthorn, 12/23/93,
(PB94-181500, A07, MF-AQ1).

"An Evaluation of Seismic Serviceability of Water Supply Networks with Application to the San Francisco
Auxiliary Water Supply System," by |. Markov, Supervised by M. Grigoriu and T. O'Rourke, 1/21/94,
(PB94-204013, A07, MF-A02).

"NCEER-Taisei Corporation Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and Analytical Study of Systems Consisting of Sliding Bearings, Rubber Restoring Force
Devices and Fluid Dampers," Volumes | and Il, by P. Tsopelas, S. Okamoto, M.C. Constantinou, D. Ozaki
and S. Fujii, 2/4/94, (PB94-181740, A09, MF-A02 and PB94-181757, A12, MF-A03).

"A Markov Model for Local and Global Damage Indices in Seismic Analysis,” by S. Rahman and M.
Grigoriu, 2/18/94, (PB94-206000, A12, MF-A03).

"Proceedings from the NCEER Workshop on Seismic Response of Masonry Infills," edited by D.P. Abrams,
3/1/94, (PB94-180783, A07, MF-A02).

"The Northridge, California Earthquake of January 17, 1994: General Reconnaissance Report," edited by
J.D. Goltz, 3/11/94, (PB94-193943, A10, MF-A03).

"Seismic Energy Based Fatigue Damage Analysis of Bridge Columns: Part | - Evaluation of Seismic
Capacity," by G.A. Chang and J.B. Mander, 3/14/94, (PB94-219185, A11, MF-A03).

"Seismic Isolation of Multi-Story Frame Structures Using Spherical Sliding Isolation Systems,” by T.M. Al-
Hussaini, V.A. Zayas and M.C. Constantinou, 3/17/94, (PB94-193745, A09, MF-A02).

"The Northridge, California Earthquake of January 17, 1994: Performance of Highway Bridges," edited by
I.G. Buckle, 3/24/94, (PB94-193851, A06, MF-AQ2).

"Proceedings of the Third U.S.-Japan Workshop on Earthquake Protective Systems for Bridges," edited by
I.G. Buckle and I. Friedland, 3/31/94, (PB94-195815, A99, MF-AQ6).

79



NCEER-94-0010

NCEER-94-0011

NCEER-94-0012

NCEER-94-0013

NCEER-94-0014

NCEER-94-0015

NCEER-94-0016

NCEER-94-0017

NCEER-94-0018

NCEER-94-0019

NCEER-94-0020

NCEER-94-0021

NCEER-94-0022

NCEER-94-0023

NCEER-94-0024

NCEER-94-0025

NCEER-94-0026

"3D-BASIS-ME: Computer Program for Nonlinear Dynamic Analysis of Seismically Isolated Single and
Multiple Structures and Liquid Storage Tanks," by P.C. Tsopelas, M.C. Constantinou and A.M. Reinhorn,
4/12/94, (PB94-204922, A09, MF-AQ2).

"The Northridge, California Earthquake of January 17, 1994: Performance of Gas Transmission Pipelines,"
by T.D. O'Rourke and M.C. Palmer, 5/16/94, (PB94-204989, A05, MF-AQ1).

"Feasibility Study of Replacement Procedures and Earthquake Performance Related to Gas Transmission
Pipelines,” by T.D. O'Rourke and M.C. Palmer, 5/25/94, (PB94-206638, A09, MF-A02).

"Seismic Energy Based Fatigue Damage Analysis of Bridge Columns: Part Il - Evaluation of Seismic
Demand," by G.A. Chang and J.B. Mander, 6/1/94, (PB95-18106, A08, MF-AQ2).

"NCEER-Taisei Corporation Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and Analytical Study of a System Consisting of Sliding Bearings and Fluid Restoring
Force/Damping Devices," by P. Tsopelas and M.C. Constantinou, 6/13/94, (PB94-219144, A10, MF-A03).

"Generation of Hazard-Consistent Fragility Curves for Seismic Loss Estimation Studies,” by H. Hwang and
J-R. Huo, 6/14/94, (PB95-181996, A09, MF-A02).

"Seismic Study of Building Frames with Added Energy-Absorbing Devices," by W.S. Pong, C.S. Tsai and
G.C. Lee, 6/20/94, (PB94-219136, A10, A03).

"Sliding Mode Control for Seismic-Excited Linear and Nonlinear Civil Engineering Structures,” by J. Yang,
J. Wu, A. Agrawal and Z. Li, 6/21/94, (PB95-138483, A06, MF-AQ2).

"3D-BASIS-TABS Version 2.0: Computer Program for Nonlinear Dynamic Analysis of Three Dimensional
Base Isolated Structures,” by A.M. Reinhorn, S. Nagarajaiah, M.C. Constantinou, P. Tsopelas and R. Li,
6/22/94, (PB95-182176, A08, MF-A02).

"Proceedings of the International Workshop on Civil Infrastructure Systems: Application of Intelligent
Systems and Advanced Materials on Bridge Systems," Edited by G.C. Lee and K.C. Chang, 7/18/94, (PB95-
252474, A20, MF-A04).

"Study of Seismic Isolation Systems for Computer Floors," by V. Lambrou and M.C. Constantinou, 7/19/94,
(PB95-138533, A10, MF-A03).

"Proceedings of the U.S.-Italian Workshop on Guidelines for Seismic Evaluation and Rehabilitation of
Unreinforced Masonry Buildings," Edited by D.P. Abrams and G.M. Calvi, 7/20/94, (PB95-138749, Al3,
MF-A03).

"NCEER-Taisei Corporation Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and Analytical Study of a System Consisting of Lubricated PTFE Sliding Bearings and Mild
Steel Dampers," by P. Tsopelas and M.C. Constantinou, 7/22/94, (PB95-182184, A08, MF-AQ2).

“Development of Reliability-Based Design Criteria for Buildings Under Seismic Load,” by Y.K. Wen, H.
Hwang and M. Shinozuka, 8/1/94, (PB95-211934, A08, MF-AQ2).

“Experimental Verification of Acceleration Feedback Control Strategies for an Active Tendon System,” by
S.J. Dyke, B.F. Spencer, Jr., P. Quast, M.K. Sain, D.C. Kaspari, Jr. and T.T. Soong, 8/29/94, (PB95-212320,
A05, MF-AQ1).

“Seismic Retrofitting Manual for Highway Bridges,” Edited by I.G. Buckle and I.F. Friedland, published by
the Federal Highway Administration (PB95-212676, A15, MF-A03).

“Proceedings from the Fifth U.S.-Japan Workshop on Earthquake Resistant Design of Lifeline Facilities and

Countermeasures Against Soil Liquefaction,” Edited by T.D. O’Rourke and M. Hamada, 11/7/94, (PB95-
220802, A99, MF-E08).

80



NCEER-95-0001

NCEER-95-0002

NCEER-95-0003

NCEER-95-0004

NCEER-95-0005

NCEER-95-0006

NCEER-95-0007

NCEER-95-0008

NCEER-95-0009

NCEER-95-0010

NCEER-95-0011

NCEER-95-0012

NCEER-95-0013

NCEER-95-0014

NCEER-95-0015

NCEER-95-0016

NCEER-95-0017

NCEER-95-0018

NCEER-95-0019

“Experimental and Analytical Investigation of Seismic Retrofit of Structures with Supplemental Damping:
Part 1 - Fluid Viscous Damping Devices,” by A.M. Reinhorn, C. Li and M.C. Constantinou, 1/3/95, (PB95-
266599, A09, MF-A02).

“Experimental and Analytical Study of Low-Cycle Fatigue Behavior of Semi-Rigid Top-And-Seat Angle
Connections,” by G. Pekcan, J.B. Mander and S.S. Chen, 1/5/95, (PB95-220042, A07, MF-A02).

“NCEER-ATC Joint Study on Fragility of Buildings,” by T. Anagnos, C. Rojahn and A.S. Kiremidjian,
1/20/95, (PB95-220026, A06, MF-A02).

“Nonlinear Control Algorithms for Peak Response Reduction,” by Z. Wu, T.T. Soong, V. Gattulli and R.C.
Lin, 2/16/95, (PB95-220349, A05, MF-A01).

“Pipeline Replacement Feasibility Study: A Methodology for Minimizing Seismic and Corrosion Risks to
Underground Natural Gas Pipelines,” by R.T. Eguchi, H.A. Seligson and D.G. Honegger, 3/2/95, (PB95-
252326, A06, MF-A02).

“Evaluation of Seismic Performance of an 11-Story Frame Building During the 1994 Northridge
Earthquake,” by F. Naeim, R. DiSulio, K. Benuska, A. Reinhorn and C. Li, not available.

“Prioritization of Bridges for Seismic Retrofitting,” by N. Baséz and A.S. Kiremidjian, 4/24/95, (PB95-
252300, A08, MF-A02).

“Method for Developing Motion Damage Relationships for Reinforced Concrete Frames,” by A. Singhal and
A.S. Kiremidjian, 5/11/95, (PB95-266607, A06, MF-A02).

“Experimental and Analytical Investigation of Seismic Retrofit of Structures with Supplemental Damping:
Part Il - Friction Devices,” by C. Li and A.M. Reinhorn, 7/6/95, (PB96-128087, A11, MF-A03).

“Experimental Performance and Analytical Study of a Non-Ductile Reinforced Concrete Frame Structure
Retrofitted with Elastomeric Spring Dampers,” by G. Pekcan, J.B. Mander and S.S. Chen, 7/14/95, (PB96-
137161, A08, MF-AQ2).

“Development and Experimental Study of Semi-Active Fluid Damping Devices for Seismic Protection of
Structures,” by M.D. Symans and M.C. Constantinou, 8/3/95, (PB96-136940, A23, MF-A04).

“Real-Time Structural Parameter Modification (RSPM): Development of Innervated Structures,” by Z.
Liang, M. Tong and G.C. Lee, 4/11/95, (PB96-137153, A06, MF-A01).

“Experimental and Analytical Investigation of Seismic Retrofit of Structures with Supplemental Damping:
Part I11 - Viscous Damping Walls,” by A.M. Reinhorn and C. Li, 10/1/95, (PB96-176409, A11, MF-AQ3).

“Seismic Fragility Analysis of Equipment and Structures in a Memphis Electric Substation,” by J-R. Huo and
H.H.M. Hwang, 8/10/95, (PB96-128087, A09, MF-A02).

“The Hanshin-Awaji Earthquake of January 17, 1995: Performance of Lifelines,” Edited by M. Shinozuka,
11/3/95, (PB96-176383, A15, MF-A03).

“Highway Culvert Performance During Earthquakes,” by T.L. Youd and C.J. Beckman, available as
NCEER-96-0015.

“The Hanshin-Awaji Earthquake of January 17, 1995: Performance of Highway Bridges,” Edited by I.G.
Buckle, 12/1/95, not available.

“Modeling of Masonry Infill Panels for Structural Analysis,” by A.M. Reinhorn, A. Madan, R.E. Valles, Y.
Reichmann and J.B. Mander, 12/8/95, (PB97-110886, MF-A01, A06).

“Optimal Polynomial Control for Linear and Nonlinear Structures,” by A.K. Agrawal and J.N. Yang,
12/11/95, (PB96-168737, A07, MF-A02).

81



NCEER-95-0020

NCEER-95-0021

NCEER-95-0022

NCEER-96-0001

NCEER-96-0002

NCEER-96-0003

NCEER-96-0004

NCEER-96-0005

NCEER-96-0006

NCEER-96-0007

NCEER-96-0008

NCEER-96-0009

NCEER-96-0010

NCEER-96-0011

NCEER-96-0012

NCEER-96-0013

NCEER-96-0014

NCEER-96-0015

NCEER-97-0001

NCEER-97-0002

“Retrofit of Non-Ductile Reinforced Concrete Frames Using Friction Dampers,” by R.S. Rao, P. Gergely and
R.N. White, 12/22/95, (PB97-133508, A10, MF-A02).

“Parametric Results for Seismic Response of Pile-Supported Bridge Bents,” by G. Mylonakis, A. Nikolaou
and G. Gazetas, 12/22/95, (PB97-100242, A12, MF-A03).

“Kinematic Bending Moments in Seismically Stressed Piles,” by A. Nikolaou, G. Mylonakis and G. Gazetas,
12/23/95, (PB97-113914, MF-A03, A13).

“Dynamic Response of Unreinforced Masonry Buildings with Flexible Diaphragms,” by A.C. Costley and
D.P. Abrams,” 10/10/96, (PB97-133573, MF-A03, A15).

“State of the Art Review: Foundations and Retaining Structures,” by 1. Po Lam, not available.

“Ductility of Rectangular Reinforced Concrete Bridge Columns with Moderate Confinement,” by N. Wehbe,
M. Saiidi, D. Sanders and B. Douglas, 11/7/96, (PB97-133557, A06, MF-A02).

“Proceedings of the Long-Span Bridge Seismic Research Workshop,” edited by 1.G. Buckle and .M.
Friedland, not available.

“Establish Representative Pier Types for Comprehensive Study: Eastern United States,” by J. Kulicki and Z.
Prucz, 5/28/96, (PB98-119217, A07, MF-A02).

“Establish Representative Pier Types for Comprehensive Study: Western United States,” by R. Imbsen, R.A.
Schamber and T.A. Osterkamp, 5/28/96, (PB98-118607, A07, MF-AQ2).

“Nonlinear Control Techniques for Dynamical Systems with Uncertain Parameters,” by R.G. Ghanem and
M.I. Bujakov, 5/27/96, (PB97-100259, A17, MF-A03).

“Seismic Evaluation of a 30-Year Old Non-Ductile Highway Bridge Pier and Its Retrofit,” by J.B. Mander,
B. Mahmoodzadegan, S. Bhadra and S.S. Chen, 5/31/96, (PB97-110902, MF-A03, A10).

“Seismic Performance of a Model Reinforced Concrete Bridge Pier Before and After Retrofit,” by J.B.
Mander, J.H. Kim and C.A. Ligozio, 5/31/96, (PB97-110910, MF-A02, A10).

“IDARC2D Version 4.0: A Computer Program for the Inelastic Damage Analysis of Buildings,” by R.E.
Valles, A.M. Reinhorn, S.K. Kunnath, C. Li and A. Madan, 6/3/96, (PB97-100234, A17, MF-AQ3).

“Estimation of the Economic Impact of Multiple Lifeline Disruption: Memphis Light, Gas and Water
Division Case Study,” by S.E. Chang, H.A. Seligson and R.T. Eguchi, 8/16/96, (PB97-133490, All, MF-
A03).

“Proceedings from the Sixth Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities and
Countermeasures Against Soil Liquefaction, Edited by M. Hamada and T. O’Rourke, 9/11/96, (PB97-
133581, A99, MF-AQ6).

“Chemical Hazards, Mitigation and Preparedness in Areas of High Seismic Risk: A Methodology for
Estimating the Risk of Post-Earthquake Hazardous Materials Release,” by H.A. Seligson, R.T. Eguchi, K.J.
Tierney and K. Richmond, 11/7/96, (PB97-133565, MF-A02, A08).

“Response of Steel Bridge Bearings to Reversed Cyclic Loading,” by J.B. Mander, D-K. Kim, S.S. Chen and
G.J. Premus, 11/13/96, (PB97-140735, A12, MF-A03).

“Highway Culvert Performance During Past Earthquakes,” by T.L. Youd and C.J. Beckman, 11/25/96,
(PB97-133532, A06, MF-AQ1).

“Evaluation, Prevention and Mitigation of Pounding Effects in Building Structures,” by R.E. Valles and
A.M. Reinhorn, 2/20/97, (PB97-159552, A14, MF-A03).

“Seismic Design Criteria for Bridges and Other Highway Structures,” by C. Rojahn, R. Mayes, D.G.
Anderson, J. Clark, J.H. Hom, R.V. Nutt and M.J. O’Rourke, 4/30/97, (PB97-194658, A06, MF-AQ3).

82



NCEER-97-0003

NCEER-97-0004

NCEER-97-0005

NCEER-97-0006

NCEER-97-0007

NCEER-97-0008

NCEER-97-0009

NCEER-97-0010

NCEER-97-0011

NCEER-97-0012

NCEER-97-0013

NCEER-97-0014

NCEER-97-0015

NCEER-97-0016

NCEER-97-0017

NCEER-97-0018

NCEER-97-0019

NCEER-97-0020

NCEER-97-0021

“Proceedings of the U.S.-1talian Workshop on Seismic Evaluation and Retrofit,” Edited by D.P. Abrams and
G.M. Calvi, 3/19/97, (PB97-194666, A13, MF-A03).

"Investigation of Seismic Response of Buildings with Linear and Nonlinear Fluid Viscous Dampers,” by
A.A. Seleemah and M.C. Constantinou, 5/21/97, (PB98-109002, A15, MF-AQ03).

"Proceedings of the Workshop on Earthquake Engineering Frontiers in Transportation Facilities,” edited by
G.C. Lee and I.M. Friedland, 8/29/97, (PB98-128911, A25, MR-A04).

"Cumulative Seismic Damage of Reinforced Concrete Bridge Piers,” by S.K. Kunnath, A. El-Bahy, A.
Taylor and W. Stone, 9/2/97, (PB98-108814, Al11l, MF-A03).

"Structural Details to Accommodate Seismic Movements of Highway Bridges and Retaining Walls," by R.A.
Imbsen, R.A. Schamber, E. Thorkildsen, A. Kartoum, B.T. Martin, T.N. Rosser and J.M. Kulicki, 9/3/97,
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