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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national center of
excellence in advanced technology applications that is dedicated to the reduction of earthquake losses
nationwide. Headquartered at the University at Buffalo, State University of New York, the Center
was originally established by the National Science Foundation in 1986, as the National Center for
Earthquake Engineering Research (NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions throughout the
United States, the Center’s mission is to reduce earthquake losses through research and the
application of advanced technologies that improve engineering, pre-earthquake planning and post-
earthquake recovery strategies. Toward this end, the Center coordinates a nationwide program of
multidisciplinary team research, education and outreach activities.

MCEER’s research is conducted under the sponsorship of two major federal agencies: the National
Science Foundation (NSF) and the Federal Highway Administration (FHWA), and the State of New
York. Significant support is derived from the Federal Emergency Management Agency (FEMA),
other state governments, academic institutions, foreign governments and private industry.

The Center’s NSF-sponsored research is focused around four major thrusts, as shown in the figure

below:

* quantifying building and lifeline performance in future earthquake through the estimation of
expected losses;

* developing cost-effective, performance based, rehabilitation technologies for critical facilities;

* improving response and recovery through strategic planning and crisis management;

» establishing two user networks, one in experimental facilities and computing environments and
the other in computational and analytical resources.

1. Performance Assessment of the Built Environment

- using

Loss Estimation Methodologies

Il. Rehabilitation of Critical Facilities
® Facilities Network - using
® Computational Network Advance Technologies

} }

lll. Response and Recovery
= using

Advance Technologies

V. User Network
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For several years now, MCEER has supported research associated with developing nonlinear time
history modeling strategies for structural systems. An important element of these codes is for the user
to have an appreciation of the strengths and weaknesses, pitfalls, advantages and disadvantages of
the various types of hysteretic models employed. In the past, users of various nonlinear time history
analysis programs have needed to be very adept in assigning values for the various parameters that
control hysteretic rules, as little documentation was available. More recently, there has been an
increased awareness and the use of nonlinear time history analysis programs in professional
engineering practice. Instead of developing better programs, there is a need to operate existing
programs in a smarter fashion. Therefore, the purpose of this report is: (1) to provide a theoretical
basis for a range of rule-based piecewise linear hysteretic models (in Section 2), as well as
differential equation-based smooth hysteric models (in Section 3); and (2) to provide a sound and
formal reasoning for the basis of the above-mentioned models that are founded on the fundamentals
of mechanics and the interrelationship between these various types of models (in Section 4). This
research fits in with two of MCEER's missions: outredach to the professional user community; and

to extend the fundamental knowledge base to enable a high level of computational simulation to be
conducted.
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ABSTRACT

Two versatile hysteretic models for inelastic behavior of macro-models of
structural components— a polygonal model and a smooth model - have been developed.
These models have the capability of simulating deteriorating behavior of strength,
stiffness and bond slip. The theoretical background, the development and the
implementation of these models are presented. The report attempts to show a holistic
picture of the modeling of one-dimensional inelastic material behavior and indicates how
various hysteretic models fit into this framework. Tt is shown that the models developed
herein are obtained from the basic principles of mechanics and thermodynamics through
numerous assumptions, which lead to certain approximations. Finally, the incorporation
of the hysteretic models into two computer platforms for nonlinear analysis — IDARC2D

and NSPECTRA — is described.
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SECTION 1
INTRODUCTION

Hysteresis is a highly nonlinear phenomenon occurring in many fields involving
systems that possess memory, including inelasticity, electricity, magnetism etc.
Structures when subjected to dynamic loading under strong earthquake excitation usually
exhibit hysteretic behavior. Different structural members and connections are deliberately
designedl and detailed to dissipate energy by hysteresis to increase the margin of safety
against seismic collapse (Mazzolani and Piluso, 1996, Priestley and Calvi, 1996, Bruneau
et al, 1998). Often, special energy dissipating devices are introduced into structural
systems for this purpose (Caspe and Reinhorn, 1986, Soong and Dargush, 1997). The
dissipation of energy may be due to inelastic material behavior, interface friction, etc.
However, under repeated cyclic deformation, there is invariably deterioration in the
characteristics of such hysteretic loops. Such deterioration must be taken into account in

the modeling and design of seismic-resistant structural systems.

The structural engineering community is moving towards fragility analysis and
performance-based approaches for more rational seismic-resistant structural design. The
underlying assﬁmption of such methods is that the level of damage suffered by a structure
due to a given seismic event can be quantitatively predicted. Therefore, more knowledge
about structural behavior beyond the onset of damage is needed to bring such methods to
maturity. Analyses must be conducted to correlate and quantify the stages of damage with
respect to the level of ground shaking and to evaluate the effectiveness of innovative

structural devices and retrofit measures. The basic requirement of such analyses is the



availability of accurate constitutive models capable of representing deteriorating

structural behavior and their implementation in computer programs to perform nonlinear

structural analysis.

Several such hysteretic models have been developed. These can be broadly
classified into two types — Polygonal Hysteretic Models (PHM) and Smooth Hysteretic
Models (SHM). Examples of the first kind are Clough’s model (Clough, 1966), Takeda’s
model (Takeda et al, 1970) and the Three-parameter Park model (Park et al, 1987). The
Wen-Bouc model (Bouc, 1967 and Wen, 1976) and Ozdemir’s model (Ozdemir, 1976),
on the other hand are examples of the latter kind. Thyagarajan (1989} discusses a discrete
element model (DEM) for hysteretic behavior based on the concept proposed by Iwan
(1966). This is a polygonal model that becomes smooth in the limit of infinite elements.
Many of these models that are in popular use have been developed independent of each
other based on different behavioral, physical or mathematical motivations. However,
closer examination would show that they share several features and stem from a common
theoretical base. One of the aspects of this work is to establish this common basis. Such
an understanding is important in developing new models and in recognizing physical

limitations of many existing models.

The objectives of the work reported here are:

(a) To develop two versatile hysteretic models — PHM and SHM - with stiffness and

strength deterioration and pinching characteristics.



(b) To present a holistic picture of the modeling of one-dimensional inelastic material
behavior and justify the use of such models to represent the relationships between
stress-resultants and strains.

(¢} To discuss various numerical solution schemes for nonlinear problems involving the
hysteretic models developed and to demonstrate the implementation of the models in

two computational platforms — IDARC2D and NSPECTRA.

The development of the Polygonal Hysteretic Model is presented in Section 2. Section 3
discusses the Smooth Hysteretic Model. The theoretical concerns of objective (b) are
explained in Section 4. The implementation of the two hysteretic models in computer
platforms is shown in Section 5. Section 6 summarizes the work reported and presents

some important conclusions.

The hysteretic models presented here were developed in the context of moment-
curvature relationships of beam-columns. Therefore Sections 2 and 3 refer to the stress
variable as “Moment” () and the strain variable as “Curvature” (¢ ). However, these can
be replaced by any other work-conjugate pair, according to the application under

consideration.






SECTION 2
THE POLYGONAL HYSTERETIC MODEL (PHM)

Polygonal Hysteretic Models (PHM) refers to hysteretic models with piecewise
linear behavior. They are also referred to as multi-linear models. The PHM may be
embodied in the bilinear model, double bilinear model, origin-oriented model, peak-
oriented model, slip model, etc. Such models are most often motivated by actual
behavioral stages of an element or structure, such as, initial or elastic, cracking, yielding,
stiffness and strength degrading stages, crack and gap closures, etc. The model
parameteré can represent and therefore can be explicitly assigned to actual physical
quantities. These models are therefore governed by rules that fix distinct points and
dictate the transitions between various stages or branches that occur during the response.
It is however shown in Section 4, that such models conform to the general framework of
inelastic material behavior and that under certain circumstances, they can be represented

by a set of nonlinear differential equations involving internal variables.

Several PHM’s have been developed, each to represent a specific type of behavior
(Clough, 1966, Fukada, 1969, Takeda, 1970, Aoyama, 1971, Muto et al, 1973, Tani and
Nomura, 1973, Atalay and Penzien, 1975, Kustu and Bouwkamp, 1975, Takayanagi,
1977, Nakata et al, 1978). Park et al (1987) present a comparative study of the features of
these models. The PHM presented in this study is an extension of the Three-parameter
Park Model (Park et al, 1987). A general framework of points and branches is developed
which can represent any of the aforementioned PHM’s as a special case and includes

various forms of degradation. This framework along with the degradation rules is

5 Preceding Page Blank



discussed in the following paragraphs. The reformulation of the polygonal model was
done such that the model is controlled by backbone curves specified by the material or
structural properties. Furthermore, the cyclic behavior is represented by points and

branches which are functions of the backbone parameters and the current instantaneous
forces and deformations. The behavior along a branch and the changes of branches follow

a logic tree.

2.1 Backbone Curves and Types of Cyclic Behavior

The PHM has been implemented with two types of backbone curves — Bilinear
and Trilinear which accommodate cracking models in addition to yielding (Fig. 2.1).
With trilinear backbone curve, the model can be used to establish two types of cyclic
behavior — Yield-oriented with slip and Vertex-oriented (Fig. 2.2). In Fig. 2.4, points
corresponding to bilinear behavior are denoted by primed numbers, and those of vertex-
oriented behavior by double-primed numbers. The yield-oriented model with slip is the
default and is denoted by unprimed points. The model is formulated in such a way that all

of the above type of behavior has the same branch transition rules.

2.2  “Points” and “Branches”

The state of the entity, whose hysteresis is being modeled, is completely defined by a set
of database variables. These database variables are listed Table A.2. It will be seen in
Section 4 that these are nothing but infernal variables. A number of control points on the
hysteresis loop are completely defined by these database variables. If the values of these

variables are known apriori, coordinates of the control points can be calcutated using



functions shown in Table A.3. Lines between these points are called branches and
represent the path along the hysteresis loop. Each branch leads to a set of other branches
as shown in Table A.4. The end points of the branches are listed in Table A.5. The
transitions between branches are governed by a set of rules (logic tree) as shown in Table
A.6. The model discussed in this section uses 21 control points and 25 branches as shown
in Fig. 2.4. Consider for example, unloading from branch 10, as shown in Fig. 2.3 (a).
The rules of Table A.4 and Table A.6 that govern this transition are summarized in Fig.

2.3 (b) and (c).

2.3 Operation of the Model - Force Vs. Displacement Control

(Moment/Curvature Controlled)

The PHM can be driven in three ways:

I. Force conirolled — An incremental force is applied and the model responds by

achieving that force increment and the corresponding displacement increment.

2. Quasi-force controlled — An incremental force is given; however, the corresponding

displacement increment is calculated using the stiffness of the current branch. This
displacement is applied to the model and it responds by achieving this displacement
increment and returning the difference between the target force and the achieved
force (capacity force). This method of driving the model is used while integrating by
the method of one-step correction.

3. Displacement controlled — An incremental displacement is applied and the model

responds by achieving that displacement increment and the corresponding force

increment.



8 R & R
| ¢ ¢
. R j i Mcr-
(a) Bilinear Backbone (b) Trilinear Backbone
Fig. 2.1 Backbone Curves
/
(a) Yield-oriented (b) Vertex-oriented
Fig. 2.2 Types of Cyclic Behavior
A
Branch 14

Brang:h 14

Start Point=9

Exit Poini=21

=

B'ranch 10

_Ai Branch 10 End Point=11
(a) Unloading from Branch 10 (b) Rules of Transition (c) Details of Transition

Fig. 2.3 Illustration of Branch Transition
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Fig. 2.4 Points and Branches of the PHM



2.4 Degradation

The modeling of stiffness and strength degradation, and pinching are discussed

below.

2.4.1 Stiffness Degradation

Stiffness degradation occurs due to geometric effects. The elastic stiffness
degrades with increasing ductility. It has been found that the phenomenon of stiffness
degradation can be accurately modeled by the pivot rule (Park et al, 1987). According to
this rule, the load-reversal branches are assumed to target a pivot point on the elastic
branch at a distance of aM, on the opposite side, where o is the stiffness degradation
parameter. This is shown in Fig. 2.5. From the geometry in Fig. 2.5, it can be found that

the stiffness degradation factor is given by,

R} = 2 (2.1)

where M., = current moment, @.,, = current curvature, K, = initial elastic stiffness, o =
stiffness degradation parameter, M, = M ; if (M, o) 1s on the right side of the elastic

branch and My = My if (Mep. @) 18 on the left side of the elastic branch. The current

elastic stiffness is given by,

K., =RgK, (2.2)
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2.4.2 Strength Degradation

Strength degradation is modeled by reducing the capacity in the backbone curve
as shown schematically in Fig. 2.6. It will be seen in Sections 3 and 4, that this is
equivalent to specifying an evolution equation for the yield moment. The strength

degradation rule is given by,

I

+-\p

A

M= ph| 1 - | S | {1—wﬁ2 —H} (2.3)
1=y Hy,

U

where M ;/ ~ = positive or negative yield moment, A/ ;é‘ = initial positive or negative

yield moment, ¢$;; = maximum positive or negative curvature, ¢, /= = positive or

negative ultimate curvature, 2 = hysteretic energy dissipated, 4,, = hysteretic energy
dissipated when loaded monotonically to the ultimate curvature without any degradation,
£ = ductility-based strength degradation parameter and /> = energy-based strength

degradation parameter.

The second term on the right-hand side of equation (2.3) represents strength
degradation due to increased deformation and the third term represents strength
degradation due to hysteretic energy dissipated. The increment of the hysteretic energy is

given by,

AH=[M+(M+AM)MA¢_ AM J 2.4)
2 Ry K,
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Slope = Rk Ky

|

Fig. 2.5 Modeling of Stiffness Degradation for Positive Excursion.

(for negative excursion the “+” sign changes accordingly)

12



L
-
——
-
-
s

M e =JaKo. .-~ -
T
My() r // ———— === CIKO —————— -
AMy é—_t/ | L=aKy .-~
/‘l/ ----
Ko Ad !

Fig. 2.6 Schematic Representation of Strength Degradation in the PHM

by

Fig. 2.7 Modeling of Slip
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2.4.3 Pinching or Slip

Slip or pinching occurs as a result of crack closure, bolt slip, etc. Slip is modeled

by defining the target point for the loading branch to be the crack closing point. The force

level corresponding to this point is a {raction of the yield moment given by Fy = yF, and

the deformation level is obtained as a weighted average of the yield and ultimate

deformations as shown in Fig. 2.7. v is the slip parameter.

2.5 Algorithm and Implementation

The PHM is implemented using a number of subroutines. These subroutines and
their functions are listed in Table A.1. The algorithms of these subroutines are shown in

Fig. 2.8 - Fig. 2.11

14
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and Database
Variables from MAIN

‘

HYSCONTROL

'

CONTROL1
Change to Load reversal Branch
if there is a load reversal

‘

CONTROQOL2
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Update Hysteretic Energy each time.

v

CONTROL3
*  Determine target point
*  Degrade Strength if necessary
+  Update Database Variables

‘

Find Stiffness of
Current Branch
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Fig. 2.8 Overall Flow of PHM Module

l
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2.6 Examples

Examples of various types of hysteretic behavior modeled by the PHM are shown

in Fig. 2.12.
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(f) Pinching

(e) Strength Degradation

B1=05

(d) Stiffness Degradation

(y=0.5)

B2 = 0.3, = 10)

k4

(a=2)

Fig. 2.12 Examples of Hysteretic behavior modeled by the PHM



SECTION 3
THE SMOOTH HYSTERETIC MODEL (SHM)

The smooth model discussed here is a variation of the model originally proposed
by Bouc (1967) and modified by several others (Wen, 1976, Baber and Noori, 1985,

Casciati, 1989, Capecchi, 1991, Reinhorn et al, 1995, Madan et al, 1997). The derivation
of this model from the theory of viscoplasticity and its resemblance with the endochronic

constitutive theory are discussed in Section 4.

3.1 Plain Hysteretic Behavior without Degradation

Plain hysteretic behavior with post yielding hardening is médeled using two
springs as shown in Fig. 3.1. When a moment is applied to the combination of springs,
the two springs undergo the same deformation. However, springs share the applied
moment in proportion to their instantaneous stiffnesses. The portion of the applied

moment shared by the hysteretic spring is denoted by M.
3.1.1 Spring 1: Post-yield Spring
This is a linear elastic spring with the post-yielding stiffness of

K =ak, (3.1)

posi—yield

where K = initial stiffness (clastic) and @ = post-yielding to initial stiffness ratio.

21



Spring 1: Post-yielding Spring
I M-M",¢
Spring 2: Hysteretic Spring M,
<>
M,
(la)Ks
M
M,

Fig. 3.1 Two-spring Model for Non-degrading Hysteretic Behavior
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3.1.2 Spring 2: Hysteretic Spring

This is a pure elasto-plastic spring with a smooth transition from the elastic to the
inelastic range. All degradation phenomena occur in this spring as will be described later

in this section. The stiffness of this spring, when it is non-degrading is given by

N
by senlv* ¢+ 15 (32)

*

Khysteretic =(1 o a)KO 1-

Y

where N = parameter controlling the smoothness of the transition from elastic to inelastic

range, 7; =17, a parameter controlling the shape of the unloading curve, 7, =1-17,

*

M
¢0’¢ (

W— LM = portion of the appliecd moment shared by the hysteretic spring,

M ; =(1—a)M ,» the yield moment of the hysteretic spring and, sgn = the signum
function. 7 + 17, =1 for the model to be compatible with plasticity. This is discussed in

Section 4.

Asymmetry can be introduced into the model by defining

N [L’Eﬁ@} M-} (3.3)

where M ; and M, are the positive and negative yield moments respectively. The

combined stiffness is given by,

23



K= Kpost—yield + Khysteretic 34

The SHM can now be reperesented as,

M=K¢ (3.5)
3.2 Degradation

The stiffness and strength degradation rules for the SHM are the same as those for

the PHM. They are however modified to fit the formulation of the SHM.

3.2.1 Stiffness Degradation

As mentioned earlier, stiffness degradation occurs only in the hysteretic spring.

Thus the pivot rule is applied only to the hysteretic spring and the resulting hysteretic

stiffness is given by,

N

M1 T sgnlv® g)e | (3.6)

*
*

Khysterett‘c = (RK - a)KO 1-

where R, = stiffness degradation factor given by equation (2.1).

3.2.2 Strength Degradation

The differential equations governing strength degradation in the SHM can be

obtained by differentiating equation (2.3).
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L J
Writing equation (2.4) in the form of a differential equation, we have
H - M ¢ _ M _ M¢ 1— (Kposr~yz'eld + R Khysterettc) (37b)
Ry Ky Ri Ky

The evolution equations for the maximum positive and negative curvatures can be written

as

B = BULp — 820 1 (B) (3.70)

brax = U e ~ 9 )1 = U(4)) (3.7d)

where Ufx) is the heaviside step function. The differential equations (3.7a-d) govern
strength degradation in the SHM. The solution of these equations will be discussed in

Section 3.4.

3.2.3 Pinching or Slip

To model this effect, an additional spring called the slip-lock spring (Baber and

Noori, 1985, Reinhorn et al, 1995) is added in series to the hysteretic spring. The
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resulting combination is shown in Fig. 3.2. The stiffness of the slip-lock spring can be

written as,

N
2 5 1|M -M
K tip—rock = \/; e OXp| | (3.8)

where § = slip length = R S(¢,;ax = @ max ), M :, =oM ; , a measure of the moment range

over which slip occurs, A/ "= AM ; , the mean moment level on either side about which

slip occurs, R,, o and A are parameters of the model and @, and ¢, are the

maximum curvatures reached on the positive and negative sides respectively during the

=3
. : N 1
response. It is chosen to be a Gaussian type distribution so that, | ———dM ==, the
_ep Trslip—lock

slip length. Any other convenient distribution fulfilling this condition could be chosen for

the slip-lock flexibility.

The stiffness of the combined system is given by

K=K K HystereticKslzp—lock
= ** post- yield + K

3.9
slip—lock + KHysteretic
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Spring 1: Post-yielding Spring

7

" aKao

7:://5 B — M_M*,(b
Spring 3; Slip-Lock Spring  Spring 2: Hysteretic Spring Mo
!
—~ M

Fig. 3.2 Three-spring Model for Hysteretic Behavior with Slip
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3.3 Gap Closing Behavior

Often, hysteretic elements exhibit stiffening under higher deformations. This

happens for example in metallic dampers (Soong and Dargush, 1997) when axial
behavior begins to predominate bending behavior and in bridge isolators (Reichman and
Reinhorn, 1995, Priestley and Calvi, 1996) due to closing of the expansion gaps. Such
behavior can be modeled by introducing an additional gap-closing spring in parallel as

shown in Fig. 3.3. The moment in this spring and the stiffness of this spring are given by,
* N o1
M= KKON.EHP Q¢] - ¢gap ) o U0¢’ - ¢gap ) (3-103)

Kgap—clo sing = KKONgap 0¢| - ¢gap )Ngap_l U(Wt - ¢gap) (310b)

where M** = moment in the gap-closing spring, Kgap-ciosing = Stiffness of the gap-closing
spring, e, = gap-closing curvature, U = heaviside step function and x and Ng,, are

parameters.
3.4 Solution of the SHM

There are two possible approaches to solving the equations governing the SHM -
(i) The conventional incremental approach and (ii) the State-Space Approach (SSA)
(Simeonov et al, 1999). Equations (3.5) and (3.7) can be used directly in the latter
solution approach. However, only the former approach will be discussed here. For this
purpose, equations (3.5) and (3.7) have to be written in time-independent form. Also,

since the post-yielding and gap-closing springs are algebraic, only the hysteretic and slip-
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Spring 1: Post-yielding Spring

Spring 4: Gap-Closing Spring

e K *
L. »
Spring 3: Slip-Lock Spring  Spring 2: Hysteretic Spring
I | -l
]F S /i /’ (l_a)KO If" M' M,(i)
. 4 <>
My*'

“theap +ieap

Fig. 3.3 Gap-Closing Spring in Parallel
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lock springs are solved and the results added. This results in the following time-

independent differential equations within a global time step:

*

dM _ KHy.s-tereticKslfp—lock

d¢ Kslip—lock + KHysteretic

N 1- /Bl
H
[! - 1 ﬂ2 H ( max U(¢ ¢ma>\k[ )
. — Py Hy, | ( ) 3
dM,V — M“0+ L ﬂ ¢u !
d¢ ’ L
+11= @ﬁ h _ /82 ) }M* 1— 1 KHystereticKslrp-lock
¢; L 1- ﬁz Hy, (l - a)Rg Ky Kslip—lock + KHysteretIc
g, H | I PO =
1- - 1 (¢max ) A U(¢max _¢ll - U(A¢)]
. 1=f Hyy | (_)~
dMy™ o) L Al )
dg 7 17
+1= Pmax |21 _ By 1 :lM* - 1 KHysrereticKslfp~Iack
¢y L 1=-5 Hy, (I-a)Rg Ky Kslz‘p—lock + K gpystereric

@:& = U(¢ ~ Prmax )}(Agﬁ)

d¢
do., -
*gbﬂli = U(¢max - ¢)1 - U(A¢)]
d¢
_(:iﬁ Mo 1 KHystereticKsh'p—lock
d¢ (1- a)RK KO Kslip—lock + KHysteretic
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(3.11a)

(3.11b)

(3.11c)

(3.11d)

(3.11e)

(3.119)



Equations 3.11 can be solved within each global integration step using any
method such as the adaptive RK45 or the Semi-implicit Rosenbrock methods
(Nagarajaiah et al, 1989, Press et al, 1992). The latter require the Jacobian of equations
3.11 for Newton-Raphson iterations. Since it is quite cumbersome to develop the exact
Jacobian, it is derived using two assumptions — the slip-lock element is not considered
and the change of the stiffness degradation factor with deformation is neglected. Since
the Jacobian is only an iteration mzﬁrix, these approximations do not cause any error in

the solution. The resulting non-zero components of the 6x6 Jacobian are listed below:

eIV =1
NiM *
JA) = —(1-a)K, [;7, sgn(M*A¢+n2)] : - sgn{M } (3.12a)
&My My
il
1 A . ,.
J(1,2)=[-E§;-(—¢-} N(l—a)Ko[fh Sgn(M A¢+"‘72)]"—*‘}m (3.12b)
My+
1-sgn(Ag * ‘M* '
J(l,3)={~——2——-—] N(l—a)KO[m Sgn(M A¢+772)] — N (3.12¢)
i}
L
i (5 ) |t
2 27l (3.12d)

1- KHysteretic _ M* J(l,l)
(1-a)Rg K, (1-a)Rg K,

31



J(24)= M

J(2,6) = M;O{

J(35) =M,

J(3,6) = M;’P{
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1 Prmax
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} Ul - 81 - U(89)]

b }

} Ulp - i 7 (09)

(17 ﬂi Ulp - grien W (89)

1-28
By

U(¢n~1ax - ¢ll - U(A¢)]

J

(3.12e)

(3.126)

(3.12¢)

(3.12h)

(3.12i)



K tiystere \
J(6,1) = [1 _ fmererc }- D (3.12))
(I_Q)RKKO (I—Q)RKKO

3.5 Examples

Examples of various types of hysteretic behavior modeled by the SHM are shown
in Fig. 3.4. Ranges of degradation parameters obtained from experimental results of the
SAC Joint Venture (1996) are shown in Table 3.1. Moreover, comparison between

behavior predicted by the SHM and these experimental results is presented in Table 3.2.
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Fig. 3.4 Examples of Hysteretic Behavior Modeled by the SHM
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Table 3.1 Range of Parameters

Mild Moderate Severe
o 15 10 4
B1 0.00 0.30 0.60
B 0.00 0.15 0.30
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Table 3.2 Results from Connection Tests (SAC Joint Venture, 1996)

SPECIMEN EXPERIMENTAL ANALYTICAL
NAME DETAIL FEATURES RESPONSE RESPONSE PARAMETERS
10
Top and bottom ol v
triangular haunch, i B 0.50
EERC-RN2 Beam flange not i L )
welded, Flange local | i1
buckling, Web - B2 0.25
Distortion '
Hult 9.0
220 o 10
L v Top and bottom =0
o anarien triangular haunch, PR B 0.60
Sgamne | Beam flange not o ! )
EERC-RN3 =ty welded, Flange local | § 7 0.30
a7 | buckling, Web o $7) .
Distortion
“‘Llh - 8 . O
- o SEOMfEs . L 5
o T Bottom Haunch, :: | 10
[T s Unconnected beam e 7= B 0.40
tir - bottom flange, Local % . / 00f : )
UCSD-IR 4 F 'w_r""“: and lateral torsional | * =} iy o
"*ﬁ"’h E E ;’ﬂ"r:m buckling, Haunch R = Lo B2 0.20
¢ b yielding e s
Baam Delection () Hult 7 - 1
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Table 3.2 Results from Connection Tests (SAC Joint Venture, 1996) (contd.)

SPECIMEN - EXPERIMENTAL ANALYTICAL
NAME DETAIL FEATURES RESPONSE RESPONSE PARAMETERS
. . “ _:= SWDfi’kﬂﬁu ™ 2 N L a 1 O
s Replacement plate " ﬁ? e A
L [ : A
UCSD-2R ; \ » easee | for beam top flange, 5 5: Y7 e Fre B 0.00
L s Shear tab to column | §° 0y P% e N
_ weld, Web buckling, | FA L o L By 0.15
"’\/J \"anwmnmmmﬂ Flange fraCture 50 ot | : 1 Y B 1 ) |L o
% - ;wu;mm: < 4 o l,Luh 8 . O
L] -+ s’)’“’ﬂﬂ“m{ﬂ 4 L] a 1 5
Replacement top w . 11
plate, Bottom . os
triangular haunch, £, L) o i 0.60
UCSD-3R Beam to column L LLLS
wonl]  al . 0.15
weld, Local o %”} : o B2
buckling e o+ 2 e 2 .
Bem Dfaction Gn Dixplacams P'ult 7 . 6
Bottom triangular o >
[ rr— haunch, Beam and o
= e, column splice o B 0.10
UTA-1R IL T plates, Web doubler
! I e R plates, Flange and "1 0.10
fl*:?‘—“-' == | web yielding, Top _ - B2
weld fracture £0 4O . .:nn N nuo w40 50 Biostecem
eam Tip Displacement - 4 (in) l"'l'lllt 9 - 6
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Table 3.2 Results from Connection Tests (SAC Joint Venture, 1996) (contd.)

SPECIMEN EXPERIMENTAL ANALYTICAL
FEATU A
NAME DETAIL EATURES RESPONSE RESPONSE PARAMETERS
ACTUATOR FORCE-DISPLACEMENT RELATION (X' 4
é‘— Frm— Top and bottom
| — triangular haunch, 3 B 0.20
UTA-3R ! ;%’%‘.’Lf‘”“’"" Web doubler plate, | ¥ ! )
ks Flange and web -
L o buckling, Specimen P2 0.30
L oo twi Stil’lg 50 A0 20 00 10 0 60 -
Beam Tip Digplacement - 8 {in] i H'llll 5 .0
ACTUATOR RORCE DISPLACEMENT RELATION 5
Top and bottom ¢
cover plates, Notch ; B 0.00
tough weld material, | 3 : )
EERC-ANI Local buckling, i 0.10
Fitlet weld crack, ‘ # P2 :
Net section Fracture -
e Hult 6.0
o 5
- EEEAIR T Top and bottom ~
Eoveiie e, | COVer plates, Notch | £ 0.05
UTA-4 T TR =>4 | tough weld material, : by
i s EH Local buckling, B
B Fillet weld crack, B2 U.15
Specimen twisting 40 a0 a0 w10 40 e
Hull 10.0




SECTION 4

UNIFICATION OF CONCEPTS FOR REPRESENTATION OF INELASTIC

MATERIAL BEHAVIOR IN ONE DIMENSION
4.1 Background

An elastic body is one in which the strain at any point is completely determined
by the current stress and temperature. This dependence on current stress and temperature
is not arbitrary. The principle of state of classical equilibrium thermodynamics (see for
example Moran and Shapiro, 1995) states that the state of a system undergoing a
reversible process is completely determined by one variable characterizing heat transfer
(temperature) and one variable for each mode in which the system can transfer work
(stress). It can be shown (see for example Fung, 1965) that when a process undergone by
an elastic body is adiabatic, the strain energy is the internal energy, that when the process
is isothermal, the strain energy is the Helmholz free energy function, and that in either
case, its partial derivatives with respect to strain are independent of temperature. It can
then be reasonably assumed that most processes of engineering structures are isothermal,
thus excluding temperature from the analysis. When this is not true, additional

constitutive equations involving temperature are required.

The obvious definition of an inelastic body is then, as on¢ in which there is
“something else”, besides current stress and temperature that determines strain. The task
of developing inelastic constitutive models is therefore describing this “something else™.

Fig. 4.6 shows a schematic of several ways of doing this and how they are related to each
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other. When a material starts behaving inelastically, it departs from the realm of classical

equilibrium thermodynamics. The theory of irreversible thermodynamics must be
applied. Since the principle of state does not hold anymore, it can be postulated that there

exist a number of additional “internal” or “hidden” state variables. In the macroscopic
sense, these variables may for example be yield moment, maximum attained curvature,
etc. The rigorous background to the internal state variable (ISV) theory of irreversible
thermodynamics of inelastic materials was established by Coleman and Gurtin (1967)

using the theory of nonlinear differential equations. The ISV formulation may be written

6 = f(£,4.8) and §= g(z.4,§) (4.12)
or
¢=f(0.6,8) and §= g(0.6.§) (4.1b)

where € = strain, o= stress, & = vector of ISV’s and “” denotes differentiation with

respect to time. Nelson and Dorfmann (1995) characterize equations of type (4.1a) as

parallel plasticity models and those of type (4.1b) as series plasticity models.

Biot (1954) used the ISV theory for a linear hereditary material (linear
viscoelastic) for which the Onsager reciprocal principle (Fung, 1965) holds. His

formulation showed that a general anisotropic linear dissipative material can be
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Fig. 4.1 Spring and Dashpot Representation of Linear Viscoelastic Material
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visualized as a combination of springs and dashpots (Fung, 1965) as shown in Fig. 4.1. A
similar derivation of a general viscoplastic model from the principles of irreversible

thermodynamics has been done by many researchers (for example, Freed et al, 1991 and
Ristinmaa, 1999). This is however much more involved because the Onsager reciprocal

principle is no longer valid.

The “something else” may otherwise be thought of as the past history of stress.
The past history may be defined precisely using concepts of functional analysis and a
highly mathematical theory known as the theory of materials with memory has been

created to deal with it (Coleman, 1964). In simple terms, this may be represented as,

o= E o(s) or 6(0) = x;é_wcr(s) 4.2)

where E is a functional. This kind of material description is very difficult to work with
and therefore, the constitutive theories based on ISV’s are in more popular use. It can be
shown however (Lubliner, 1969) that under certain conditions, the ISV theory is a first

order approximation to the theory of materials with memory.

Yet another way of describing inelastic behavior is to define the evolution of
ISV’s by physically motivated rules rather than by differential equations. The
equivalence of these two approaches was demonstrated by Ziaming and Katukura (1990)
and is discussed later. In the following paragraphs, several hysteretic models are
considered and the relationships between them are discussed in the context of the theory

described thus far.
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4.2  Algebraic Models

4.2.1 Masing’s Hypothesis (Beck and Jayakumar, 1996)

[f the virgin loading curve is given by an algebraic relationship,

(g, M)=0

+
verex?

then according to Masing’s Hypothesis, the curve between the points (

( ¢\;riex’ M;ertex) iS given by5

f(M - Mver!ex , ¢ - ¢verl(h¥ ] — 0
2 2

where

Y (1 +sgn(A¢)] v s (1 - sgn(A¢)) -

tex vertex
2 ver! 2

4.2.2 Ramberg-Osgood Model

(4.3a)

+
MVL’P’EEJ( ) and

(4.3b)

(4.3¢)

(4.3d)

One such algebraic virgin curve that can be used in conjunction with Masing’s

Hypothesis to create a hysteretic model is the Ramberg-Osgood Model (Ramberg and

Osgood, 1943) given by,
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Mo (m)
g - 7{3{[_} 4.4

where 77 (positive) and N (odd integer) are parameters of the model. It will be shown later
that hysteretic models based on differential equations, that exhibit smooth virgin curves
generally exhibit Jocal violation of Drucker’s Stability Postulate (Thyagarajan, 1989).
Although the algebraic model discussed here exhibits a smooth virgin curve, it does not
violate Drucker’s Stability Postulate. However it’s implementation is extermely involved.
The model resembles the theory of materials with memory. The Menegotto-Pinto
equation (Gomes and Julio, 1997) is another virgin stress-strain relationship that can be

used in conjunction with Masing’s Hypothesis.

4.3 Differential Equation Models

4.3.1 Plasticity Based on Yield Surface

According to this theory, there is a distinct boundary in stress-space, which
separates the elastic and inelastic (plastic) states of the material. In three-dimensional
stress-space, this boundary is called the yield-surface. The theory of plasticity based on a
yield-surface is discussed in detail, for example, by Malvern (1969) and Lubliner (1990).
In one dimension, however, this surface reduces to positive and negative yield points.

The resulting constitutive equation is given by (Ziaming and Katukura, 1990),

W =R (MMt - M)+ gRUGC M)+

JKU(- 4Jo(M) + gk g au - a5 + m) (4.52)
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or

M=K -0l - g )-Ule gl mo+aa; (4.5b)

M= K[l - li%’@) Wl - s o)+ Ul by + (- M)}}qé' (4.50)

Equations 4.5a, b and ¢ can be shown to be exactly equivalent. However 4.5a represents
the loading and unloading contributions explicitly and this is useful in the integral

formulation of the infinite spring-slider model discussed later.

4.3.2 Plasticity/Viscoplasticity without a Yield Surface

According to Bodner (1968), “yielding is not a separate and independent criterion
but is a consequence of a general constitutive law of the material behavior”. Several
constitutive models for both rate-dependent (viscoplastic) and rate-independent (plastic)
inelastic behavior have been derived without a formal hypothesis of a yield surface.
Three such models are discussed here — the Endochronic Model, the Ozdemir Model and
the Wen-Bouc Model. Each of them was conceived based on a different motivation.
Nevertheless, it is shown that they exhibit similar behavior and become identical under

certain limiting conditions.
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4.3.3 Endochronic Theory

The endochronic theory was first propsed by Valanis (1971,1980). The basic
concept is that of an intrinsic time that is related to the deformation history of the

material, the relation itself being a material property. An intrinsic time measure in the

general three-dimensional case is defined for example by,

d¢’ = A, dede;, + B*dr’ (4.6a)

where 4 and B are material properties and &' denotes the plastic component of strain, B =
0 describes rate independent (plastic) behavior. An intrinsic time scale is next defined as
z(g), a monotonically increasing function. This is then substituted for real time in the

convolution integral of linear viscoelasticity. For the uniaxial case, this results in,
i d

o = [Rz-2)dz (4.6b)
5 dz

Bazant (1976) provides a more physical interpretation of the endochronic theory for the
uniaxial case starting from the Maxwell model and replacing real time by a function of

plastic strain. The resulting model is given by,

M=Kyf— %Mw 4.7)

where Z = M,/K,
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434 Ozdemir Model (Ozdemir, 1976)

Consider the force displacement relationship for a linear damper (Fig. 4.2a):

M= C¢ 4.8)

The steady-state force-displacement relationship is shown in Fig. 4.2b. Consider this

damper being made nonlinear as follows:

|
M=cgVN 0r¢5=lMN (4.9)
c

where N is an odd integer to preserve signs. The force displacement relationship of such a
damper is shown in Fig. 4.2d. It is seen that as N tends to <, the behavior of the damper
tends to a slider. Adding a spring in series to form a Maxwell element with a nonlinear

damper results in,

é=K£+%MN (4.102)
0

Rewriting this results in Ozdemir’s rate-dependent model:

. . N . . N
£=£+l(_f‘é’_] Or%zi_l(ﬂ} (4.10b)
Y
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Fig. 4.2 Development of Ozdemir’s Model
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1
where 7=cM ]’ =¢, = the time constant. As N — 0, the model approaches an elasto-

plastic model. However, the yield strength is rate-dependent. It could be moderate-

independent, by making the yield strength a function of the loading or by making N a
function of the rate of loading. Ozdemir (1976) discusses these possibilities. But neither
of these is a general solution. The alternate solution provided by Ozdemir is to make the

time-constant a function of strain rate. It can be shown that there exists a time-constant ©

for each loading rate ¢ that makes the model rate independent. We therefore define

T= . The rate-independent Ozdemir model is then,
%Th independent Ozdemir model is th
Y
M . . N
M _ ¢ _i{_f‘/f_} (4.10¢)
My ¢y ¢y My

The nonlinear dashpot can now be replaced by a slider (Fig. 4.2j) and the resulting force-
displacement relationship is shown in Fig. 4.2k. Ozdemir also suggests an alternative

interpretation.

Consider equation (4.10b) to be governed by a material time T rather than the

nertial time 7. Then,

N N
_af_(ﬂ}:i{z]_z(£] Ori(ﬂ]ﬁzi(ﬂ]ﬁi_l(ﬁl @11
dr (M, | dr\¢, | | M, di\M, T~ di\ $, )dT 7| M

Yy
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. . N
_—"izﬂ_lﬂ(_f"LJ (4.11b)

Comparing (4.11b) with (4.10c), we have,

1dr _ 1 d
Tdt g | di

or dT = ~—d|f (4.11c)

#

where T is now similar to the intrinsic time of Bazant and Valanis.

Hardening may be introduced into the model by adding a linear hardening spring
in parallel with the nonlinear dashpot as shown in Fig. 4.2h. The force in this spring is

referred to as the back-stress S. The final equation with hardening (rate-dependent form)

is given by,

. . N

_M_=i_l(M“S] (4.10d)
M, ¢, T M,

The resulting force-displacement relationship is shown in Fig. 4.2i.

4.3.5 Wen-Bouc Model

Only the hysteretic component is considered in this model. Bouc (1967) and Wen
(1976), using some mathematical reasoning came up with the following equation

(reformulated by Reinhorn et al, 1995).
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M

M=K{1-
{ M

It can be shown however that this equation can be derived from the equations of

Y

N
b7, sen(ps )+ 7, ]}¢ (4.12)

one-dimensional plasticity based on a surface, equation 4.5b, by smoothening the

heaviside step function as follows.
M= K{l - %@ Ol - M)+ vl v M- M)}}git (4.50)

Assuming for simplicity that A/ ; =-M, = ‘M y|» we have,

M=K{1—Hi§(@UQMy}—JM])}¢ ' (4.13)

The heaviside step function can be smoothened as follows:

N
M

Un,| - M)~ |22 (4.14)

Y

The two are exactly equal when N — co. Substituting (4.14) in (4.13) leads to the special

case of (4.12) for which 7, = 17, = 0.5. From (4.12),

N
%:K 1-- ?’\% [771 sgn(Mé)**??z]
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In the case of monotonic loading in the positive direction,

N

dM M
—=K 1“&; [, + 7]

dg

When M 1s a maximum, C;—M* =0,1e.,

N
max

fl
o

[771 +772]

y

I
M —M[ ! jN
e d m+1;

Therefore 7 + 7, = 1 always (Constantinou and Adnane, 1987). A more general
derivation of the relationship between a three-dimensional Wen-Bouc model and a
plasticity model based on a yield function is given by Casciati (1989). Let us now

consider two limiting cases of the Wen-Bouc model.

Case() m =1 1p =0

N
sgn(qu') ¢5=K 1-

N

sgn(M)sgn(gﬁ) é

M=K 1—}3‘1
M}’

y

If N is an odd integer, then,
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which is the Menegotto-Pinto equation for nonlinear elastic behavior. The Wen-Bouc
model can therefore be thought of as a weighted combination of the rate-independent
Ozdemir model and the nonlinear elastic Menegotto-Pinto model, which produces a

smooth elasto-plastic model for the particular weight set, 7, = 7, = 0.5.

4.3.6 Spring and Slider models

Biot’s thermodynamic formulation for a linear dissipative material when
interpreted physically leads to a parallel combination of Maxwell models. Ozdemir’s

model suggests that a Maxwell model can be generalized with a nonlinear dashpot, which
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in the limit leads to an elasto-plastic model. These factors motive us to consider models
that are combinations of springs and sliders as shown in Fig. 4.3. The Distributed
Element Model (DEM) of Iwan (1966) and Thyagarajan (1989) belong to this class.
Jayakumar (1987) shown that in the limit of infinite springs and sliders, this model leads

to cyclic algebraic models.

4.3.7 Integral formulation of Spring and Slider Models

Ziaming and Katukura (1990) have shown that the elasto-plastic model of
equation (4.5a) (which is nothing but the equation of a single spring-slider series
combination) can be generalized in integral form to represent a multiple spring-slider

model as follows:

M =YW gt +UGWE M) +Ul-gua)st +ulp-mlg @)

where g7, f*, g and f are function of M only and are the integral contribution to the total
stiffness of the spring-slider pairs in phases 1, 2, 3 and 4 respectively in Fig. 4.4. It can be
shown that many of the models discussed earlier can be derived for particular functional

representations of ¢, £, q and . Some examples are listed below.
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4.3.7.1 Elasto-plastic Model

g (M)= KU(M; - M)

4.3.7.2 Wen-Bouc Model

y

g (M)=q (M)= K{lm(m +nz){M£

Y

f*l(M)= f‘(M)=K{1~(m “nzﬁ“—

N
M
M

4.3.7.3 Vertex-Oriented Polygonal Model without Hardening

M} -M

g (M)= KU(M; - M)I b g

)(-M;+M)

g (M)= KU(—M; + M i ¢
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where Ry is given by equation (2.1) and ¢, and ¢, are given by equations 3.7 (c) and

(d).

4.3.8 Smooth Plasticity Models and Drucker’s Stability Postulate

Plasticity models are smoothened for two reasons:

¢ To represent distributed yielding in macro-constitutive models such as Moment-

curvature and Force-deformation relationships

¢ To alleviate numerical procedures near the yield point.
However, it is found that such smooth models without a yield surface locally
violate Drucker’s stability postulate which states that, for any load cycle with initial and

final load level M, the following inequality must be satisfied:

(M - M,)dg =0 (4.16)

It can be seen that for a cycle ABC, this is not true. However, for larger cycles like CDE,
the postulate holds. Valanis (1981) argues that such local violation of the plasticity
postulate does not invalidate the theory and shows that linear viscoelastic and frictional
materials violate Drucker’s postulate as well. Moreover, since this does not cause any
numerical instability and works well for practical load histories, such models can
certainly be used for analysis considering their other advantages. The DEM of Iwan
(1966) has a piecewise linear transition and does not violate Drucker’s postulate. But it

involves many more internal variables and does not serve the purpose of easing
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numerical solution. Casciati (1989) proposed an additional hysteretic spring with
negative energy dissipation, which when added to the Wen-Bouc model reduces the

violation of Drucker’s postulate.

4.4 ~ Other Strength Degradation Rules

The degradation rules presented in Sections 2 and 3 are examples of a general
class of degradation rules based on the theory of internal variables. Other such

degradation rules discussed by Ozdemir (1976) and Mostaghel (1999).

4.5 Remarks

The discusston in this section serves to put the hysteretic models developed in
sections 2 and 3 in perspective. It shows how the two models fit in the larger picture of
one-dimensional inelastic material models. Such an understanding would greatly help in

the generalization to three-dimensional inelastic models.

The polygonal model is an abstraction of a combination of a large number of
springs and sliders. The smooth model is obtained by smoothening the yield transttion in

surface-based plasticity models and bears similarity to the endochronic models.
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SECTION 5
IMPLEMENTATION IN COMPUTER PROGRAMS
5.1 Background

The utility of any hysteretic model is realized only when it is implemented in
computer platforms for inelastic analysis. The hysteretic models developed in the
preceding sections have been incorporated in two computer programs — IDARC2D
(Version 5.0) and NSPECTRA. The issues involved in lthese implementations and some

example results are presented in this section.
52 IDARC22D Version 5.0

Developed at the University at Buffalo (SUNY), IDARC2D was first introduced
in 1987 (Park et al, 1987) for the purpose of analyzing earthquake damage in multistory,
reinforced concrete buildings. Since then, numerous enhancements have been added,
including the ability to analyze a wide variety of structures, structural materials, and
damping devices and analysis after the first onset of damage. New features are
continuously being added to IDARC2D and its newest version is Version 5.0. More
information about this program can be obtained from its web site,

http://civil.eng buffalo.edw/idarc2d50.
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5.2.1 Implementation of Hysteretic Model

IDARC solves the equations of equilibrium of the structure incrementally. Since

the elements involved are frame elements, that are internally statically determinate,
IDARC uses a flexibility-based element formulation and the hysteretic model is used to

represent the behavior of the end-section of an element. (Details can be found in Valles et
al, 1996). This results in the hysteretic model receiving a moment or force increment
form the global system. This would require the hysteretic model to be operated by force
control resulting in costly iterations at both the local and global levels. IDARC
circumvents this problem by using the method of one-step correction (Park et al, 1987).
The process is shown in Fig. 5.1. The model returns the unbalanced moment to the global
system. All such unbalanced moments and forces are assemble together and applied to

the whole structure as an equivalent external load vector in the next analysis step.

5.2.2 Example

The example presented here is the analysis of a full-scale model of a circular
column tested under cyclic loading. Detailed description of this example is provided by
Valles et al, 1996. Figure 5.2 shows the test setup and the applied displacement history.
Figure 5.3 shows the experimentally obtained force-displacement response and the
response predicted by IDARC using the vertex-oriented version of the PHM. An

extensive case study using this program is reported by Naeim et al, 1998,
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5.3 NSPECTRA

Developed at the University at Buffalo, NSPECTRA is a computer program for

obtaining the response spectra of nonlinear systems. The program can perform the
analysis for a collection of ground motions (maximum 200 ground motions) returning the
response spectra for each ground motion and the average and standard deviation response
spectra of the collection. The program can also print out the time history response for a
particular pendulum in the spectrum. More information about this program can be

obtained from its web site, http://civil.eng.buffalo.edu/nspectra.

5.3.1 lmplementation of Hysteretic Model

NSPECTRA integrates the equation of motion of a nonlinear SDOF system using
the Newmark-f# method. It calls the hysteretic model with the current values for force,
displacement and other internal variables and the displacement increment. The hysteretic
model is thus driven by displacement control. The model in turn returns the force

increment {or decrement) and the updated values for the internal variables.

5.3.2 Examples

NSPECTRA is run with the Elcentro ground motion with and without

degradation. The results are shown in Fig. 5.4.
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SECTION 6
CONCLUSIONS AND REMARKS

Two hysteretic degrading models —a polygonal and a smooth — have been
developed. The development was based on stiffiness, rate of stiffness changes and on the
adjustments of the yield characteristics. Changing the yielding level and the stiffness of
the system, both models accommodate degrading of the hysteretic system.  The two
parameters can be adjusted in a combination which can simulate strength deterioration,
stiffness degradation and pinching (or slip). The polygonal model is more cumbersome
in formulation however, it establishes a direct relation between force and displacement
(generalized) which permits reversal of control by force or displacement. The smooth
mode! has the advantage that can be solved simultaneously with the equations of motion
therefore minimizing the need for iterations. This model can be used in state space

approach as indicated by Simeonov et al., 1999.

The hysteretic models and their solutions were developed for the nonlinear
analyses of frame structures and these models were implemented in several computer
programs such as IDARC2D, NSPECTRA (for development of inelastic spectra), and
NONLIN (a derivative of well known program DRAIN2D).  The formulations are

independent of computer program and can be used as objects in advanced programming.

This report attempts to present a unified theory, which leads to the development
of the above models. Starting from the principles of thermodynamics, the developments

by prominent researchers are surveyed, and the assumptions and the compromises leading

71



to newer models were pointed out. Both the polygonal and the smooth models are results

of such reductions and developments.

Progressive collapse analysis of structures can utilize these hysteretic models but

such analysis tools need to be developed yet. Effective solution algorithms for such

potential analysis is the State-Space Approach presented by Simeonov et al, 1999.
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APPENDIX A

IMPLEMENTATION DETAILS OF THE POLYGONAL HYSTERETIC MODEL

Table A.1 Subroutines and their functions

SUBROUTINE

FUNCTION

HYSCONTRCL

Main Hysteretic Model Control Subroutine.
(Fig. 2.8)

CONTRCL1

This subrcoutine changes to a Load-reversal
branch when there is a change in the direction
of loading. (Fig. 2.9)

CONTROLZ2

If the target point does not 1lie on the
current branch, this subroutine keeps
switching branches till target-point 1lies on
current branch, each time setting the current
point to the end point of the current branch
and updating the hysteretic energy each time,.
(Fig. 2.10)

CONTROL3

When this subroutine is <called, the target
point always lies on the current branch. The
target point is found by interpolating between
the end points of the current branch. It also
degrades the strength, causing a drop in the
backbone curve. (Fig. 2.11)

POINTS

Computes the coordinates of any of the control
points, given the database variables.

NEXT BRANCH

Uses the branch-transition rules to determine
the number of the next branch, given the load
increment and the database variables.




Table A.2 Variables Governing PHM

SYMBOL MEANING
M, Current Moment level in the section
Derr Current Curvature of the section
AM Moment Increment
EI Slope of the current branch
¥ Maximum positive moment reach by the section at any
M nax time
+ Maximum positive curvature reached by the section at
Prmax any time
- Maximum negative moment reach by the section at any
M time
. Maximum negative curvature reached by the section at
max any time
AJ; Current (degraded) value of positive yield moment
AJ; Current (degraded) value of negative yield moment
+ Moment at the current vertex point on the positive
Mvertex Side.
+ Curvature at the current vertex point on the
Prertex positive side.
+ Moment at the current vertex point on the negative
Mvertex Side.
+ Curvature at the current vertex point on the
vertex negative side.
M), Positive Cracking Moment
M, Negative Cracking Moment
Ko Initial Elastic slope

{Boxed variables are Backbone Parameters. Others are database or internal variables)
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Table A.2 Variables Governing PHM (contd.)

SYMBOL MEANING
0 Initial Positive Yielding Moment
%% Initial Positive Yield curvature
30 Initial Negative Yielding Moment
¢k) Initial Negative Yield curvature

%i] Ultimate Positive Curvature

&, Ultimate Negative Curvature

Positive Post-yield slope as a fraction of the
initial elastic slope

initial elastic slope

Stiffness Degradation Parameter

Strength Degradation Parameter

o'
;E] Negative Post-yield slope as a fraction of the
o]
8]
]

Slip (or pinching) Parameter.

(Boxed variables are Backbone Parameters. Others are database or internal variables)




Table A.3 Point Formulas

FORMULA
POINT M Other Terms
¢ Used
M? + -
' %o Mor
M, - -
’ %0 Mer
+
3 ¢y0 M ;- -
4 B0 M, -
+ + -
5 ¢max Mmax
6 Prmax M jpax B
7 4 M+ Kolgs -6 | Kb =a'Ko
: b M; +Kalpr —d0) | Kan=akq
Point of intersection of
¢ Line joining point 4 and point 8
9’ + +
¢ Line passing through point RE= Aﬂwmf+aﬁg
9 . s - + KT Kot oM
vertexs vertex) and having slope RgKj 0Vvertex 4
+
9 trtex _ M vertex 0
Y
RiKy
Point of intersection of:
e Line joining point 3 and point 7
107 - -
¢ Line passing through point RézzAﬁmmx+9W@;
10 @J@ﬂm,ﬁ;mg and having slope RiK, Korertex +0M
- M.,
10 ¢vertex - _}eﬂ 0
Ry K




Table A.3 Point Formulas (contd.)

POINT FORMULA

¢ M Other Terms Used

Point of intersection of:

e Line joining pecint 2 and
point 13

e Branch 1

Point of intersection of:

¢ Line joining pcint 10 and

point 14
e Branch 1
o _ - M? aM
WEg;, + (- WM, | 4; R e =2
K0¢max + aMy
If Myax >M, and M <M, then o Mo -My
¢;fu =¢max T
RK,maxKO
13 .Y
%/: 'VK
0
M, - _ _
Ky Me, ¢;y = 7¢y
Weighting Factor,
WE =y
13 Point of intersection of;

, ¢ Line joining point 8 and
13 \ -
point 4

e Branch 1

- M,
If Grertex > ;é? then same as _
0

Point 2

1377 Else Point of intersection of:

e Line joining point 9 and
"

vertex: vertex

¢ Branch 1




Table A.3 Point Formulas (contd.)

POINT FORMULA
¢ M Cther Terms Used
+ M_.. +aM,
Wg};y +(1- WF)¢;,,, v ; o = milx y—
K0¢max +my
If ML, <M} and M >M} th
max ¥y n or en ¢+ ~ ¢+ M;lax N W;
yw ~¥max —— o
Rg,maxKO
14 +
4 ="
Mcy +
M
Ky i b =19y
Weighting Factor,
WE =y
14 Point of intersection of:
147 e Line joining point 7 and _
point 3
e Branch 1
M+
I Pger < ;é; then same as -
Point 1
147+ |Else Point of intersection of:
¢ Line joining point 10 and
p -
(¢vertex > M ;{;nex
e Branch 1
15 Pax My ax -
16 Prmax M ax -




Table A.3 Point Formulas (contd.)

POINT

FORMULA

¢ M

Other Terms Used

17

Point of intersection of:

¢ Line joining point 1 and
point 3

¢ Line passing through current

point and having slope R}Kb

Point of intersection of:

¢ Line joining point 3 and
point 5

e Line passing through current
point and having slope R(K|,

Point of intersection of:

e Line joining point 10 and
point 14

¢ TLine passing through current
point and having slope R.K,

Point of intersection of:

e Line joining point 14 and
point 15

¢ Line passing through current
point and having slope RpK,

M, +aM
K0¢cur + M;
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Table A.3 Point Formulas (contd.)

POINT FORMULA

¢ M Other Terms Used

Point of intersection of:

e Line joining point 2 and
A point 4

¢ Line passing through current
point and having slope R.K,

Point of intersection of:

e Line joining point 4 and

B point 6
¢ Line passing through current
point and having slope R.K| M., +aM,
18 Ry = —
Point of intersection of: K Kobeur +M,,

e Line joining point 9 and
C point 13

¢ Line passing through current
point and having slope R.K,

Point of intersection of:

¢ Line joining point 9 and
D point 13

* Line passing through current

point and having slope RgKj




Table A.3 Point Formulas (contd.)

FORMULA
POINT
¢ M Other Terms Used
Point of intersection of:
e Line joining point 14 and +
. 5 s My, +aM]
19 polnt = -
. 1i , Ko,y + oM y
ne passing through current
point and having slope REK@
Point of intersection of:
¢ Line joinin oint 10 and -
ne J g p . M, +aM,
20 point 14 Ry = -
. . Kﬂ¢cur + Wy
e Line passing through current
point and having slcpe KR K,
21 ¢current M .

current
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Table A.4 Map of Branch Connectivity
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Table A.4 Map of Branch Connectivity (contd.)
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Table A.4 Map of Branch Connectivity (contd.)
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Table A.5 Starting and ending points of branches

Branch 7 9 1101111213 |14 |15 |16 }17 2021|2223 |24 25
Start Pt 6 10|19 10411112 |21 |21 |13 ]14 )21 |21 |21 21|21 21
End Pt 10 6 11112313114 (17|18 |16 ]15]10 |89 18117 (19|20




Table A.6 Rules for Change of Branch

Current Next Condition
Branch | Branch Force Control Displacement Control
In this case,
1 . .
(¢;taﬂlMstart) is always | A¢ (¢e1nd*¢’sltar1)<of 1.€.y
on the negative end there is a load
1 of Branch 1 and reversal.
(¢;nd!M;nd) is always |Also swap Start and
on the positive side. |=ndpoints of Branch 1
1 ) I in this case
Mstart<Mcur+AM <Mend
5 Not on Branch 1 and A¢g (¢3,,d—¢§,aﬂ)>0
AM > 0O A¢ > 0
3 Not on Branch 1 and Ag (¢;nd—¢§m,1)>0
4 AM > O Ag > 0
2 6 AM < Of Mcur>MI-:lax A¢ < 0, Mcur>M:I-1ax
21 AM < 0, Mcur<M;13x A¢ < Ol Mcur<M;1ax
(See Fig. A.1) (See Fig. A.1)
5 AM < O Ag < ©
3 7 AM > O, Mcur<Ml;laX A¢ > OI Mcur<MIIIaX
20 AM > O' Mcur>MI;lax A¢ > 0, Mcur>MI;iax
(See Fig. A.1) (See Fig. A.1)
4 6 Mcur >Mr-:1ax Mcur >M;1ax
21 Mcur<Ml’;aX Mcur<Ml‘;aX
5 7 MCH?' < MI;!aX MC‘HT‘ < Mr_nax
2 O MC‘H?‘ > Ml;lax Mcur >MI;1&X
P 8 AM > 0 Ag > 0
10 AM < O Ap < O

Note: (Blogpes Miare ) and (@L,q,M.,4 ) denote the start and end points of Branch “i ”
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Table A.6 Rules for Change of Branch (contd.)

9 AM < 0 Ag < O
7
11 AM > 0 Ag > 0
2 8 2 . 2 8 2 .
Mstan‘<Mend<Mend!l~e-r ¢stan<¢end<¢endfl'e°l
8 2 end point of Branch 8 end point of Branch 8
lies on Branch 2 lies on Branch 2
4 Otherwise Otherwise
3 9 3 . 3 9 3 .
Mstart >Mend >Mend rl.€.y ¢start >¢end >¢end r1.€.y
9 3 end point of Branch 9 end point of Branch 9
lies on Branch 3 lies on Branch 3
5 Otherwige Otherwise
AM < 0 and My, >M, A¢ < 0 and Mo >M,
1 i.e., section has not i.e., section has not
yielded on the yvielded on the
10 negative side negative side
12 AM < 0 and Mp, <M, Ag < 0 and M <M,
14 AM > 0 Ag > 0O
AM + + + +
> 0 and My, <M,, A¢g > 0 and My, <M, ,
1 i.e., section has noct i.e., section has not
yvielded on the vielded on the
11 positive side positive side
13 AM > 0 and Mg, >M; Ag > 0 and My, >M;
15 AM < 0 Ag < 0
15 16 AM < 0 Ag < 0
20 AM > 0 Ag > 0
17 AM > 0 Ag > 0
13
21 AM < 0 Ag < 0

Note: (¢S§mmM§mn) and (Phng, M., ) denote the start and end points of Branch “/ ”
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Table A.6 Rules for Change of Branch (contd.)

14

AM > 0, My <M, Agp > 0, My <M,
(i.e., vyielded on (i.e., vyvielded on
negative side), negative side),
Mp<M; (i.e., not My <My (i.e., not
yvielded on positive yielded on positive
side) side)

2 OR OR
AM > 0, Mp>M, Ag > 0, Mp>M,
(i.e., not yielded on {i.e., not yielded on
negative side), negative side),

14 . 2 14 2 .
Mstart <Men Mend (L.e., ¢start<¢end<¢end (i.e.,
end point of Branch 14 |end point of Branch 14
lies on Branch 2) lies on Branch 2)
AM > 0, Mp,>M, Ag > 0, Mp,>M,
{(i.e., not yielded on (i.e., not yielded on

4 negative side), negative side),
M;,,d>Mend (i.e., end ¢;fd>¢i,d (i.e., end
point of Branch 14 point of Branch 14
lies on Branch 4) lies on Branch 4)

AM > 0, Mp,<M, Ap > 0, My <M,
{i.e., yielded on (i.e., yielded on
negative side), negative side),

, My >M3  (i.e., My >My  (i.e.,

1 yielded on positive yielded on positive

. 13 14 . 13 14 13
side), Mgy <Mpg Mcna' side), @umr <Pend <Pend
{i.e., end point of (i.e., end point of
Branch 14 lies on Branch 14 lies on
Branch 13) Branch 13)

AM > 0, My, <M, Ag > 0, Mp<M,
(i.e., yielded on (i.e., yielded on
negative side), negative side),

17 M >M; (i.e., Mpx>M; (i.e.,
yvielded on positive yielded on positive
side), Mby>My,(i.e., |side), ¢ >¢83 (i.e.,
end point of Branch 14 |end point of Branch 14
lies on Branch 17) lies on Branch 17)

24 AM < 0 Ap < 0

Note: (¢;tart;M ;tan‘ ) and (¢;nd
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Table A.6 Rules for Change of Branch (contd.)

15

+ +
AM < 0, Mpu>M;
(i.e., yielded on
positive side),

Mupax>M, (i.e., not

yielded on negative
side)

Ap < 0, Muy>M;
(i.e., ylelded on
positive side),
My >M,
yielded on negative
side)

{i.e., not

3 OR OR

AM < 0, M} <M Ap < 0, M}, <M

! max ¥ ’ max ¥y
(i.e., not yielded on (i.e., not vyielded on
positive side), positive side),

15 . 3 15 3 .
Mstart>Mend >Mend (1.e., ¢start>¢end>¢end (i.e.,
end point of Branch 15 |end point of Branch 15
lies on Branch 3) lies on Branch 3)

AM < 0, Mgax<M; Agp < 0, Mg, <M
{i.e., not yielided on (i.e., not yielded on

5 positive side), positive side},

3 . .

Mend<Mend' (i.e., end ¢end<¢3nd (i.e., end
point of Branch 15 point of Branch 15
lies on Branch 5) lies on Branch 5)
+ +
AM < 0, My >M; Ap < 0, My >M;
(i.e., yielded on (i.e., yielded on
positive side), positive side),
Mpa <M, (i.e., Mpa <M, (i.e.,
12 yvielded on negative yielded on negative
. 15 . 12 15 12
side), srart>Mend >Mend side), start = Pend = Pend
(i.e., end point of (i.e., end point of
Branch 15 lies on Branch 15 lies on
Branch 12) Branch 12)
+ +
AM < O, Mmax>My Ag < 0, Mr;ax>M;,'
(i.e., yielded on (i.e., vielded on
positive side), positive side),

16 Mpax <M, (i.e., Mpax <M, (i.e.,
yielded on negative yielded on negative
side), ML, <M, (i.e., |side), ¢, <¢¥; (i.e.,
end point of Branch 15 {end point of Branch 15
lies on Branch 16) lies on Branch 16)

25 AM > 0

Ag > 0

Note: ( Brsars, M.
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Table A.6 Rules for Change of Branch (contd.)

22

+ +

AM < 0, Mp,>M,

(I.e., ylelded on
positive side),

Mp>M, (i.e., not
yielded on negative

A$ < 0, M

max

>My
(i.e., yielded on
positive side),

Mpx>M, (i.e., not
yielded on negative

side) side)
3 OR OR

+ + + +
AM < 0, Mpyu<M, Ap < 0, My <M,
(i.e., not yielded on (i.e., not yielded on
positive side), positive side),
M3 M2 5003 . 3 22 3 .

start = Mepg > Mgng (i.e., ¢starr> end>¢end (i.e.,

end point of Branch 22 |} end point of Branch 22
lies on Branch 3) lies on Branch 3)
AM < 0, My, <M; Ap < 0, Mgy, <M
(i.e., not vyielded on (i.e., not yielded on

5 positive side), positive side),

Aﬂﬁ;<ﬁ4;d (i.e.,end ﬂﬁ,<¢;d (i.e., end
point of Branch 22 point ¢of Branch 22
lies on Branch 5) lies on Branch 5)
AM < 0, Mj.>M; Ap < 0, My, >M;
(i.e., yielded on {(i.e., vyielded on
positive side), positive side),
Mpax <M, (i.e., Mpax <M, (i.e.,

12 vielded on negative yielded on negative

. 12 22 12 . 12 22 12
side), Mstarf>Mend>Mend side), start = Pend = Pend
(i.e., end point of (i.e., end point of
Branch 22 lies on Branch 22 lies on
Branch 12) Branch 12)
AM < 0, M:I'lax>M; A < 0, M;;ax>M},+
(i.e., yielded on (L.e., yielded on
positive side), positive side),

16 A4;mx<A4; (i.e., ‘Af;mg<ﬂ4; (i.e.,
vyielded on negative yielded on negative
side), ME, <M2, (i.e., |side), ¢ <¢l (i.e.,
end point of Branch 22 |end point of Branch 22
lies on Branch 16) lies on Branch 16)

20 AM > 0

Ag > O

Note: (@l M.,,, ) and (gl,2, ML, ;) denote the start and end points of Branch “7 ”
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Table A.6 Rules for Change of Branch (contd.)

23

AM > 0, My <M, Ag > 0, Mp<M,
{i.e., yielded on (i.e., vielded on
negative side), negative side),
Mpx<M, (i.e., not My <M, (i.e., not
yielded on positive vielded on positive
side) side)

2 OR OR
AM > 0, My.x> M; A¢p > 0, MI;BX>M;,
(i.e., not yielded c¢n (i.e., not yielded on
negative side), negative side),

. 2 23 2 .
Mstart <Mend <Mend (L.e., ¢start <¢end <¢end (i.e.,
end point of Branch 23 | end point of Branch 23
lies on Branch 2) lies on Branch 2)
AM > 0, My, >M, Ag > 0, MI;aX>M;
(i.e., not vielded on (i.e., not vyielded on

4 negative side), negative side),

Mez,?d >Meznd (i.e., end e,,d >¢24 (i.e., end
peint of Branch 23 point of Branch 23
lies on Branch 4) ilies on Branch 4)
AM > 0, My, <M, Ag > 0, My <M,
(i.e., yielded on {i.e., yielded on
negative side), negative side),
Mux>M, (i.e., My >M; (i.e.,

13 yielded on positive vielded on positive

L d M13 M23 M13 . 13 23 13
side) , Mgy <Mapg <M g side), @sart < Pend < Pend
(i.e., end point of (i.e., end point of
Branch 23 lies on Branch 23 lies on
Branch 13) Branch 13)
AM > 0, My <M, Ag > 0, My <M,
(i.e., yielded on (i.e., yielded on
negative side), negative side),

17 My >My (i.e., Mpu >M; (i.e.,
yielded on positive yielded on positive
side), Mg,?d >Mend (i.e., | side), ¢end> 2;; (i.e.,
end point of Branch 23 |end point of Branch 23
lies on Branch 17) lies on Branch 17)

21 AM < 0 Ag < 0

Note: (¢S",a,1,

tm) and (¢g.,5,M" end ) denote the start and end points of Branch “7
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Table A.6 Rules for Change of Branch (contd.)

le 4 AM < O Ag < O
20 AM > 0O Ag > O
17 5 AM > 0O Ag > O
21 AM < 0 Ag < 0
26 11 AM > 0 Ag > 0
22 AM < O Ap < O
51 10 AM < 0 Ag < 0
23 AM > 0 Ag > 0
oy 10 AM < 0O Ag < O
14 AM > 0 Ag > 0
2 11 AM > 0 Ap > 0
15 AM < 0 Agp < O

Note: (¢;,m,M ;tm) and (@lng,M !4 ) denote the start and end points of Branch i ”
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Fig. A.1 Explanation for Rules which change Branches from 2 to 21 and 3 to 20
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(see address given above).
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available through NTIS (see address given above).

"Detection and Assessment of Seismic Structural Damage," by E. DiPasquale and A.S. Cakmak, 8/25/87,
(PB88-163712, A05, MF-A0L). This report is only available through NTIS (see address given above).

"Pipeline Experiment at Parkfield, California," by J. Isenberg and E. Richardson, 9/15/87, (PB88-163720,
A03, MF-A01). This report is available only through NTIS (see address given above).

"Digital Simulation of Seismic Ground Motion," by M. Shinozuka, G. Deodatis and T. Harada, 8/31/87,
(PB88-155197, A04, MF-A01). This report is available only through NTIS (see address given above).

“"Practical Considerations for Structural Control: System Uncertainty, System Time Delay and Truncation of
Small Control Forces,” J.N. Yang and A. Akbarpour, 8/10/87, (PB88-163738, A08, MF-A(1). This report is
only available through NTIS (see address given above).

"Modal Analysis of Nonclassically Damped Structural Systems Using Canonical Transformation,” by JN.
Yang, S. Sarkani and F.X. Long, 6/27/87, (PB88-187851, AG4, MF-AC1).

"A Nonstationary Solution in Random Vibration Theory," by JR. Red-Horse and P.D. Spanos, 11/3/87,
(PB88-163746, A03, MF-A01).

"Horizontal Impedances for Radially Inhomogeneous Viscoelastic Soil Layers,” by A.S. Veletsos and K.W.
Dotson, 10/15/87, (PB88-150859, A04, MF-AQ1).

"Seismic Damage Assessment of Reinforced Concrete Members,® by Y.8. Chung, C. Meyer and M.
Shinozuka, 10/9/87, (PB88-150867, A05, MF-ACG1). This report is available only through NTIS (see
address given above).

"Active Structural Control in Civil Engineering " by T.T. Soong, 11/11/87, (PB88-187778, A03, MF-A(1).

"Vertical and Torsional Impedances for Radially Inhomogeneous Viscoelastic Soil Layers," by K’ W. Dotson
and A.S. Veletsos, 12/87, (PB88-187786, A03, MF-A01).

"Proceedings from the Symposium on Seismic Hazards, Ground Motions, Soil-Liquefaction and
Engineering Practice in Eastern North America,” October 20-22, 1987, edited by K.H. Jacob, 12/87, (PB88%-
188115, A23, MF-AO1). This report is available only through NTIS (see address given above).

"Report on the Whittier-Nairows, California, Earthquake of October 1, 1987, by J. Pantelic and A.
Reinhorn, 11/87, (PB88-187752, A03, MF-AQ1). This report is available only through NTIS (see address
given above).

"Design of a Modular Program for Transient Nonlinear Analysis of Large 3-D Building Structures,” by S.
Srivastav and J.F. Abel, 12/30/87, (PB88-187950, A0S, MF-A01). This report is only available through
NTIS (see address given above).

"Second-Year Program in Research, Education and Technology Transfer," 3/8/88, (PB88-219480, A04, MF-
AOD).

"Workshop on Seismic Computer Analysis and Design of Buildings With Interactive Graphics,” by W.
McGuire, J.F. Abel and C.H. Conley, 1/18/88, (PB88-187760, A03, MF-A01). This report is only available
through NTIS (see address given above).

"Optimal Controt of Nonlinear Flexible Structures,” by J.N. Yang, F.X. Long and D. Wong, 1/22/88,
(PB88-213772, AQ6, MF-A01).
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NCEER-88-0003

NCEER-88-0004

NCEER-88-0005

NCEER-88-0006

NCEER-88-0007

NCEER-88-0008

NCEER-88-0009

NCEER-88-0010

NCEER-88-0011

NCEER-88-0012

NCEER-88-0013

NCEER-88-0014

NCEER-88-0015

NCEER-88-0016

NCEER-88-0017

NCEER-88-0018

NCEER-88-0019

Formerly the National Center for Earthquake Engineering Research

"Substructuring Techniques in the Time Domain for Primary-Secondary Structural Systems," by G.D.
Manolis and G. Juhn, 2/10/88, (PB88-213780, A04, MF-A01).

“lterative Seismic Analysis of Primary-Secondary Systems," by A. Singhal, L.D. Lutes and P.ID. Spanos,
2/23/88, (PB88-213798, A04, MF-AQ1).

"Stochastic Finite Element Expansion for Random Media,” by P.D. Spanos and R. Ghanem, 3/14/88,
(PB88-213806, A3, MF-AQ1).

*Combining Structural Optimization and Structural Control," by F.Y. Cheng and C.P. Pantelides, 1/10/88,
(PB8R-213814, A0S, MF-A0D).

"Seismic Performance Assessment of Code-Designed Structures," by H.H-M. Hwang, J-W. Jaw and H-J.
Shau, 3/20/88, (PB88-215423, AQ4, MF-AQ1). This report is only available through NTIS (see address
given above).

"Reliability Analysis of Code-Designed Structures Under Natural Hazards," by H.H-M. Hwang, H. Ushiba
and M. Shinozuka, 2/29/88, (PB88-229471, A07, MF-AQ1). This report is only available through NTIS (see
address given above).

"Seismic Fragility Analysis of Shear Wall Structures,” by J-W Jaw and H.H-M. Hwang, 4/30/88, (PB89-
102867, AD4, MF-AQL).

"Base Isolation of a Multi-Stery Building Under a Harmonic Ground Motion - A Comparison of
Performances of Various Systems,” by F-G Fan, G. Ahmadi and 1.G. Tadjbakhsh, 5/18/88, (PB89-122238,
A06, MF-A01). This report is only available through NTIS (see address given above).

"Seismic Floor Response Spectra for ‘a Combined System by Green's Functions," by F.M. Lavelle, L.A.
Bergman and P.D. Spanos, 5/1/88, (PB89-102875, A03, MF-AQ1).

"A New Solution Technique for Randomly Excited Hysteretic Structures," by G.Q. Cai and Y.K. Lin,
5/16/88, (PB89-102883, A03, MF-A01).

"A Study of Radiation Damping and Soil-Structure Interaction Effects in the Centrifuge,” by K. Weissman,
supervised by J.H. Prevost, 5/24/88, (PB89-144703, A06, MF-AO1).

"Parameter Identification and Implementation of & Kinematic Plasticity Model for Frictional Seils,” by J.H.
Prevost and D.V. Griffiths, to be published.

"Two- and Three- Dimensional Dynamic Finite Element Analyses of the Long Valley Dam," by D.V.
Griffiths and J.H. Prevost, 6/17/88, (PB89-144711, AG4, MF-A01).

"Damage Assessment of Remforced Concrete Structures in Eastern United States,” by AM. Reinhorn, M.J.
Seidel, S.K. Kunnath and Y.J. Park, 6/15/88, (PB89-122220, A04, MF-A01). This report is only available
through NTIS (see address given above).

"Dynamic Compliance of Vertically Loaded Strip Foundations in Multilayered Viscoelastic Soils,” by S.
Ahmad and A.S.M. Israil, 6/17/88, (PB89-102891, A04, MF-AO1).

"An Experimental Study of Seismic Structural Response With Added Viscoelastic Dampers,” by R.C. Lin,
Z. Liang, T.T. Scong and R.H. Zhang, 6/30/88, (PB89-122212, A0S, MF-AO1). This report is available
only through NTIS (see address given above).

“Experimental Investigation of Primary - Secondary System Interaction," by G.D. Manolis, G. Juhn and
A M. Reinhorn, 5/27/88, (PB89-122204, A04, MF-AD1).

B-3



NCEER-88-0020

NCEER-88-0021

NCEER-88-0022

NCEER-88-0023

NCEER-88-0024

NCEER-88-0025

NCEER-88-0026

NCEER-88-0027

NCEER-88-0028

NCEER-88-0029

NCEER-88-0030

NCEER-88-0031

NCEER-88-0032

NCEER-88-0033

NCEER-88-0034

NCEER-88-0035

NCEER-88-0036

NCEER-88-0037

Formerly the National Center for Earthquake Engineering Research

“A Response Spectrum Approach For Analysis of Nonclassically Damped Structures,” by IN. Yang, S.
Sarkani and F.X. Long, 4/22/88, (PB89-102909, A04, MF-AO1).

"Seismic Interaction of Structures and Soils: Stochastic Approach.” by A.S. Veletsos and A M. Prasad,
7/21/88, (PB89-122196, A4, MF-A01). This report is only available through NTIS (see address given
above).

"Identification of the Serviceability Limit State and Detection of Seismic Structural Damage,” by E.
DiPasquale and A.S. Cakmak, 6/15/88, (PB89-122188, A05, MF-A0!). This report is available only
through NTIS (see address given above).

"Multi-Hazard Risk Analysis: Case of a Simple Offshore Structure,” by B.K. Bhartia and E.H. Vanmarcke,
7/21/88, (PB89-145213, A0S, MF-A01).

"Automated Seismic Design of Reinforced Concrete Buildings," by Y.S. Chung, C. Meyer and M.
Shinozuka, 7/5/88, (PB89-122170, AD6, MF-AQ1). This report is availabie only through NTIS (see address
given above).

“Experimental Study of Active Control of MDOF Structures Under Seismic Excitations,” by L.L. Chung,
R.C. Lin, T.T. Soong and A M. Reinhom, 7/10/88, (PB89-122600, A04, MF-A01).

"Earthquake Simulation Tests of a Low-Rise Metal Structure,” by I.S. Hwang, X.C. Chang, G.C. Lee and
R.L. Ketter, 8/1/88, (PB89-102917, A04, MF-A01).

"Systems Study of Urban Response and Reconstruction Due to Catastrophic Earthquakes," by F. Kozin and
HK. Zhou, 9/22/88, (PB90-162348, A04, MF-AQ1).

"Seismic Fragility Analysis of Plane Frame Structures," by HH-M. Hwang and Y K. Low, 7/31/88, (PB89-
131445, AG6, MF-A01).

“Response Analysis of Stochastic Structures," by A. Kardara, C. Bucher and M. Shinozuka, 9/22/88, (PB89-
174429, A4, MF-A01).

"Nonnormal Accelerations Due to Yielding in a Primary Structure," by D.C.K. Chen and L.D. Lutes,
9/15/88, (PB89-131437, A04, MF-A01).

"Design Appreaches for Soil-Structure Interaction,” by A.S. Veletsos, A.M. Prasad and Y. Tang, 12/30/88,
(PB89-174437, A03, MF-A01). This report is available only through NTIS (see address given above).

"A Re-evaluation of Design Spectra for Seismic Damage Centrol," by C.J. Turkstra and A.G. Tallin,
11/7/88, (PB89-145221, A5, MF-A01).

“The Behavior and Design of Noncontact Lap Splices Subjected to Repeated Inelastic Tensile Loading,” by
V.E. Sagan, P. Gergely and R.N. White, 12/8/88, {PB89-163737, A0S, MF-A01).

"Seismic Response of Pile Foundations,” by S.M. Mamoon, P.K. Banerjee and S. Ahmad, 11/1/88, (PB89-
145239, A4, MF-A01).

"Modeling of R/C Building Structures With Flexible Floor Diaphragms (IDARC2)," by A.M. Reinhorn,
S.X. Kunnath and N. Panahshahi, 9/7/88, (PB89-207153, A07, MF-A01).

"Solution of the Dam-Reservoir Interaction Problem Using a Combination of FEM, BEM with Particular
Integrals, Modal Analysis, and Substructuring,” by C-S. Tsai, G.C. Lee and R.L. Ketter, 12/31/88, (PB89-
207146, AD4, MF-AC1).

"Optimal Placement of Actuators for Structural Control," by F.Y. Cheng and C.P. Pantelides, 8/15/88,
(PB89-162846, A0S, MF-A01).
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NCEER-88-0038

NCEER-88-0039

NCEER-88-0040

NCEER-88-004]

NCEER-88-0042

NCEER-88-0043

NCEER-88-0044

NCEER-88-0045

NCEER-88-0046

NCEER-88-0047

NCEER-89-0001

NCEER-89-0002

NCEER-89-0003

NCEER-89-0004

NCEER-85-0005

NCEER-89-0006

NCEER-8%-0007

Formerly the National Center for Earthquake Engineering Research

*Teflon Bearings in Aseismic Base Isolation: Experimental Studies and Mathematical Modeling,” by A.
Mokha, M.C. Constantinou and A.M. Reinhorn, 12/5/88, {PB89-218457, A10, MF-A01). This report is
available only through NTIS (see address given above).

"Seismic Behavior of Flat Slab High-Rise Buildings in the New York City Area," by P. Weidlinger and M.
Ettouney, 10/15/88, (PB90-145681, A04, MF-A01).

"Evaluation of the Earthquake Resistance of Existing Buildings in New York City,” by P. Weidlinger and
M. Ettouney, 10/15/88, to be published.

"Small-Scale Modeling Techniques for Reinforced Concrete Structures Subjected to Seismic Loads," by W.
Kim, A. El-Attar and R.N. White, 11/22/88, (PB89-189625, A0S, MF-AC1).

"Modeling Strong Ground Motion from Multiple Event Earthquakes," by G.W. Ellis and A.S. Cakmak,
10/15/88, (PB89-174443, A03, MF-AQ1).

"Nonstationary Models of Seismic Ground Acceleration,” by M. Grigoriu, S.E. Ruiz and E. Rosenblueth,
7/15/88, (PB89-189617, AG4, MF-AQ1).

"SARCF User's Guide: Seismic Analysis of Reinforced Concrete Frames," by Y.S. Chung, C. Meyer and M.
Shinozuka, 11/9/88, (PB89-174452, A08, MF-A01).

"First Expert Panel Meeting on Disaster Research and Planning," edited by J. Pantelic and J. Stoyle,
9/15/88, (PB89-174460, A0S, MF-A01).

"Preliminary Studies of the Effect of Degrading Infill Walls on the Nonlinear Seismic Response of Steel
Frames," by C.Z. Chrysostomou, P. Gergely and I.F. Abel, 12/19/88, (PB89-208383, A0S, MF-AC1).

"Reinforced Cencrete Frame Component Testing Facility - Design, Construction, Instrumentation and
Operation," by S.P. Pessiki, C. Conley, T. Bond, P. Gergely and R.N. White, 12/16/88, (PB89-174478,
AD4, MF-AO1).

"Effects of Protective Cushion and Soil Compliancy on the Response of Equipment Within a Seismically
Excited Building," by J.A. HoLung, 2/16/89, (PB89-207179, A04, MF-AQ1).

“Statistical Evaluation of Response Modification Factors for Reinforced Concrete Structures," by HH-M.
Hwang and J-W_ Jaw, 2/17/8%, (PB89-207187, A05, MF-A01).

"Hysteretic Colurnns Under Random Excitation,” by G-Q. Cai and Y.K. Lin, 1/9/89, (PB89-196513, A03,
MF-A01).

“Experimental Study of "Elephant Foot Bulge' Instability of Thin-Walled Metal Tanks," by Z-H. Jia and
R.L. Ketter, 2/22/89, (PB89-207195, A03, MF-A01).

"Experiment on Performance of Buried Pipelines Across San Andreas Fault," by J. Isenberg, E. Richardson
and T.D. ORourke, 3/10/89, (PB89-218440, A04, MF-A01). This report is available only through NTIS
(see address given above).

"A Knowledge-Based Approach to Structural Design of Earthquake-Resistant Buildings," by M. Subramani,
P. Gergely, C.H. Conley, J.F. Abel and A H. Zaghw, 1/15/89, (PB89-218465, A0S, MF-A01).

"Liquefaction Hazards and Their Effects on Buried Pipelines,” by T.D. ORourke and P.A. Lane, 2/1/89,
(PB89-218481, A09, MF-AO01).
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NCEER-89-0008

NCEER-89-0009

NCEER-895-R010

NCEER-89-0011

NCEER-89-0012

NCEER-89-0013

NCEER-8%-0014

NCEER-89-0015

NCEER-89-0016

NCEER-89-P017

NCEER-89-0017

NCEER-89-0018

NCEER-89-0019

NCEER-89-0020

NCEER-89-0021

NCEER-89-0022

NCEER-89-0023

NCEER-89-0024

Formerly the National Center for Earthquake Engineering Research

"Fundamentals of System Identification in Structural Dynamics," by H. Imai, C-B. Yun, O. Maruyama and
M. Shinozuka, 1/26/89, (PB85-207211, A04, MF-A01).

*Effects of the 1985 Michoacan Earthquake on Water Systems and Other Buried Lifelines in Mexico," by
A.G. Ayala and M.J. ORourke, 3/8/89, (PB89-207229, A0S, MF-AO01).

"NCEER Bibliography of Earthquake Education Materials,” by K.E.K. Ross, Second Revision, 9/1/89,
(PB90-125352, A0S, MF-AO1). This report is replaced by NCEER-92-0018.

"Inelastic Three-Dimensional Response Analysis of Reinforced Concrete Building Structures (IDARC-3D),
Part I - Modeting," by 8.K. Kunnath and A M. Reinhomn, 4/17/89, (PB90-114612, A07, MF-A01). This
report is available only through NTIS (see address given above).

"Recommended Modifications to ATC-14," by C.D. Poland and J.O. Malley, 4/12/89, (PB90-108648, AlS,
MF-AQ1).

"Repair and Strengthening of Beam-to-Column Connections Subjected to Earthquake Loading," by M.
Corazac and A.J, Durrani, 2/28/89, (PB50-109885, A06, MI-AC1).

"Program FEXKAL?2 for Identification of Structural Dynamic Systems,” by O. Maruyama, C-B. Yun, M.
Hoshiya and M. Shinozuka, 5/19/89, (PB90-109877, A09, MF-AQ1).

"Response of Frames With Bolted Semi-Rigid Connections, Part I - Experimental Study and Analytical
Predictions," by P.J. DiCorso, A.M. Reinhorn, J R. Dickerson, J.B. Radziminski and W.L. Harper, 6/1/89,
10 be published. )

"ARMA Monte Carlo Simulation in Probabilistic Structural Analysis,"” by P.D. Spanos and M.P. Mignolet,
7/10/89, (PB90-109893, A03, MF-A01).

"Preliminary Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake
Education in Our Scheols,"” Edited by K.E K. Ross, 6/23/89, (PB90-108606, A03, MF-AO1).

"Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake Education in Our
Schools," Edited by K.E.K. Ross, 12/31/89, (PB90-207895, A012, MF-A02). This report is available only
through NTIS (see address given above).

"Multidimensional Models of Hysteretic Material Behavior for Vibration Analysis of Shape Memory
Energy Absorbing Devices, by E.J. Graesser and F.A. Cozzarelli, 6/7/89, (PB90-164146, A04, MF-A01).

"Nonlinear Dynamic Analysis of Three-Dimensional Base Isolated Structures (3D-BASIS)," by S.
Nagarajaiah, A.M. Reinhorn and M.C. Constantinou, 8/3/89, (PB90-161936, A0S, MF-A01). This report
has been replaced by NCEER-93-0011.

“"Structural Control Considering Time-Rate of Control Forces and Control Rate Constraints," by F.Y. Cheng
and C.P. Pantelides, 8/3/89, (PB90-120445, A04, MF-A01).

"Subsurface Conditions of Memphis and Shelby County,” by K. W. Ng, T-S. Chang and H-H.M, Hwang,
7/26/89, (PB90-120437, A03, MF-AO1).

"Seismic Wave Propagation Effects on Straight Jointed Buried Pipelines,” by K. Elhmadi and M.J.
ORourke, 8/24/89, (PB90-162322, A10, MF-A02).

"Workshop on Serviceability Analysis of Water Delivery Systems," edited by M. Grigoriu, 3/6/89, (PB90-
127424, A03, MF-AO1).

"Shaking Table Study of a 1/5 Scale Steel Frame Composed of Tapered Members," by K.C., Chang, J.S.
Hwang and G.C. Lee, 9/18/89, (PB90-160169, A04, MF-A01).
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NCEER-89-0025
NCEER-89-0026

NCEER-89-0027
NCEER-89-0028
NCEER-§9-0029
NCEER-89-0030
NCEER-89-0031

NCEER-89-0032

NCEER-89-0033
NCFEER-89-0034
NCEER-89-6G035
NCEER-89-0036
NCEER-89-0037
NCEER-89-0038
NCEER-89-0039
NCEER-89-0040

NCEER-89-0041

NCEER-90-0001

Formerly the National Center for Earthquake Engincering Research

"DYNAID: A Computer Program for Nonlinear Seismic Site Response Analysis - Technical
Documentation,” by Jean H. Prevost, 9/14/89, (PB90-161944, A07, MF-A01). This report is available only
through NTIS (see address given above).

"1:4 Scale Model Studies of Active Tendon Systems and Active Mass Dampers for Aseismic Protection,” by
AM. Reinhomn, T.T. Scong, R.C. Lin, Y.P. Yang, Y. Fukao, H. Abe and M. Nakai, 9/15/89, (PB90-
173246, A10, MF-A02). This report is available only through NTIS (see address given above).

"Scattering of Waves by Inclusions in a Nonhomogeneous Elastic Half Space Solved by Boundary Element
Methods," by P.K. Hadley, A. Askar and A.S. Cakmak, 6/15/89, (PB90-145699, A07, MF-A01).

"Statistical Evaluation of Deflection Amplification Factors for Reinforced Concrete Structures," by HH.M.
Hwang, J-W. Jaw and A.L. Ch'ng, 8/31/89, (PB90-164633, A05, MF-AQ1).

“Bedrock Accelerations in Memphis Area Due to Large New Madrid Earthquakes," by HH.M. Hwang,
C.H.S. Chen and G. Yu, 11/7/89, (PB90-162330, A04, MF-AQ1).

"Seismic Behavior and Respense Sensitivity of Secondary Structural Systems," by Y.Q. Chen and T.T.
Soong, 10/23/89, (PB90-164658, A08, ME-AQ1).

"Random Vibration and Reliability Analysis of Primary-Secondary Structural Systems,” by Y. Ibrahim, M.
Grigoriu and T.T. Soong, 11/10/89, (PB90-161951, A04, MF-A01).

"Proceedings from the Second U.S. - Japan Workshop on Liquefaction, Large Ground Deformation and
Their Effects on Lifelines, September 26-29, 1989," Edited by T.D. ORourke and M. Hamada, 12/1/89,
(PB90-209388, A22, MF-A03).

"Deterministic Model for Seismic Damage Evaluation of Reinforced Concrete Structures,” by J. M. Bracei,
AM. Reinhorn, J.B. Mander and 8.K. Kunnath, 9/27/89, (PB91-108803, A06, MF-AQ1).

"On the Relation Between Local and Global Damage Indices," by E. DiPasquale and A.S. Cakmak, 8/15/89,
(PB90-173865, A0S, MF-A01).

*Cyclic Undrained Behavior of Nonplastic and Low Plasticity Silts,"” by A.J. Walker and H.E. Stewart,
7/26/89, (PB90-183518, A10, MF-AQ1).

"Liquefaction Potential of Surficial Deposits in the City of Buffalo, New York,” by M. Budhu, R. Giese and
L. Baumgrass, 1/17/89, (PB90-208455, A04, MF-AQ1).

“A Deterministic Assessment of Effects of Ground Motion Incoherence,” by A.S. Veletsos and Y. Tang,
7/15/89, (PB90-164294, A03, MF-AQ1).

"Workshop on Ground Motion Parameters for Seismic Hazard Mapping,” July 17-18, 1989, edited by R.V.
Whitman, 12/1/89, (PB90-173923, A04, MF-AO01).

"Seismic Effects on Elevated Transit Lines of the New York City Transit Authority,” by C.J. Costantino,
C.A. Miller and E. Heymsfield, 12/26/89, (PB%0-207887, A06, MF-A01).

"Centrifugal Modeling of Dynamic Soil-Structure Interaction," by K. Weissman, Supervised by JI.
Prevost, 5/10/89, (PB%0-207879, A07, MF-A01).

"Linearized Identification of Buildings With Cores for Seismic Vulnerability Assessment," by I-K. Ho and
AE. Aktan, 11/1/89, (PB%0-251943, A07, MF-A01).

"Geotechnical and Lifeline Aspects of the October 17, 1989 Loma Prieta Earthquake in San Francisco,” by
T.D. ORourke, H.E. Stewart, F.T. Blackbum and T.S. Dickerman, 1/90, (PB20-208596, A0S, MIF-AQ1).
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NCEER-9%0-0002

NCEER-90-0003

NCEER-90-0004

NCEER-90-0005

NCEER-90-0006

NCEER-90-0007

NCEER-90-0008

NCEER-96-0009

NCEER-$0-0010

NCEER-%0-0011

NCEER-90-0012

NCEER-90-0013

NCEER-90-0014

NCEER-90-0015

NCEER-90-0016

NCEER-90-0017

NCEER-90-0018

NCEER-90-0019

Formerly the National Center for Earthquake Engineering Research

"Nonnormal Secondary Response Due to Yielding in a Primary Structure,” by D.C.K. Chen and L.D. Lutes,
2/28/90, (PB90-251976, A07, MF-AQ1).

"Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/16/90, (PB91-251984, A0S, MF-
A0S5). This report has been replaced by NCEER-92-0018.

"Catalog of Strong Motion Stations in Eastern North America," by R.W. Busby, 4/3/90, (PB90-251984,
A0S, MF-A01).

"NCEER Strong-Motion Data Base: A User Manual for the GeoBase Release (Version 1.0 for the Sun3),”
by P. Friberg and K. Jacob, 3/31/90 (PB90-258062, A04, MF-A01).

"Seismic Hazard Along a Crude Oil Pipeline in the Event of an 1811-1812 Type New Madtid Earthquake,”
by HH.M. Hwang and C-H.S. Chen, 4/16/90, (PB90-258054, AG4, MF-A01).

"Site-Specific Response Spectra for Memphis Sheahan Pumping Station," by HH.M. Hwang and C.S. Lee,
5/15/90, (PB91-108811, A0S, MF-AO1).

"Pilot Study on Seismic Vulnerability of Crude Oil Transmission Systems," by T. Ariman, R. Dobry, M.
Grigoriu, F. Kozin, M. ORourke, T. ORourke and M. Shinozuka, 5/25/90, (PB91-108837, A06, MF-AO1).

"A Program to Generate Site Dependent Time Histories: EQGEN," by G.W. Ellis, M. Srinivasan and A.S.
Cakmak, 1/30/90, (PB91-108829, A04, MF-A01).

"Active Tsolation for Seismic Protection of Operating Rooms," by M.E. Talbott, Supervised by M.
Shinozuka, 6/8/9, (PB91-110205, A0S, MF-AQ1).

"Program LINEARID for Identification of Linear Structural Dynamic Systems,” by €-B. Yun and M.
Shinozuka, 6/25/90, (PB91-110312, A08, MF-AQ1).

*Two-Dimensional Two-Phase Elasto-Plastic Seismic Response of Earth Dams," by AN. Yiagos,
Supervised by J.H. Prevost, 6/20/90, (PB91-110197, A13, MF-A02).

"Secondary Systems in Base-Isolated Structures: Experimental Investigation, Stochastic Response and
Stochastic Sensitivity," by G.D. Manolis, G. Juhn, M.C. Constantinou and AM. Reinhorn, 7/1/90, (PB91-
110320, A08, MF-A01).

"Seismic Behavior of Lightly-Reinforced Concrete Column and Beam-Column Joint Details," by S.P.
Pessiki, C.H. Conley, P. Gergely and R.N. White, 8/22/90, (PB91-108793, Al1, MF-A02).

"Two Hybrid Control Systems for Building Structures Under Strong Earthquakes," by J.N. Yang and A.
Danielians, 6/29/90, (PB91-125393, A04, MF-A01).

"Instantaneous Optimal Control with Acceleration and Velocity Feedback,” by JN. Yang and Z. Li,
6/29/90, (PB91-125401, A03, MF-AQ1).

"Reconnaissance Report on the Northern Iran Earthquake of June 21, 1990," by M. Mehrain, 10/4/90,
(PB91-125377, A03, MF-A01).

"Evaluation of Liquefaction Potential in Memphis and Shetby County,” by T.S. Chang, P.8. Tang, C.S. Lee
and H. Hwang, 8/10/90, {PB91-125427, A09, MF-A01).

"Experimental and Analytical Study of a Combined Sliding Disc Bearing and Helical Steel Spring Isolation
System," by M.C. Constantinou, A.S. Mokha and A M. Reinhom, 10/4/90, (PB91-125385, A06, MF-AQ1).
This report is available only through NTIS (see address given above).
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NCEER-90-0020

NCEER-90-0021

NCEER-90-0022

NCEER-90-0023

NCEER-90-0024

NCEER-90-0025

NCEER-90-0026

NCEER-90-0027

NCEER-90-0028

NCEER-90-0029

NCEER-91-0001

NCEER-91-0002

NCEER-91-0003

NCEER-91-0004

NCEER-91-0005

NCEER-51-0006

NCEER-91-0007

Formerly the National Center for Earthquake Engineering Research

"Experimental Study and Analytical Prediction of Earthquake Response of a Sliding Isolation System with a
Spherical Surface," by A.S. Mokha, M.C. Constantinou and A.M. Reinhorn, 10/11/90, (PB91-125419, A0S,
MF-AQ1).

"Dynamic Interaction Factors for Floating Pile Groups,” by G, Gazetas, K. Fan, A. Kaynia and E. Kausel,
9/10/50, (PB91-170381, A0S, MF-AQ1).

"Evaluation of Seismic Damage Indices for Reinforced Concrete Structures,” by S. Rodriguez-Gomez and
A.S. Cakmak, 9/30/90, PB91-171322, A0G, MF-AQ1).

"Study of Site Response at a Selected Memphis Site,” by H. Desai, S. Ahmad, E.S. Gazetas and M.R. Oh,
10/11/90, (PB91-196857, A03, MF-AQ1).

"A User's Guide to Strongmo: Version 1.0 of NCEER's Strong-Motion Data Access Tool for PCs and
Terminals," by P.A. Friberg and C.A.T. Susch, 11/15/90, (PB91-171272, A03, MF-AQ1).

"A Three-Dimensional Analytical Study of Spatial Variability of Seismic Ground Motions,” by L-L. Hong
and A H.-S. Ang, 10/30/90, (PB91-170399, A09, MF-A01).

"MUMOID User's Guide - A Program for the Identification of Modal Parameters,” by S. Rodriguez-Gomez
and E. DiPasquale, 9/30/90, (PB91-171298, A04, MF-AO1).

"SARCF-II User's Guide - Seismic Analysis of Reinforced Concrete Frames,"” by S. Rodriguez-Gomez, Y.S.
Chung and C. Meyer, 9/30/90, (PB91-171280, A05, MF-AC1).

"Viscous Dampers: Testing, Modeling and Application in Vibration and Seismic Isolation,” by N. Makris
and M.C. Constantinou, 12/20/90 (PB91-190561, A06, MF-A01).

*Soil Effects on Earthquake Ground Motions in the Memphis Area,” by H. Hwang, C.S. Lee, K. W. Ng and
T.8. Chang, 8/2/90, (PB91-190751, A0S, MF-AQ1).

"Proceedings from the Third Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities
and Countermeasures for Soil Liquefaction, December 17-19, 1990," edited by T.D. ORowke and M.
Hamada, 2/1/91, (PB91-179259, A99, MF-A04).

"Physical Space Solutions of Non-Proportionally Damped Systems,” by M. Tong, Z. Liang and G.C. Lee,
1/15/91, (PB91-179242, A04, MF-AQ1). .

"Seismic Response of Single Piles and Pile Groups,” by K. Fan and G. Gazetas, 1/10/91, (PB92-174994,
A04, MF-AQ1).

"Damping of Structures: Part 1 - Theory of Complex Damping," by Z. Liang and G. Lee, 10/10/91, (PB92-
197235, A12, MF-A03).

*31)-BASIS - Nonlinear Dynamic Analysis of Three Dimensional Base Isolated Structures: Part IL" by S.
Nagarajaiah, A.M. Reinhomn and M.C. Constantinou, 2/28/91, (PB91-190553, A07, MF-AQ1). This report
has been replaced by NCEER-93-0011.

"A Multidimensional Hysteretic Model for Plasticity Deforming Metals in Energy Absorbing Devices," by
E.J. Graesser and F.A. Cozzarelli, 4/9/91, (PB92-108364, A04, MF-A01).

"A Framework for Customizable Knowledge-Based Expert Systems with an Application to a KBES for

Evaluating the Seismic Resistance of Existing Buildings,” by E.G. Ibarra-Anaya and S.J. Fenves, 4/9/91,
(PB91-210930, A0S, MF-AQ1).
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NCEER-91-00068

NCEER-91-0009

NCEER-91-0010

NCEER-91-0011

NCEER-91-0012

NCEER-91-0013

NCEER-91-0014

NCEER-91-0015

NCEER-91-0016

NCEER-91-0017

NCEER-91-0018

NCEER-91-0019

NCEER-91-0020

NCEER-91-0021

NCEER-81-0022

NCEER-91-0023

NCEER-91-0024

NCEER-91-0025

Formerly the National Center for Earthquake Engineering Research

"Nonlinear Analysis of Steel Frames with Semi-Rigid Connections Using the Capacity Spectrum Method,"
by G.G. Deierlein, S-H. Hsieh, Y-J. Shen and J.F. Abel, 7/2/91, (PB92-113828, A0S, MF-A01).

"Earthquake Education Materials for Grades K-12," by K.EXK. Ross, 4/30/91, (PB91-212142, A0G6, MF-
AO01). This report has been replaced by NCEER-92-0018.

"Phase Wave Velocities and Displacement Phase Differences in a Hanmonically Oscillating Pile," by N.
Makris and G. Gazetas, 7/8/91, (PB92-108356, A04, MF-AO1).

“Dynamic Characteristics of a Full-Size Five-Story Steel Structure and a 2/5 Scale Model," by K.C. Chang,
G.C. Yao, G.C. Lee, D.S. Haoand Y.C. Yeh," 7/2/%1, (PB93-116648, AG6, MF-A02).

"Seismic Response of a 2/5 Scale Steel Structure with Added Viscoelastic Dampers,” by K.C. Chang, T.T.
Soong, S-T. Oh and M.L. Lat, 5/17/91, (PB92-110816, A05, MF-A01).

"Earthquake Response of Retaining Walls, Full-Scale Testing and Computational Modeling," by S.
Alampalli and A-W.M. Elgamal, 6/20/91, to be published.

"3D-BASIS-M: Nonlinear Dynamic Analysis of Multiple Building Base Isolated Structures.” by P.C.
Tsopelas, S. Nagarajaiah, M.C. Constantinou and A M. Reinhorn, 5/28/91, (PB92-113885, A0%9, MF-AQ2).

“Evaluation of SEAOC Design Requirements for Sliding Isolated Structures,” by D). Theodossiou and M.C.
Constantinou, 6/10/91, (PB92-114602, A11, MF-AQ3).

"Closed-Loop Modal Testing of a 27-Story Reinforced Concrete Flat Plate-Core Building," by H.R.
Somaprasad, T. Toksoy, H. Yoshiyuki and A E. Aktan, 7/15/91, (PB92-129980, A07, MF-AQ2).

"Shake Table Test of a 1/6 Scale Two-Story Lightly Reinforced Concrete Building,” by A.G. El-Attar, R N.
White and P. Gergely, 2/28/91, (PB92-222447, A06, MF-A02).

"Shake Table Test of a 1/8 Scale Three-Story Lightly Reinforced Concrete Building," by A.G. El-Attar,
R.N. White and P. Gergely, 2/28/91, (PB93-116630, A0S, MF-A02}.

"Transfer Functions for Rigid Rectangular Foundations," by A.S. Veletsos, AM. Prasad and W.H. Wu,
7/31/91, to be published.

"Hybrid Control of Seismic-Excited Nonlinear and Inelastic Structural Systems," by JN. Yang, Z. Li and A.
Danielians, 8/1/91, (PB92-143171, A06, MF-AQ2).

"The NCEER-91 Earthquake Catalog: Improved Intensity-Based Magnitudes and Recurrence Relations for
U.S. Earthquakes East of New Madrid,” by L. Seeber and J.G. Armbruster, 8/28/91, (PB92-176742, AQ6,
MF-A02).

"Proceedings from the Implementation of Earthquake Planning and Education in Schools: The Need for
Change - The Roles of the Changemakers," by K.EX. Ross and ¥. Winslow, 7/23/91, (PB92-129998, Al2,
MF-A03).

"A Study of Reliability-Based Criteria for Seismic Design of Reinforced Concrete Frame Buildings," by
H.HM. Hwang and H-M. Hsu, 8/10/91, (PB92-140235, A09, MF-A02).

"Experimental Verification of a Number of Structural System Identification Algorithms," by R.G. Ghanem,
H. Gavin and M. Shinozuka, $/18/91, (PB92-176577, A18, MF-A04),

"Probabilistic Evaluation of Liquefaction Potential," by HH.M. Hwang and C.S. Lee,* 11/25/91, (PB92-
143429, A05, MF-A01).
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NCEER-91-0026

NCEER-91-0027

NCEER-92-0001

NCEER-92-0002

NCEER-92-0003

NCEER-92-0004

NCEER-92-0005

NCEER-92-0006

NCEER-92-0007

NCEER-92-0008

NCEER-92-0009

NCEER-%2-0010

NCEER-92-0011

NCEER-92-0012

NCEER-92-0013

NCEER-92-0014

NCEER-92-0015

NCEER-92-0016

Formerly the National Center for Earthquake Engineering Research

"Instantaneous Optimal Control for Linear, Nonlinear and Hysterctic Structures - Stable Controllers," by
J.N. Yang and Z. Li, 11/15/91, (PB92-163807, A04, MF-A01).

"Experimental and Theoretical Study of a Sliding Isolation System for Bridges," by M.C. Constantinou, A.
Kartoum, A M. Reinhomn and P. Bradford, 11/15/91, (PB92-176973, Al10, MF-A03).
"Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 1: Japanese Case

Studies," Edited by M. Hamada and T. ORourke, 2/17/92, (PB92-197243, A18, MF-A04).

"Case Studies of Liguefaction and Lifeline Performance During Past Earthquakes, Volume 2: United States
Case Studies,” Edited by T. ORourke and M. Hamada, 2/17/92, (PB92-197250, A20, MF-A04).

"Issues in Earthquake Education,” Edited by K. Ross, 2/3/92, (P392-222385, A07, MF-A02).

"Proceedings from the First U.S. - Japan Workshop on Earthquake Protective Systems for Bridges," Edited
by 1.G. Buckle, 2/4/92, (PB94-142239, A99, MF-A(6).

“Seismic Ground Motion from a Haskell-Type Source in a Multiple-Layered Half-Space," A.P. Theoharis,
G. Deodatis and M. Shinozuka, 1/2/92, to be published.

"Proceedings from the Site Effects Workshop," Edited by R. Whitman, 2/29/92, (PB92-197201, A04, MF-
A0D).

"Engineering Evaluation of Permanent Ground Deformations Due to Seismically-Induced Liquefaction,” by
M.H. Baziar, R. Dobry and A-W.M. Elgamal, 3/24/92, (PB92-222421, A13, MF-A03).

"A Procedure for the Seismic Evaluation of Buildings in the Central and Eastern United States," by C.D.
Poland and J.O. Malley, 4/2/92, (PB92-222439, A20, MF-A(04).

"Experimental and Analytical Study of a Hybrid Isolation System Using Friction Controllable Sliding
Bearings," by M.Q. Feng, S. Fujii and M. Shinozuka, 5/15/92, (PB93-150282, A06, MF-A02).

"Seismic Resistance of Siab-Column Connections in Existing Non-Ductile Flat-Plate Buildings," by A.J.
Durrani and Y. Du, 5/18/92, (PB93-116812, A06, MF-A02).

"The Hysteretic and Dynamic Behavior of Brick Masonry Walls Upgraded by Ferrocement Coatings Under
Cyclic Loading and Strong Simulated Ground Motion," by H. Lee and S.P. Prawel, 5/11/92, to be
published.

"Study of Wire Rope Systems for Seismic Protection of Equipment in Buildings," by G.F. Demetriades,
M.C. Constantinou and A.M. Reinhorn, 5/20/92, (PB93-116655, A08, MF-A02).

"Shape Memory Structural Dampers: Material Properties, Design and Seismic Testing," by P.R. Witting
and F.A. Cozzarelli, 5/26/92, (PB93-116663, A05, MF-A01).

"Longitudinal Permanent Ground Deformation Effects on Buried Continuous Pipelines,” by M.J. ORourke,
and C. Nordberg, 6/15/92, (PB93-116671, A08, MF-A02).

"A Simulation Method for Stationary Gaussian Random Functions Based on the Sampling Theorem," by M.
Grigoriu and S. Balopoulou, 6/11/92, (PB93-127496, A05, MF-AQ1).

"Gravity-Load-Designed Reinforced Concrete Buildings: Seismic Evaluation of Existing Construction and

Detailing Strategies for Improved Seismic Resistance,” by G.W. Hoffmann, S.K. Kunnath, A.M. Reinhorn
and J.B. Mander, 7/15/92, (PB94-142007, AO8, MF-AQ2).
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NCEER-92-0017

NCEER-92-0018

NCEER-92-0019

NCEER-92-0020

NCEER-92-0021

NCEER-92-0022

NCEER-92-0023

NCEER-92-0024

NCEER-92-0025

NCEER-92-0026

NCEER-92-0027

NCEER-92-0028

NCEER-%2-0029

NCEER-92-0030

NCEER-92-0031

NCEER-92-0032

Formerly the National Center for Earthguake Engineering Research

"Observations on Water System and Pipeline Performance in the Limon Area of Costa Rica Due to the
April 22, 1991 Earthquake," by M. ORourke and D. Ballantyne, 6/30/92, (PB93-126811, A06, MF-A(Q2).

"Fourth Edition of Earthquake Education Materials for Grades K-12," Edited by K.E.K. Ress, 8/10/92,
(PB93-114023, A07, MF-A02).

"Proceedings from the Fourth Japan-U.8. Workshop on Earthquake Resistant Design of Lifeline Facilities
and Countermeasures for Soil Liquefaction,” Edited by M. Hamada and T.D. ORowrke, 8/12/92, (PB93-
163939, A99, MF-E11).

"Active Bracing System: A Full Scale Implementation of Active Control,” by AM. Reinhorn, T.T. Soong,
R.C. Lin, MA. Riley, Y.P. Wang, S. Aizawa and M. Higashino, 8/14/92, (PB93-127512, A06, MF-A02).

"Empirical Analysis of Horizontal Ground Displacement Generated by Liquefaction-Induced Lateral
Spreads,” by S.F. Bartlett and T.L. Youd, 8/17/92, (PB93-188241, A6, MF-A02).

"IDARC Version 3.0: Inelastic Damage Analysis of Reinforced Concrete Structures,” by S.K. Kunnath,
AM. Reinhorn and R.F. Lobo, 8/31/92, (PB93-227502, A07, MF-A02).

"A Semi-Empirical Analysis of Strong-Motion Peaks in Terms of Seismic Source, Propagation Path and
Local Site Conditions, by M. Kamiyama, M.J. ORowke and R. Flores-Berrones, 9/9/92, (PB93-150266,
AD8, MF-A02).

"Seismic Behavior of Reinforced Concrete Frame Structures with Nonductile Details, Part T Summary of
Experimental Findings of Full Scale Beam-Column Joint Tests,” by A. Beres, R N. White and P. Gergely,
9/30/92, (PB93-227783, A0S, MF-AQ1).

"Experimental Results of Repaired and Retrofitted Beam-Column Joint Tests in Lightly Reinforced
Concrete Frame Buildings," by A. Beres, S. El-Borgi, R N. White and P. Gergely, 10/29/92, (PB93-227791,
A0S, MF-A01),

"A Generalization of Optimal Control Theory: Linear and Nonlinear Structures,” by JN. Yang, Z. Li and S.
Vongchavalitkul, 11/2/92, (PB93-188621, A05, MF-AO01).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part I -
Design and Properties of a One-Third Scale Model Structure,” by J.M. Bracci, AM. Reinhomn and J.B.
Mander, 12/1/92, (PB94-104502, AG8, MF-AQ2).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part T -
Experimental Performance of Subassemblages,” by L.E. Aycardi, J.B. Mander and A-M. Reinhorn, 12/1/92,
(PB94-104510, A0S, MF-AQ2).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part III -
Experimental Performance and Analytical Study of a Structural Model,” by .M. Bracei, A M. Reinhorn and
JB. Mander, 12/1/92, (PB93-227528, A09, MF-A0Q1).

"Evaluation of Seismic Retrofit of Reinforced Concrete Frame Structures: Part I - Experimental
Performance of Retrofitted Subassemblages,” by D. Choudhuri, J.B. Mander and A.M. Reinhom, 12/8/92,
(PB93-198307, A07, MF-A02).

"Evaluation of Seismic Refrofit of Reinforced Concrete Frame Structures: Part I - Experimental
Performance and Analytical Study of a Retrofitied Structural Model,* by J.M. Bracci, A M. Reinhom and
I.B. Mander, 12/8/92, (PB93-198315, A09, MF-A03).

"Experimental and Analytical Investigation of Seismic Response of Structures with Supplemental Fluid
Viscous Dampers," by M.C. Constantinou and M.D. Symans, 12/21/92, (PB93-191435, A10, MF-A03).
This report is available only through NTIS (see address given above).

B-12



NCEER-92-0033

NCEER-92-0034

NCEER-93-0001
NCEER-93-0002
NCEER-93-0003
NCEER-93-0004
NCEER-93-0005
NCEER-93-0006
NCEER-93-0007
NCEER-93-0008
NCEER-93-0009
NCEER-93-0010

NCEER-93-0011

NCEER-93-0012

NCEER-53-0013

NCEER-93-0014

NCEER-53-0015

Formerly the National Center for Earthquake Engineering Research

"Reconnaissance Report on the Cairo, Egypt Earthquake of October 12, 1992." by M. Khater, 12/23/92,
(PB93-188621, A03, MF-AQ1).

"Low-Level Dynamic Characteristics of Four Tall Flat-Plate Buildings in New York City," by H. Gavin, S.
Yuan, J. Grossman, E. Pekelis and K. Jacob, 12/28/92, (PB93-188217, A07, MF-A02).

"An Experimental Study on the Seismic Performance of Brick-Infilled Steel Frames With and Without
Retrofit," by J.B. Mander, B. Nair, K. Wojtkowski and J. Ma, 1/29/93, (PB93-227510, A07, MF-AQ2).

"Social Accounting for Disaster Preparedness and Recovery Planning," by S. Cole, E. Pantoja and V. Razak,
2/22/93, (PB94-142114, Al12, MF-A03).

"Assessment of 1991 NEHRP Provisions for Nonstructural Components and Recommended Revisions," by
T.T. Seong, G. Chen, Z. Wu, R-H. Zhang and M. Grigoriu, 3/1/93, (PB93-188639, A06, MF-A(2).

"Evaluation of Static and Respense Spectrum Analysis Procedures of SEAOC/UBC for Seismic Isolated
Structures," by C.W, Winiers and M.C. Constantinou, 3/23/93, (PB93-198299, A10, MF-A03).

"Earthquakes in the Northeast - Are We Ignoring the Hazard? A Workshop on Earthquake Science and
Safety for Educators," edited by K.E.K. Ross, 4/2/93, (PB94-103066, A09, MEF-A02).

"Inelastic Response of Reinforced Concrete Structures with Viscoelastic Braces," by R.F. Lobo, JM.
Bracci, K.L. Shen, A M. Reinhom and T.T. Soong, 4/5/93, (PB93-227486, A05, MF-A02).

"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, to be published.

"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, (PB94-141939, A07, MF-A02).

"Seismic Performance of Shear-Critical Reinforced Concrete Bridge Piers," by 1.B. Mander, S.M. Waheed,
M.T.A. Chaudhary and S.8. 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 8. Nagarajaiah, C. Li, AM. Reinhorn and M.C. Constantinou, 8/2/93, (PB9%4-
141819, A0S, MF-A02).

"Effects of Hydrocarbon Spills from an Oil Pipeline Break on Ground Water," by O.J]. Helweg and HHM.
Hwang, 8/3/93, (PB94-141942, AQG6, MF-AQ2).

"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, AG9,
MF-A02).

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

"Proceedings from School Sites: Becoming Prepared for Earthquakes - Commemorating the Third
Anniversary of the Loma Prieta Earthquake," Edited by F.E. Winslow and K.EK. Ross, 8/16/93, (PB9%4-
154275, Al6, MF-A02).
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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

Formerly the National Center for Earthquake Engineering Research

"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, (PB%4-
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-AQ1).

"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, AQ5, MF-AQ1).

"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-A02).

"Finite Element Modeling of Elastomeric Seismic Isolation Bearings," by L.J. Billings, Supervised by R.
Shepherd, 11/8/93, o be published.

"Seismic Vulnerability of Equipment in Critical Facilities: Life-Safety and Operational Consequences," by
K. Porter, G.S. Johnson, M.M. Zadeh, C. Scawthom and S. Eder, 11/24/93, (PB%4-181765, A16, MF-AG3).

"Hokkaido Nansei-oki, Japan Earthquake of July 12, 1993, by P.I. Yanev and C.R. Scawthorn, 12/23/93,
(PB94-181500, AQ7, MF-AQ1).

"An Evaluation of Seismic Serviceability of Water Supply Networks with Application to the San Francisco
Auxiliary Water Supply System,” by 1. Markov, Supervised by M. Grigoriu and T. ORourke, 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 Fiwid Dampers,” Volumes I and II, by P. Tsopelas, 8. 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, (PB193943, A10, MF-A03).

"Seismic Energy Based Fatigue Damage Analysis of Bridge Columns: Part I - 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, (PB193745, A0%, MF-A02).

"The Northridge, California Earthquake of January 17, 1994: Performance of Highway Bridges," edited by
1.G. Buckle, 3/24/94, (PB94-193851, AO6, MF-A02).

"Proceedings of the Third U.S.-Japan Workshop on Earthquake Protective Systems for Bridges," edited by
L.G. Buckle and I. Friedland, 3/31/94, (PB94-195815, A%9, MF-A06).
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NCEER-94-0025

Formerly the National Center for Earthquake Engineering Research

*3D-BASIS-ME: Computer Program for Nonlinear Dynamic Analysis of Seismically Isolated Single and
Maultiple 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. ORourke and M.C. Palmer, 5/16/94, (PB94-204989, A0S, MF-A01).

"Feasibility Study of Replacement Procedures and Earthquake Performance Related to Gas Transmission
Pipelines,” by T.D. ORourke and M.C. Palmer, 5/25/94, (PB94-206638, A09, MF-A02).

"*Seismic Energy Based Fatigue Damage Analysis of Bridge Columns: Part II - 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, A0S, MF-AQ2}.

"Seismic Study of Building Frames with Added Energy-Absorbing Devices,” by W.S. Pong, C.8. Tsai and
G.C. Lee, 6/20/94, (PBY%4-219136, 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. Reinhom, S. Nagarajaiah, M.C. Constantinou, P. Tsopelas and R. Li,
6/22/94, (PB95-182176, A08, MF-A(2).

"Proceedings of the International Workshop en 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, 7/15/94,
(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, A13,
MF-A03).

*NCEER-Taisei Corporation Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and AnaJytical Study of a System Consisting of Lubricated PTFE Sliding Bearings and Mild
Steel Dampers,” by P. Tsopelas and M.C. Constantinou, 7/22/94, (PB95-182134, 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, A0S, 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.X. Sain, D.C. Kaspari, Jr. and T.T. Soong, 8/29/94, (PB95-
212320, A0S, MF-AD1).

“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).
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Formerly the National Center for Earthquake Enginecring Research

“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’'Rowke and M. Hamada, 11/7/94,
(PB95-220802, A99, MF-E08).

“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. Constantineu, 1/3/95, (PB95-
266599, A09, MEF-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 8.S. Chen, 1/5/95, (PB95-220042, A07, MF-A02).

“NCEER-ATC Joint Study on Fragility of Buildings,” by T. Anagnos, C. Rejahn and A S. Kiremidjian,
1120/95, (PB95-220026, A6, 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, A0S, MF-AG1).

“Pipeline Replacement Feasibility Study: A Methodology for Minimizing Seismic and Corrosion Risks to
Underground Natural Gas Pipelines,” by R.T. Eguchi, HA. Seligson and D.G. Honegger, 3/2/95, (PB9S5-
252326, A06, MF-A02).

“Evaluation of Seismic Perfermance of an 11-Story Frame Building During the 1994 Northridge
Farthquake,” by F. Naeim, R. DiSulio, K. Benuska, A. Reinhorn and C. Li, to be published.

“Prioritization of Bridges for Seismic Retrofitting,” by N. Bastz and A.S. Kiremidjian, 4/24/95, (PB95-
252300, A0S, MF-A02).

“Method for Developing Motion Damage Relationships for Reinforced Concrete Frames,” by A. Singhal
and A.S. Kiremidjian, 5/11/95, (PB95-266607, A0S, MF-A02).

“Experimental and Analytical Investigation of Seismic Retrofit of Structures with Supplemental Damping:
Part II - Friction Devices,” by C. Li and A.M. Reinhorn, 7/6/95, (PB96-128087, Al11, 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, (PB%6-
137161, A0S, 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 7.
Liang, M. Tong and G.C. Lee, 4/11/95, (PB96-137153, A06, MF-AOQ1).

“Experimental and Analytical Investigation of Seismic Retrofit of Structures with Supplemental Damping:
Part 111 - Viscous Damping Walls,” by A.M. Reinhomn and C. Li, 10/1/95, (PB96-176409, Al11, MF-A03).

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

“The Hanshin-Awaji Earthquake of January 17, 1995: Performance of Lifelines,” Edited by M. Shinozuka,
11/3/95, (PB96-176383, Al35, MF-A(3).

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

B-16



NCEER-95-0017

NCEER-95-0018

NCEER-95-0019

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-%6-0009

NCEER-%6-0010

NCEER-96-0011

NCEER-96-00612

Formerly the National Center for Earthquake Engineering Research

“The Hanshin-Awaji Earthquake of January 17, 1995: Performance of Highway Bridges,” Edited by LG.
Buckle, 12/1/95, to be published.

“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.

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

“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-A(2).

“Parametric Results for Seismic Response of Pile-Supported Bridge Bents,” by G. Mylonakis, A. Nikolacu
and G. Gazetas, 12/22/95, (PB97-100242, A12, MF-AQ3).

“Kinematic Bending Moments in Seismically Stressed Piles,” by A. Nikolaou, G. Mylonakis and G.
Gazetas, 12/23/95.

“Dynamic Response of Unreinforced Masonry Buildings with Flexible Diaphragms,” by A.C. Costley and
D.P. Abrams,” 10/10/96.

“State of the Art Review: Foundations and Retaining Structures,” by 1. Po Lam, to be published.

“Ductility of Rectangular Reinforced Concrete Bridge Columns with Mederate Confinement,” by N.
Wehbe, M. Saiidi, D. Sanders and B. Douglas, 11/7/96, (PB97-133557, A06, MF-AQ02).

“Proceedings of the Long-Span Bridge Seismic Research Workshop,” edited by 1.G. Buckle and LM.
Friedland, to be published.

“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 Technigques for Dynamical Systems with Uncertain Parameters,” by R.G. Ghanem and
M.IL Bujakov, 5/27/56, (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.8. Chen, 5/31/96.

“Seismic Performance of a Model Reinforced Concrete Bridge Pier Before and After Retrofit,” by I.B.
Mander, J.H. Kim and C.A. Ligozio, 5/31/96.

“IDARC2D Version 4.0: A Computer Program for the Inclastic 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-A03).

“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, Al1, 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-A06).
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Formerly the National Center for Earthquake Engineering Research

“Chemical Hazards, Mitigation and Preparedness in Areas of High Seismic Riskc A Methodology for
Estimating the Risk of Post-Earthquake Hazardous Materials Release.,” by H.A. Seligson, R.T. Eguchi, X.T.
Tierney and K. Richmond, 11/7/96.

“Response of Steel Bridge Bearings to Reversed Cyclic Loading,” by J.B. Mander, D-K. Kim,v S.58. 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-A01).

“Evaluation, Prevention and Mitigation of Pounding Effects in Building Structures,” by R.E. Valles and
AM. Reinhom, 2/20/97, (PB97-159552, Al4, MF-AG3).

“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’Rowurke, 4/30/97, (PB97-194658, A0S, MF-A03).

“Proceedings of the U.S.-ltalian Workshop on Seismic Evaluation and Retrofit,” Edited by D.P. Abrams and
G.M. Calvi, 3/19/97, (PB97-194666, Al13, 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-A03).

"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 SK. Kunnath, A. El-Bahy, A
Taylor and W. Stone, 9/2/97, (PB98-108814, All, MF-A03).

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

"A Method for Earthquake Motion-Damage Relationships with Application to Reinforced Conerete
Frames," by A. Singhal and A.S. Kiremidjian, 9/10/97, (PB98-108988, A13, MF-A03).

"Seismic Analysis and Design of Bridge Abutments Considering Sliding and Rotation,"” by K. Fishman and
R. Richards, Jr., 9/15/97, (PB98-108897, A06, MF-A02).

"Proceedings of the FHWA/NCEER Workshop on the National Representation of Seismic Ground Motion
for New and Existing Highway Facilities," edited by LM. Friedland, M.S. Power and R.L. Mayes, 9/22/97.

"Seismic Analysis for Design or Retrofit of Gravity Bridge Abutments," by K L. Fishman, R. Richards, Jr.
and R.C. Divito, 10/2/97, (PB58-128937, A08, MF-A02).

"Evaluation of Simplified Methods of Analysis for Yielding Structures," by P. Tsopelas, M.C.
Constantinou, C.A. Kircher and A.S. Whittaker, 10/31/97, (PB98-128929, A10, MF-A03).

"Seismic Design of Bridge Columns Based on Control and Repairability of Damage," by C-T. Cheng and
I.B. Mander, 12/8/97.

"Seismic Resistance of Bridge Piers Based on Damage Avoidance Design,” by J.B. Mander and C-T.
Cheng, 12/10/97.

“Seismic Response of Nominally Symmetric Systems with Strength Uncertainty,” by S. Balopoulou and M.
Grigoriu, 12/23/97, (PB98-153422, A11, MF-A03).
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“Evaluation of Seismic Retrofit Methods for Reinforced Concrete Bridge Columns,” by T.J. Wipf, F.W.
Klaiber and F M. Russo, 12/28/97.

“Seismic Fragility of Existing Conventional Reinforced Concrete Highway Bridges,” by C.L. Mullen and
A.S. Cakmak, 12/30/97, (PB98-153406, A08, MF-A02).

“Loss Asssessment of Memphis Buildings,” edited by D.P. Abrams and M. Shinozuka, 12/31/97.

“Seismic Evaluation of Frames with Infill Walls Using Quasi-static Experiments,” by K.M. Mosalam, R.N.
White and P. Gergely, 12/31/97, (PB98-153455, A07, MF-A(02).

“Seismic Evaluation of Frames with Infill Walls Using Pseudo-dynamic Experiments,” by K.M. Mosalam,
R.N. White and P. Gergely, 12/31/97.

“Computational Strategies for Frames with Infill Walls: Discrete and Smeared Crack Analyses and Seismic
Fragility,” by KM. Mosalam, R.N. White and P. Gergely, 12/31/97, (PB98-153414, A10, MF-AQ2).

“Proceedings of the NCEER Workshop on Evaluation of Liquefaction Resistance of Soils,” edited by T.I..
Youd and I.M. Idriss, 12/31/97.
“Extraction of Nonlinear Hysteretic Properties of Seismically Isolated Bridges from Quick-Release Field

Tests,” by Q. Chen, B.M. Douglas, E.M. Maragakis and 1.G. Buckle, 5/26/98,

“Methodologies for Evaluating the Importance of Highway Bridges,” by A. Thomas, S. Eshepaur and J,
Kalicki, 5/29/98.

“Capacity Design of Bridge Piers and the Analysis of Overstrength,” by J.B. Mander, A. Dutta and P. Goel,
6/1/98.

“Evaluation of Bridge Damage Data from the Loma Prieta and Northridge, California Earthquakes,” by N,
Basoz and A. Kiremidjian, 6/2/98.

“Screening Guide for Rapid Assessment of Liquefaction Hazard at Highway Bridge Sites,”by T. L. Youd,
6/16/98.

“Structural Steel and Steel/Concrete Interface Details for Bridges,” by P. Ritchie, N. Kauhl and J. Kulicki,
7/13/98,

“Capacity Desipn and Fatigue Analysis of Confined Concrete Columns,” by A. Dutta and J.B. Mander,
7/14/98.

“Proceedings of the Workshop on Performance Criteria for Telecommunication Services Under Earthquake
Conditions,” edited by A.J. Schiff, 7/15/98.

“Fatigue Analysis of Unconfined Concrete Columns,” by J.B. Mander, A. Dutta and J.H. Kim, 9/12/98.

“Centrifuge Modeling of Cyclic Lateral Response of Pile-Cap Systems and Seat-Type Abuiments in Dry
Sands,” by A.D. Gadre and R. Dobry, 10/2/98.

“IDARC-BRIDGE: A Computational Platform for Seismic Damage Assessment of Bridge Structures,” by
A M. Reinhormn, V. Simeonov, G. Mylonakis and Y. Reichman, 10/2/98.

“Experimental Investigation of the Dynamic Response of Two Bridges Before and Afier Retrofitting with
Elastomeric Bearings,” by D.A. Wendichansky, 8.S. Chen and J.B. Mander, 10/2/98.
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Formerty the National Center for Earthquake Engineering Research

“Design Procedures for Hinge Restrainers and Hinge Sear Width for Multiple-Frame Bridges,” by R. Des
Roches and G.L. Fenves, 11/3/98, (PB99-140477, A13, MF-A03).

“Response Modification Factors for Seismically Isolated Bridges,” by M.C. Constantinou and J.K.
Quarshie, 11/3/98, (PB99-140485, A14, MF-A03).

“Proceedings of the U.S.-Italy Workshop on Seismic Protective Systems for Bridges,” edited by IM.
Friedland and M.C. Constantinou, 11/3/98.

“Appropriate Seismic Reliability for Critical Equipment Systems: Recommendations Based on Regional
Analysis of Financial and Life Loss,” by K. Porter, C. Scawthorn, C. Taylor and N. Blais, 11/10/98.

“Proceedings of the U.S. Japan Joint Seminar on Civil Infrastructure Systems Research,” edited by M.
Shinozuka and A. Rose, 11/12/98.

“Modeling of Pile Footings and Drilled Shafts for Seismic Design,” by 1. PoLam, M. Kapuskar and D.
Chaudhuri, 12/21/98.
"Seismic Evaluation of a Masonry Infilled Reinforced Concrete Frame by Pseudodynamic Testing,"” by S.G.

Buonopane and R.N. White, 2/16/99.

“Response History Analysis of Structures with Seismic Isolation and Energy Dissipation Systems:
Verification Examples for Program SAP2000," by J. Scheller and M.C. Constantinou, 2/22/99.

"Experimental Study on the Seismic Design and Retrofit of Bridge Columns Including Axial Load Effects,”
by A. Dutta, T. Kokorina and J.B. Mander, 2/22/99.

"Experimental Study of Bridge Elastomeric and Other Isclation and Energy Dissipation Systems with
Emphasis on Uplift Prevention and High Velocity Near-source Seismic Excitation,” by A. Kasalanati and
M. C. Constantinou, 2/26/99.

*Truss Modeling of Reinforced Concrete Shear-flexure Behavior,” by JH. Kim and J.B. Mander, 3/8/99.
"Experimental Investigation and Computaticnal Modeling of Seismic Response of a 1:4 Scale Model Steel
Structure with a Load Balancing Supplemental Damping System,"” by G. Pekcan, JB. Mander and S.S.
Chen, 4/2/99.

"Effect of Vertical Ground Motions on the Structural Response of Highway Bridges," by M.R. Button, C.J.
Cronin and R.L. Mayes, 4/10/99.

“Seismic Reliability Assessment of Critical Facilities: A Handbook, Supporting Documentation, and Model
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