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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.

I. Performance Assessment of the Built Environment

= using

Loss Estimation Methodologies
Il. Rehabilitation of Critical Facilities
using

Advance Technologies

! I

Ill. Response and Recovery
- using

Advance Technologies

IV. User Network

® Facilities Network >
® Computational Network
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SAP2000 is the latest version in the popular SAP series of commercial structural analysis programs.
Itwas released in 1997 and can be used for the dynamic analysis of structures with seismic isolation
and energy dissipation systems. In this report, five examples are used to verify the results obtained
by SAP2000. Three of the examples involved seismically isolated structures: an 8-story building
isolatedwith bearings, a liquid storage tank isolated with a friction pendulum isolation system, and
a 7-story building model isolated with a friction pendulum system. Results from the 3D-BASIS
analysis program and experimental testing were compared to the SAP2000 analysis, and produced
excellent agreement. The other two examples involved structures with energy dissipation devices:
a 3-story building model with linear and nonlinear viscous fluid dampers, and a modelwith a toggle
brace-damper energy dissipation system. Results from the ANSYS analysis program and experimen-
tal testing were compared to the SAP2000 analysis, where most results were in good agreement.
However, SAP2000 under-predicted the displacement response of the structure tested with nonlin-
ear viscous dampers. )

The input files for the programs used, the history of the seismic excitation and the experimental

results are located in the Publications section of MCEER's web site (http.//mceer.buffalo.edu/
pubs.html).
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ABSTRACT

SAP2000 is a recently released commercial structural analysis program with
capabilities for dynamic analysis of structures with seismic isolation and energy
dissipation systems. This report presents five verification examples in which results
obtained by SAP2000 are compared to experimental results and to results obtained by
programs 3D-BASIS and ANSYS. Three of the examples involve seismically isolated
structures, of which one was tested on the shake table under conditions resulting in
bearing uplift. The other two examples involve structures with linear and nonlinear fluid
viscous energy dissipation devices, which were also tested on the shake table. In general,
SAP2000 produced results in excellent agreement with other analysis programs and in
good agreement with experimental results, except for the case of the structure tested with

nonlinear viscous damping devices. In this case, SAP2000 underpredicted the

displacement response of the structure.
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SECTION 1

INTRODUCTION

Seismic isolation and energy dissipation technologies have found an increasing
number of applications over the last decade and particularly over the last few years
following the 1994 Northridge earthquake. The increase in the use of these technologies
may be attributed to (a) the further development of these technologies and the transfer of
technologies from other disciplines, (b) the need to retrofit or rehabilitate seismically
deficient structures, (c) the desire to improve performance in new construction, (d) the
development of analysis and design guidelines and specifications, and (e) the availability
of computer programs for dynamic analysis.

Commercially available computer programs, such as ANSYS (Swanson Analysis
Systems, 1996) and ABAQUS (Hibbitt et al., 1989), have been available for several years
and are capable of modeling the behavior of seismic isolation and energy dissipation
hardware. However, they have been rarely used for this purpose primarily because they
are general purpose analysis programs not suited to the analysis of buildings.

The need for a dynamic analysis computer program dedicated to seismically
isolated buildings was fulfilled in part with the release in 1989 of 3D-BASIS
(Nagarajaiah et al., 1989). Various versions of this program have been released since
then, of which 3D-BASIS-TABS (Reinhorn et al., 1994) and 3D-BASIS-ME (Tsopelas et
al., 1994) introduced new features such as integration with program ETABS (Wilson et
al., 1975), multiple superstructures, elements for viscous dampers, and vertical ground

acceleration and overturning moment effects on sliding isolation bearings.



In 1997 program SAP2000 was released (Computers and Structures, 1997). As
the latest version in the popular SAP series of commercial structural analysis programs,
SAP2000 has the feature of nonlinear dynamic analyéis with elements for seismic
isolation and energy dissipation hardware. The program has already been used for the
analysis ot a number of structures with seismic isolation or energy dissipation systems,
and has the potential for widespread use.

In this report, a series of verification examples for SAP2000 are presented
involving seismic isolation and energy dissipation systems. Two of the problems are
special structural systems in which a specific type of behavior is sought (e.g., shear-type
representation, exclusion of overturning moment effects, etc.). Results obtained by
SAP2000 are compared with results obtained by program 3D-BASIS-ME (Tsopelas et
al., 1994). Three more examples involve structures tested in the laboratory for which
experimental results are available. They include one structure with Friction Pendulum
isolation bearings under extreme conditions of dynamic loading that induce bearing
uplift. and two structures with linear and nonlinear viscous fluid dampers. Moreover, in
one of the last three problems, the SAP2000 results are compared to those obtained by
program ANSYS (Swanson Analysis Systems, 1996).

[n general, modeling in SAP2000 was successful in producing results that were
either nearly identical to those of programs 3D-BASIS-ME and ANSYS or in favorable
agreement with experimental results. However, modeling in SAP2000 was not always
straightforward and in some cases, an uncommon combination of elements was used to
obtain the correct response. Moreover, the nonlinear viscous damper element in

SAP2000 was observed to lead to underestimation of story drifts in the analysis of a



tested 3-story structure. However, the same model performed properly in the analysis of
simple single degree of freedom systems.

In the verification examples, a mixture of units in the SI and in the American
systems were used, exactly as they were used in the original publications of the analytical
or experimental results which were used to verify SAP2000.

The input files for the programs used, the history of the seismic excitation and the

experimental results are provided on MCEER’s web site at http://mceer.buﬁalo.edu.






SECTION 2

ANALYSIS OF AN 8-STORY SEISMICALLY ISOLATED BUILDING

WITH BEARINGS

2.1 Introduction

In this example, a rather simple representation of a seismically isolated building is
analyzed using SAP2000 (Computer and Structures, 1997) and the results are compared
to results obtained with program 3D-BASIS-ME (Tsopelas et al., 1994). Due to the
simplicity of the model for this structural system—shear-type representation with bilinear
hysteretic isolators—=3D-BASIS-ME is believed to produce accurate results. Accordingly,
the example serves the purpose of demonstrating the SAP2000 input and particularly the
configuration of the Nllink element for producing output that is nearly identical to that of
3D-BASIS-ME.

The analyzed structural system has been used by Theodossiou and Constantinou
(1991) and Winters and Constantinou (1993) in the evaluation of the SEAOC/UBC
analysis procedures for seismically isolated structures. In these studies, an 8-story
building superstructure was modeled as shear-type frame with its properties specified in
terms of the floor masses and moments of inertia, story shear and rotational stiffnesses,
eccentricities and modal damping ratios. The isolation system consisted of 45 isolators
with bilinear hysteresis

There are various options for modeling shear-type behavior in SAP2000. One
option is to utilize the Frame element for columns with appropriate axial stiffness so that

they are effectively inextensible. Another option is to use the Nllink element in the



damper property type. This element is described in the SAP2000 Analysis Reference
(Computer and Structures, 1997) as a Maxwell element, that is, an element consisting of
a damper and a spring in series. There is no mention in the SAP2000 Analysis Reference
as to how this element may be used to represent a pure spring. One would expect that by
specifying a large value for the damping coefficient ¢, pure spring behavior could be
obtained. but such behavior is obtained in SAP2000 when ¢ is specified to be zero.

The isolation bearings, which have bilinear hysteretic behavior, were modeled
with element Nllink in the Isolatorl property type. This element has coupled bilinear
hysteretic behavior for the two shear deformations, whereas the remaining four degrees
of freedom (axial deformation and three rdtations) are linear. Among the parameters
describing this model, the linear effective stiffness ke for the two nonlinear degrees of
freedom needs to be specified. This parameter is not directly used for the nonlinear time-
history analysis. Rather, it is used indirectly. According to the SAP2000 Analysis
Reference its selected value may affect the rate of convergence in the iterative solution
procedure; no mention is made as to the effect of the selected value on the accuracy of
the solution.

It appears that an appropriate value of the linear effective stiffness for the
nonlinear degrees of freedom is the effective stiffness of the isolator as, for example, is
defined in the Uniform Building Code (e.g., International Conference of Building
Officials, 1994). When such a value is used, the calculated frequencies and mode shapes
of the structure are meaningful and useful for response-spectrum analysis. However, we
observed that when this value is used in nonlinear time-history analysis, the calculated

response is incorrect. Specifically, the isolation-system displacements are



underestimated. On the other hand, correct results are obtained when the value of ke is

specified to be very small but not zero (a zero value would result in an unstable system

and execution of the program is aborted).

2.2 Description of Analyzed Structure

The structure is an eight-story building with plan dimensions of 160 ft by 80 ft
with a story height of 12 ft. The properties of the structure in a shear-type representation
are given in Table 2-1. In this representation the center of resistance of each story is
located at the geometric center, whereas the center of mass of each floor and of the

isolation basemat is located at distance of 8 ft from the geometric center as illustrated in

Figure 2-1.

Table 2-1  Properties of Analyzed Structure

Story | Weight Rotational | Stiffness Rotational Eccentricity
/ (kips) [nertia (kips/in) Stiffness (ft)

Floor (kips-in-sec?) (Kips-in) Longitudinal | Transverse
8 1280 1272642.5 1700.9 1997933760 8 0
7 1280 1272642.5 1700.9 1997933760 8 0
6 1280 1272642.5 2551.3 2996900640 8 0
5 1280 1272642.5 2551.3 2996900640 8 0
4 1280 1272642.5 2551.3 2996900640 8 0
3 1280 1272642.5 3401.8 3995867520 8 0
2 1280 1272642.5 3401.8 3995867520 8 0
1 1280 1272642.5 3401.8 3995867520 8 0

Base 1280 1272642.5 8 0

Figure 2-1 shows also the location of the 45 isolation bearings. Each of these
bearings has bilinear hysteretic behavior with yield force of 12.8 kips, yield displacement

of 0.5 inch and ratio of post-yielding to elastic stiffness of 0.18868. This isolation system
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Figure 2-1 Plan View of the Base of the Building Model and Location of the
Isolation Bearings

is referred to as system type 7 for stiff soil profiles in the study of Winters and
Constantinou (1993).  The isolation system was configured for seismic input
representative of Seismic Zone 4, soil profile S|, and at a site at least 15 km from an
active fault in accordance with the 1994 Uniform Building Code (International
Conference of Building Officials, 1994). On the basis of the static analysis procedure of

the 1994 Uniform Building Code, the isolated-structure period is 2.0 sec, the effective

damping is 0.16 and the design displacement is 5.8 in.



The seismic input for this example consisted of the recorded pair of horizontal
ground acceleration histories in the 1971 San Fernando earthquake at station No. 211.
Each of the two components was multiplied by a factor 2.345 in accordance with the
scaling procedures described in Theodossiou and Constantinou (1991) and applied with

the north and west components in the transverse and longitudinal directions of the model,

respectively.

2.3 Modeling in 3D-BASIS-ME and SAP2000

The model of the 8-story superstructure in program 3D-BASIS-ME utilized the
shear-type option. Each of the 45 isolators was explicitly modeled using the hysteretic
clement for elastomeric bearings (option INELEM (K, 2) = 4). It should be noted that in
3D-BASIS-ME the inherent damping of the structure is specified in terms of the modal
damping ratios for the superstructure (that is, the part of the structure above the isolation
basemat, as if that part is fixed). A damping ratio of 0.03 was specified for the 27 modes
used in the analysis. Given the type of modeling and constraints used, these 27 modes
fully described the dynamic response.

Part of the output of program 3D-BASIS-ME contains the frequencies and mode
shapes of the superstructure. This output was compared to that obtained from SAP2000
in an analysis of the structure without the isolation system (the SAP2000 model for the
superstructure is described later in this report). Selected results from this comparison are
presented in Table 2-2. The two programs produce nearly identical results. The
SAP2000 model was developed in such a way as to closely approximate the 3D-BASIS-

ME model. This did not expose the extensive teatures of SAP2000 for modeling a



Table 2-2

Superstructure (fixed base)

Comparison of Calculated Periods and Mode Shapes of 8-story

Mode 1
SAP2000 3D-BASIS-ME
Floor Longitudinal | Transverse | Rotational | Longitudinal | Transverse | Rotational
Component | Component | Component | Component | Component Component
8 0.000 0.285 3.40 E-05 0.000 0.285 3.44 E-05
7 0.000 0.268 3.20 E-05 0.000 0.268 3.24 E-05
6 0.000 0.253 2.81 E-05 0.000 0.253 2.84 E-05
5 0.000 0.204 2.44 E-05 0.000 0.204 2.47 E-05
4 0.000 0.165 1.97 E-05 0.000 0.165 1.99 E-05
3 0.000 0.119 1.43 E-05 0.000 0.119 1.44 E-06
2 0.000 0.082 9.74 E-06 0.000 0.082 9.86 E-06
1 0.000 0.041 4.95 E-06 0.000 0.041 5.00 E-06
Period 1.147 sec 1.147 sec
Mode 2
SAP2000 3D-BASIS-ME
Floor Longitudinal | Transverse | Rotational | Longitudinal | Transverse | Rotational
Component | Component | Component | Component | Component Component
8 0.286 0.000 0.000 0.286 0.000 0.000
7 0.269 0.000 0.000 0.269 0.000 0.000
6 0.236 0.000 0.000 0.236 0.000 0.000
5 0.205 0.000 0.000 0.205 0.000 0.000
4 0.166 0.000 0.000 0.166 0.000 0.000
3 0.120 0.000 0.000 0.120 0.000 0.000
2 0.082 0.000 0.000 0.082 0.000 0.000
1 0.042 0.000 0.000 0.042 0.000 0.000
Period 1.140 sec 1.140 sec
Mode 9
SAP2000 3D-BASIS-ME
Floor Longitudinal | Transverse | Rotational | Longitudinal| Transverse | Rotational
Component | Component | Component | Component | Component | Component
8 0.000 -0.223 -2.66 E-05 0.000 -0.223 -2.69 E-05
7 0.000 0.254 3.03 E-05 0.000 0.254 3.06 E-05
6 0.000 0.188 2.24 E-05 0.000 0.188 2.27 E-05
5 0.000 -0.124 -1.48 E-05 0.000 -0.124 -1.49 E-05
4 0.000 -0.259 -3.09 E-05 0.000 -0.259 -3.13 E-05
3 0.000 -0.025 -3.02 E-05 0.000 -0.025 -3.05 E-06
2 0.000 0.177 2.11 E-06 0.000 0.177 2.14 E-06
l 0.000 0.190 2.27 E-06 0.000 0.190 2.30 E-06
Period 1.191 sec 1.191 sec

10




building. However, it allowed for a direct comparison of the results of the two programs,
and particularly exposed the features of the new Nllink element in its Isolatorl property.

Figure 2-2 illustrates the model. The model consists of joints 23 and 55 to 62,
which are interconnected by Nllink elements in the damper property with ¢ specified to
be equal to zero, and with the horizontal stiffness in directions x and y, and the rotational
stiffness specified in accordance with Table 2-1. The floor masses are concentrated at the
eccentric joints 47 to 54, which are constrained to the adjacent joints using the
diaphragm option. Having also specified as active degrees of freedom the UX, UY and
RZ displacements, this model represents a shear-type structure.

The isolation basemat consists of joints 1 to 45 which are constrained to the
basemat mass joint 46 through the body constraint. The 45 isolation bearings are
modeled with Nllink elements, Isolator] property, which connect joints 1 to 45 to joints
101 to 145. The latter are fixed ground joints. Each of these elements was assigned the
following properties: k2 = k3 = 25.6 kip/in (elastic horizontal stiffness), ratio2 = ratio3
= 0.18868 (post-yielding to elastic stiffness ratio), and yield2 = yield3.= 12.8 kips (yield
force). Moreover, the linear effective stiffness ke was specified as 0.0001 kip/in for the
reasons cited earlier. It should be noted that the linear effective stiffness is calculated to
be 6.55 kip/in in accordance with the 1994 Uniform Building Code for a design
displacement of 5.8 in. The reason for using a very low value for ke in nonlinear type of

analysis has been explained in Section 2.1 and will become apparent when results of the

analysis are presented.
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specified linear effective stiffnesses.
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Figure 2-2  Illustration of SAP2000 Model of 8-story Seismic-Isolated Building

Modal damping was specified as 0.03 for each mode. Program SAP2000 utilizes

the specified damping ratios in constructing a proportional damping matrix for the entire
structure including the nonlinear isolation system elements, which are represented by the
In general, inherent viscous damping in the
structural system (excluding that provided by energy dissipation devices) is accounted for

differently in programs SAP2000 and 3D-BASIS-ME. Specifically,



(a) 3D-BASIS-ME utilizes modal reduction, in which the superstructure is represented
by a selected number of modal displacements and not the actual degrees of freedom.
Accordingly, the specified damping ratios for the superstructure are directly used
without construction of a damping matrix.

(b) SAP2000 utilizes a similar approach but for the entire structure, including the degrees
of freedom associated with the isolation system. Moreover, SAP2000 has the option
of using Ritz vectors rather than the eigenvectors.

Accordingly, specification of the same damping ratios does not result in exactly
the same representation of inherent damping in the two programs. However in this
example, the representation is effectively the same due to (a) the small value of the
damping ratio, and (b) the specified very low value of linear effective stiffness for the

isolators.

Analysis in SAP2000 was performed by using all 27 eigenvectors in nonlinear

analysis type.

2.4 Comparison of Results

Figures 2-3 to 2-9 compare the calculated response of the structure by the two
programs. The compared responses include selected bearing force-displacement loops,
floor acceleration histories and histories of story drifts and story relative rotations. The
results of SAP2000 are nearly identical to the results of 3D-BASIS-ME.

[t should be noted that in the SAP2000 analysis, an unrealistic value for the linear
effective stiffness (ke = 0.0001 kip/in) was used. When the actual value of ke (= 6.55

kip/in per 1994 UBC) is used, the results generated by SAP2000 do not agree with
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those of 3D-BASIS-ME. This is illustrated in Figures 2-10 and 2-11, which compare the
calculated force-displacement loops of two bearings. The SAP2000 solution
underestimates the bearing displacements, though the underestimation may not be of
practical significance in this example. A likely explanation for this small discrepancy in
the results of SAP2000 is that the modes for the actual value of the linear effective
stiffness do not adequately represent the behavior of the analyzed system. It should be

noted that the analytical prediction did not improve when Ritz vectors were used instead

of mode shapes.
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SECTION 3

ANALYSIS OF A LIQUID STORAGE TANK

WITH THE FRICTION PENDULUM ISOLATION SYSTEM

3.1 Introduction

The system analyzed in this section is a seismically isolated liquid storage tank. It
is described and analyzed in the manual for 3D-BASIS-ME (Tsopelas et al., 1994).
Neither 3D-BASIS-ME nor SAP2000 have the capability of explicitly modeling the
dynamic behavior of a liquid storage tank, that is, to directly model fluid-structure
interaction. However, both programs are capable of analyzing mechanical models of the
liquid-tank system such as that described by Haroun and Housner (1981). In this
approach, mathematical analysis is employed in order to arrive at a representation of the
system consisting of an assemblage of oscillators, each one of which simulates a specific
effect, such as sloshing of the liquid, deformation of the liquid-tank system and impulsive
response. The calculated response of these oscillators is then used to evaluate important
response quantities for design, such as base shear and bending moment induced by the
hydrodynamic wall pressure, and vertical displacement of the liquid.

Program 3D-BASIS-ME has the capability of modeling multiple structural
systems connected to a rigid basemat, above the seismic isolators. The program also has
the options of including overturning moment effects through the use of an externally
supplied function, and of vertical ground acceleration. Since vertical degrees-of-freedom
are excluded in program 3D-BASIS-ME, the specified vertical ground acceleration is

used to directly modify the instantaneous vertical load on the bearings. In most cases, for
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example building structures, this is sufficient. However, liquid storage tanks are
vertically flexible (i.e., axisymmetric mode of vibration), which typically results in
additional axial load on the bearings. In this case, a modified vertical acceleration history
must be specified, which is calculated by an independent analysis of the system in the
vertical direction.

3D-BASIS-ME permits modeling of the horizontal dynamic response of
seismically isolated liquid storage tanks, but considerable a priori knowledge of the
behavior of such systems is required. The main feature of the program is the calculation
of the instantaneous vertical load on the bearings and the incorporation of this effect on
the instantaneous stiffness and friction force in the Friction Pendulum bearings.

Program SAP2000 has a three-dimensional formulation which, unlike program
3D-BASIS-ME, allows for direct consideration of the vertical ground acceleration and
overturning moment effects. This option has not been fully exercised in this example.
Rather, the changes in axial load due to the overturning moment have been ignored and
vertical oscillations have been effectively suppressed, with the only maintained feature in
the program being the effect of the vertical ground acceleration. That is, the model in
SAP2000 has been reduced to one that can be directly modeled by 3D-BASIS-ME so that
results from the two programs could be compared. Thus, this example primarily
represents a verification test for the Isolator2 property of the Nllink element of SAP2000
within a rather complex structural system with a small number of degrees of freedom.

Certain difficulties were encountered in the modeling of the mechanical
representation of the liquid-tank system, which will be described later in this section.

When these difficulties were effectively bypassed, SAP2000 produced results that were
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nearly identical to those of program 3D-BASIS-ME.

3.2 Description of Analyzed Liquid Storage Tank

The liquid storage tank is illustrated in Figure 3-1, whereas Figure 3-2 shows the
layout of the isolation bearings. Material unit weights are: for water 62.75 Ib/ft%, for steel
490 Ib/ft> and for concrete 150 Ib/ft’. The weights are: water (for full tank) 28387.4 kips,
steel tank 646.5 kips, steel roof 477.3 kips and concrete basemat 2629.8 kips with a total
isolated weight of 32141 kips.

The liquid storage tank is represented by the mechanical system illustrated in
Figure 3-3 on the basis of the theory of Haroun and Housner (1981). In this
representation only the fundamental tank-fluid and liquid sloshing modes of vibration are
considered, with the remaining modes considered to be rigid. It should be noted that each
of the oscillators shown in Figure 3-3 has three degrees of freedom: two horizontal
translational (UX and UY) with the properties indicated in the figure, and a rotational
about the vertical axis of which the associated rotational stiffness and mass moment of
inertia are arbitrarily specified to be very small and very large, respectively.

The isolation system consists of 52 identical Friction Pendulum bearings with a
radius of curvature equal to 82.4 in. It is assumed that all 52 bearings are subjected to the
same bearing pressure under static conditions. Even so, the frictional properties of the
bearings cannot be identical due to variations in the vertical load that results from the
vertical ground motion and the overturning moment. The frictional properties were

assumed to be independent of the instantaneous pressure, with the coefficient of sliding

friction described by
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u = fmax - (fmax - fmin ) exp (_aV) (3-]‘)

where v = amplitude of instantaneous sliding velocity vector, a = 0.8 sec/in , fia = 0.045

and f,,;, = 0.03.

3.3 Modeling of Liquid Storage Tank in 3D-BASIS-ME

The model in 3D-BASIS-ME has been presented in Tsopelas et al. (1994). In this
mode] the oscillators in Figure 3-3 are represented as single story, shear-type structures
connected to the center of mass of the basemat which is located at its geometric center.
That is, no eccentricities are considered. [t should be noted that in the analysis of
Tsopelas et al. (1994) an eccentricity of one-percent of the tank's plan dimension was
considered.

The 52 bearings are represented by clusters of bearings as shown in Figures 3-4

and 3-5. The central cluster (No. 5) consists of 26 bearings, whereas the remaining
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bearings are equally divided to four identical clusters. The clusters are located at specific
locations so that the rotational stiffness of the five clusters is identical to that of the 52
bearings (on the basis of the horizontal stiffness, excluding friction).

The model analyzed herein is identical to that analyzed by Tsopelas et al. (1994),
except that eccentricities are neglected, and the overturning moment effects and the
dependency of the coefficient of friction on the instantaneous bearing pressure are not

considered. Each cluster of bearings are assigned the following properties: radius 82.4 in,

a =08 sec/in, f = 0.045, f

min

= 0.03 and gravity load of either 16070 kips (No. 5) or
4017 kips (No. 1 to 4). Moreover, a value for the yield displacement equal to 0.02 in. is
used, based on the mechanical properties of the sliding interface.

The seismic excitation consists of the Pacoima Dam record of the 1971 San
Fernando earthquake. Component S16E (peak acceleration of 1.17g) is applied in the X
direction and component S74W (peak acceleration of 1.08g) is applied in the Y direction.
The vertical component has a peak acceleration of 0.71 g, resulting in a maximum +71-
percent variation in the axial load on the bearings (for the vertically rigid model). The

excitation is a severe earthquake motion with high velocity, near-fault characteristics.

3.4 Modeling of Liquid Storage Tanks in SAP2000
Modeling of the tank in SAP2000 was impeded by:
(a) The requirement to model the system in a shear-type representation, that is, to
exclude the vertical displacement degree of freedom. In general, this degree of
freedom should be included. The use of Nllink element, Isolator2 property for

representing the Friction Pendulum bearings requires that this degree of freedom is
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maintained. It was effectively suppressed by using damping elements.

(b) The requirement to specify the damping ratio for each part of the superstructure,
which is not possible to accurately accomplish through specification of global
damping. For this case of simple one-story superstructures, the problem was

circumvented by utilizing damping elements.
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The SAP2000 model consisted of the following elements:

(a) Nllink, plasticl property elements to represent each of the two superstructures.
Linear behavior of these elements was ensured by specifying a value of unity for
ratio and a large value for yield (the yield force). The stiffnesses for the shear
deformations and the rotational degree of freedom (which is linear) were specified in
accordance with Figure 3-4. The vertical displacement degree of freedom was

maintained but effectively suppressed by specifying a small vertical mass and a



related vertical stiffness that resulted in a large vertical frequency (=1000 rad/sec).
The linear effective stiffness ke for each of the nonlinear elements was specified to

be very small (ke = 0.0001 kip/in).

(b) Nllink, damper property elements to represent damping in the two superstructures.

(©)

The nonlinear configuration of this element was used with cexp being unity (default
value). A very small value for the linear effective stiffness was used (= 0.0001
kip/in) and zero value (default) for the linear effective damping was used.

Nllink, Isolator2 property elements for the Friction Pendulum bearings. Each of the
five clusters shown in Figure 3-5 was represented by an element with radius = 82.4
in, rate = 0.8 sec/in, slow = 0.03, fast = 0.045, elastic stiffness ke =21092 kip/in or
84370 kip/in and linear effective stiffness ke = 0.0001 kip/in. The elastic stiffness

was determined from

K — fmin\X/ (3'2)
Y
where W = gravity load on the bearing cluster, f ., = minimum value of the

coefficient of friction (= 0.03) and Y = yield displacement (= 0.02 in). The value of
the linear effective stiffness was specified very small based on experience gained in
the analysis of the 8-story isolated structure (see Section 2).

The gravity load on the bearings is typically generated in SAP2000 from loads
applied to the superstructure. In this case the gravity load was specified as
concentrated force load directly on the bearings. These forces were applied quasi-
statically, that is, dynamically over a long time duration. The program's built-in ramp
function was used with a duration of 10 sec (5 sec build-up time and 5 sec constant

load) and with a large modal damping ratio (= 0.99) to prevent oscillations.
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(d) Nllink, damper property for suppressing vertical oscillations in the elements
representing the clusters of Friction Pendulum bearings. A large value of stiffness k
was Vused to simulate pure damping behavior. However, the linear effective stiffness
ke was again specified very small to avoid errors. The element was used in its
nonlinear option but with cexp = 1. When the linear option was used the element
was null (that is, it produced no effect).

An appropriate value for the damping coefficient ¢ was determined by trial and
error. The values of this coefficient, of the axial stiffness of the Friction Pendulum
bearings and of the step for time-history analysis were varied so that the calculated axial
force on the Friction Pendulum bearings was essentially equal to the gravity load

multiplied by j; / g» Where j; = vertical ground acceleration.

That is, vertical oscillation at isolation system level was effectively eliminated
and the overturning moment effects were suppressed. The attempt to eliminate vertical
oscillations and overturning moment effects was made so that the results could be
compared to those of program 3D-BASIS-ME. In general, these effects should be
accounted for in the analysis.

The selection of elements used in the modeling of the liquid storage tank is not
unique; other combinations of elements or options could have been utilized. A number of
these options were investigated and found unsuccessful. Specifically:

(a) When the linear option for the Nllink, damper property elements was used, the
analysis could not be performed when ke was specified to have a large value, whereas
the element was null when the value of ke was specified to be very small.

(b) When the Nllink, damper property element was used instead of the plasticl property
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for representing the stiffness of the superstructures (as it was done in the 8-story
building example), the analysis could not be performed. Only when the element was
used in its nonlinear option with very small ke analysis could be performed.

However, the results were obviously erroneous.

3.5 Comparison of Results

Figures 3-6 and 3-7 compare the calculated force-displacement loops of the
central and for one of the exterior clusters of bearings. The results of the two programs
are nearly identical.

Figures 3-8 to 3-11 compare the calculated histories of displacements and
accelerations of the sloshing fluid and the fluid-tank mode. Some insignificant
differences are observed in the results for the fluid-tank mode. It should be noted that
this mode is substantially stiffer (period of 0.162 sec) than either the sloshing fluid mode
or the isolation system. These differences are due to the modeling used in the two
programs and in the numerical integration algorithms.

Of particular interest is the calculated acceleration history for the fluid-tank mode.
The peak acceleration value is used in the calculation of the overturning moment and
shear force for the design of the tank. The two programs predict nearly identical peak
values (see Figure 3-11). Moreover, the calculated acceleration histories may be used to
construct response spectra for pipework analysis and design (that is, construction of
"floor" response spectra). The calculated acceleration histories have different frequency
contents, with the SAP2000 results exhibiting slightly higher frequency content. Such

differences would inevitably result in differences in the "floor" spectra, which may be
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substantial. Experience has shown that the high frequency end of such spectra is
unrealistic and typically traceable to some seemingly insignificant parameter in the
model, such as the "yield displacement" or the elastic shear stiffness, in programs 3D-
BASIS-ME and SAP2000, respectively. A notable example of such experience has been
the analysis of two LNG storage tanks described by Constantinou (1998b). It is
appropriate to state at this time that there is no analysis program that can produce reliable

results for the high frequency end of "floor" response spectra.
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SECTION 4

ANALYSIS OF EXPERIMENTAL RESPONSE OF A 7-STORY BUILDING

MODEL WITH FRICTION PENDULUM ISOLATION SYSTEM

4.1 Introduction

The structure analyzed in this section is a 7-story seismically isolated building
model that was tested on a shake table by Al-Hussaini et al. (1994). This model was
tested in a variety of configurations, one of which involved the isolators placed directly
below each column of the moment frame, without an isolation basemat or diaphragm.
Due to the large height-to-width ratio of the structure, large 6verturning moments
developed in the experimental program which led to bearing uplift.

In this example, the modeling capabilities of SAP2000 are fully explored. Unlike
the previous two examples in Sections 2 and 3, in which a specific behavior of the
analyzed systems was sought (e.g., shear type representation, exclusion of overturning

moment effects, etc.), the structural system is modeled in its entirety.

4.2 Description of Tested Structure

Figure 4-1 shows elevations and a plan view of the 7-story model in one of the
tested configurations. This configuration is termed MFUIS in the report of Al-Hussaini
et al. (1994). This structure is a quarter length scale model of a slice of a building along

its longitudinal direction. Connections of beams to columns are rigid, either welded or
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bolted depending on the location. The braces in the transverse direction are bolted with a
single bolt at each end, that is, they are effectively pin-connected.

Concrete block and steel plate weights were installed at each floor and bay of the
model for an estimated total weight of 47.5 kips. The distribution of this weight was

estimated to be 7.6 kips at the first floor, 6.7 kips at the second to sixth floors, and 6.5
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kips at the top floor. This weight includes the added block and steel plate weights and the
tributary column, beam and brace weights.

The isolation system consisted of eight Friction Pendulum bearings, each with a
radius of curvature equal to 9.75 in, directly connected to the square tube columns of the
first story. Each bearing had a displacement capacity of 2 in. The contact area at the
sliding interface of the eight bearings was such that the bearing pressure was about 18 ksi
under the gravity load and on the basis of the assumption that load is distributed in
accordance with the tributary area of each column (that is, exterior bearings carry 3.96
kips each, and interior bearings carry 7.92 kips each).

The exact distribution of gravity load on the bearings was not known due to the
method used to erect the model on the shake table. In this method the bearings are first
installed and leveled on the shake table, and then the model, fully loaded with weights
and appropriately braced for lifting, is placed on top of the bearings. The distribution of
load on the bearings is not exactly the one obtained when the structure is built from the
bottom up, as in regular construction. Rather, the distribution deviates as a result of
misalignments in the model.

The coefticient of sliding friction of individual bearings was not determined.
Rather, the frictional properties were obtained for the entire assembly of the eight
bearings. The coefficient of friction could be described by (3-1) with fia = 0.06, finin =
0.04 and a = 1.09 sec/in. These properties are representative of the bearings for the
average conditions of bearing pressure, that is, about 18 ksi. Given that in some of the
tests the bearings experienced significant variations in bearing pressure, the analysis

should have accounted for the effects of instantaneous pressure on the frictional
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properties. This capability is not available in SAP2000, but it does not appear to have a
significant effect on the calculated response.

Testing of this model was conducted with several earthquake motions applied in
the longitudinal direction. Results presented herein and compared to the analysis results
are for the SOOE component of the 1940 El Centro earthquake record scaled up to a peak
acceleration of 0.57 ¢ (that is, twice the recorded level). In the testing and analysis, the

time scale of the record was compressed by a factor of two in order to satisfy the

similitude requirements.

4. 3 Modeling in SAP2000

The structure was modeled as a two-dimensional frame with the geometric
properties of sections doubled to represent the full model. Figure 4-2 illustrates the
model. Frame elements were used together with specified offset and rigid-end factor
values. The four joints on each of the seven floors were constrained using the
diaphragm option. Masses were lumped at the joints. The gravity load was directly
developed at the top joint of bearing elements and applied dynamically using a ramp of 5
sec build-up time, followed by a 5 sec constant load interval, and a damping ratio of 0.99
in order to prevent oscillations. The applied gravity loads were 7.92 kips and 15.83 kips
for the exterior and interior bearings, respectively. They were directly applied at the

bearing top joints. In reality, the gravity loads on the bearings may have been different

for the reasons explained in Section 4.2.
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Figure 4-2 Model of 7-story Isolated Structure in SAP2000
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The four Friction Pendulum bearings were modeled using the Nllink element,
Isolator2 property with the following parameters for the shear deformation degree of
freedom:

(a) Elastic stiffness k = 31.67 kip/in (exterior) and 63.33 kip/in (interior). This stiffness
was calculated on the basis of (3-2) with fini,= 0.04, W = gravity load (7.92 kips or
15.83 kips) and Y = 0.01 in.

(b) Linear effective stiffness ke = 0.0001 kip/in. This value was chosen on the basis of
observations made in the first presented example (see Section 2.1). However, nearly
identical results were obtained when realistic values of the linear effective stiffness
were used. Specifically, values of ke equal to 2.1 kip/in and 1.05 Kip/in, for interior
and exterior bearings respectively, were used.

(c¢) Radius =9.75 in,lfast = (.06, slow = 0.04, rate = 1.09 sec/in.

Moreover, the stiffness for the linear rotational degree of freedom was specified as ke =

10,000 kip-in/rad, and the axial stiffness k; was specified to be 20,000 kip/in. The latter

figure was based on calculations of the stiffness using the actual geometry of the

bearings.

The axial (vertical) degree of freedom of the Nllink element, Isolator2 property
is nonlinear. Accordingly, the axial linear effective stiffness ke needs to be specified.
An appropriate value is equal to kj, that is 20,000 kip/in. When such a value was used,
execution of the program was aborted. When lower values were used, analysis was
performed but the results were erroneous. Only when ke was specified to be very small,

has the analysis executed without problems and with good results.
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Damping elements were added at the bearing locations in the vertical direction
using the Nllink element, damper property with stiffness k = 10,000 kip/in and damping
coefficient ¢ = 5 kip-sec/in (to represent a pure linear viscous element). The value of the
damping coefficient was selected to provide a damping ratio of 0.10 on the basis of a

weight of 47.5 kips and total vertical bearing stiffness of 80,000 kip/in (4k,). That is,

B = (4¢)/2./(4k )(W/g) .

Of interest is to explain the need for using vertical damping elements at the
Friction Pendulum bearing locations. In general, such elements appear unnecessary and
are not used in an example provided in the verification manual of SAP2000. When such
elements were excluded, erroneous response was calculated. Specifically, the calculated
bearing forces exhibited significant fluctuations. Some improvement was noticed when
Ritz vectors were used rather than mode shapes. This issue will be revisited when
analysis results are presented.

Global damping in the model was specified in terms of damping ratios for the
cleven modes retained in the analysis. These values were obtained from experiments as
described in Al-Hussaini et al. (1994) for the seven modes related to primarily horizontal
movement, whereas the remaining modes (associated with primarily vertical movement)
were assigned similar values.

At first, eigenvalue analyses were performed on the model with the elements
representing the bearings removed and replaced by pins and rotational springs of stiffness
equal to 10,000 kip-in/rad. This approximately represented the structure as tested in its
non-isolated configuration. Parameter rigid-end factor was varied with a value of 0.45

finally resulting in mode shapes and periods that sufficiently approximated the
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experimental values. Table 4-1 compares the experimental periods and mode shapes
(only six were identified; all associated with horizontal floor displacement degrees of
freedom) with the ones calculated by SAP2000. This indicates that SAP2000 sufficiently

modeled the behavior of test structure in its non-isolated configuration.

4.4 Analysis Results and Comparison to Experiment

Figure 4-3 presents experimental and analytical results on the base shear-
isolation-system displacement loops and the displacement history of isolators and the first
story columns. The isolation system displacement is the displacement of the first floor
with respect to the ground (that is, the bearing displacement plus the drift in the column).
The base shear is the sum of the shear forces in the first story columns. In the experiment
they were directly measured by strain gage load cells in each column. Moreover, the
experimental displacement is the average of the recorded displacements at the two
columns of the first tfloor level (east and west locations).

Figures 4-4 and 4-5 compare experimental and analytical histories of selected
story drift, story shear and floor acceleration. The second story shear was determined
from the recorded acceleration histories and the known distribution of mass. The third
story drift was directly measured by displacement transducers placed on the east-side
columns. The seventh floor acceleration was calculated as the average of recorded
accelerations at the seventh floor on the east and west sides of the model.

These figures demonstrate that SAP2000 predicts well the experimental global
response of the isolated structure, except for the prediction of higher shear force in the

second story. It is possible that in this case the experimental shear force contains some
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Table 4-1 Experimental and Analytical Modal Properties of Non-isolated 7-story

Model

PERIOD (sec)
MODE EXPERIMENTAL SAP2000

1 0.455 0.458
2 0.139 0.151

3 0.081 0.088

4 0.052 0.061

b} 0.041 0.045

6 Not identified (vertical) 0.039

7 0.034 0.036

EXPERIMENTAL MODE SHAPES (associated with horizontal displacements

FLOOR MODE1 |[MODE2 |[MODE3 [MODE4 |MODES5 |MODE 7
7 1 0.918 0.812 0.704 0.471 0.363
6 0914 0.467 -0.197 -0.967 -0.896 -0.700
5 0.822 -0.193 -1 -0.742 0.346 1
4 0.675 -0.798 -0.513 1 0.493 -0.755
3 0.479 -1 0.708 0.653 -0.948 0.033
2 0.289 -0.755 0.844 -0.932 0.542 0.538
1 0.138 -0.373 0.473 -0.837 1 -0.868

SAP2000 MODE SHAPES

FLOOR MODE1 [MODE2 |MODE3 |[MODE4 |[MODES5 |MODE 7
7 1 0.982 0.978 1.506 0.655 0.410
6 0.941 0.538 -0.081 -1.280 -1.094 -0.986
5 0.837 -0.110 -1 -1.605 0.123 1
4 0.692 -0.707 -0.857 1 1.022 -0.376
3 0.514 -1 0.196 1.793 -0.771 -0.484
2 0.315 -0.875 1.053 -0.668 -0.535 1.046
1 0.138 -0.470 0.890 -1.893 1 -0.786

error since it was not directly measured but rather obtained by computation on the basis

of the experimental accelerations and the imprecisely known distribution of mass.
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Figure 4-3 Comparison of Analytical and Experimental Results on the Base Shear-

Displacement Loop and Isolation System Displacement History
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Figure 4-5 Comparison of Analytical and Experimental Results on the 7th Floor
Acceleration

Figure 4-6 presents experimental and analytical force-displacements for one
exterior (C4) and one interior bearing (C5). These two bearings (see Figure 4-1) were
instrumented to measure the bearing displacements. Since the analysis was performed
with a planar representation of the structure, the calculated bearing shear forces were
divided by factor of two to obtain the force in a single bearing. The exterior bearing
underwent significant variation in the axial load and experienced uplift. The SAP2000
program does predict this behavior with good accuracy given the uncertainty in the
gravity load on the bearing. It should be noted that the gravity loads on the bearings were

not exactly known and they could very well have been different than assumed in the

analysis.
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The analytical results presented in Figures 4-3 to 4-6 were obtained with a
SAP2000 model of which the important features are: (a) use of a very low value for the
linear effective stiffness ke related to the shear degrees of freedom of element Isolator2,
(b) use of vertical damping elements at the isolator locations, and (c) use of eleven
eigenvectors.

Analyses were also performed using other combinations of parameters and
different modeling. Specifically, analyses were performed without the vertical damping
elements at the isolator locations; the base shear force-displacement loop are presented in
Figure 4-7. Analyses were performed with either a) eleven eigenvectors, or b) with 26
Ritz vectors, and with either a) linear effective stiffness in the shear degrees of freedom
of the Isolator2 elements being very low, or b) realistic values (2.1 kip/in for the interior
and 1.05 kip/in for the exterior bearings). The results show large fluctuations in the
calculated force. The prediction improves with the use of larger number of Ritz vectors
(maximum possible was 26 for the model in SAP2000) but the analytical prediction is
poor. No improvements were noticed when a larger number of eigenvectors was used. It
is likely that with more refined modeling (e.g., without constraints) and a sufficiently
large number of properly constructed Ritz vectors, response of acceptable accuracy could
be obtained without the use of vertical damping elements.

Figure 4-8 presents the experimental and the calculated loops of base shear-
isolation system displacement and of shear force-bearing displacement for the exterior
bearing. The analytical response is obtained with a model having vertical damping
elements, eieven eigenvectors and realistic values for the linear effective stiffiness for the

shear degrees of freedom of the Isolator2 elements. The results of these figures should
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be compared to those of Figures 4-3 and 4-6. Such a comparison reveals that for the
Isolator2 element, use of either a realistic value for the linear effective stiffness or a very

small value leads to nearly identical results.
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SECTION 5

ANALYSIS OF EXPERIMENTAL RESPONSE OF A 3-STORY BUILDING

MODEL WITH LINEAR AND NONLINEAR VISCOUS FLUID DAMPERS

5.1 Introduction

The structure analyzed in this section is a 3-story quarter length scale steel model
with a fluid viscous energy dissipation system. This model was used in several shake
table studies of active, semi-active and passive motion control systems (Chung et al.,
1988; Constantinou and Symans, 1992; Symans and Constantinou, 1995; Seleemah and
Constantinou, 1997). Particularly, the study of Seleemah and Constantinou (1997)
included the use of linear and nonlinear fluid viscous dampers in a passive energy
dissipation system. It is a simple structural system and thus represents an ideal situation

for verifying the viscous damper element in SAP2000.

5.2 Description of Tested Structure

The structure was originally designed as a small structural testing system, and not
as a scaled model of an actual building. It underwent extensive testing over a period of
ten years and at the time prior to the tests of Seleemah and Constantinou (1997) it was
damaged, had several cracks and exhibited brittle behavior. The frame was repaired by
enhancing the section of the first story columns, by inhibiting the further propagation of
cracks (drilling of holes at crack tips) and by welding several small plates over the cracks

in order to provide for proper load paths. Figure 5-1 shows a schematic of the repaired
structure, including the added weight.
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The model was tested in a variety of configurations, of which the one shown in
Figure 5-2 is analyzed herein. This configuration is a 3-story moment frame with
complete vertical distribution of diagonally placed fluid viscous dampers. The weight at
each floor level (including the tributary weight from beams and columns) was 9.38 kN
(mass of 9.56 N-s2/cm).

Six linear viscous dampers were used (three on each of the two frames), and then
in another series of tests six nonlinear dampers were used. Three of the linear dampers

were tested to velocities of up to 420 mm/sec and found to exhibit nearly linear behavior,

which could be represented as

F=Ci (5-1)
where F = force, 3= velocity, C | = damping coefficient equal to 16 N-sec/mm. The three
tested dampers did not have identical behavior, with the actual value of C, being in the
range of 13.5 to 18.5 N-sec/mm.

All six nonlinear dampers were tested and found to exhibit a behavior described

F=C,|ul"sign(in) (5-2)

with & = 0.5 and C, in the range of 220 to 300 N-(sec/mm)*. Specifically, two dampers
had C = 220 N-(sec/mm)” and were placed at the third story, two had C, = 235 N-
(sec/mm)” and were placed at the second story, and the two had C, = 300 N-(sec/mm)”

and were placed at the first story.
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Figure 5-2 Schematic of One of the Tested Configurations

[nterestingly, (5-2) described well the behavior of the nonlinear dampers for
velocities exceeding about 15 mm/s. For velocities below this limit the behavior was
essentially linear.

The model was tested with only horizontal seismic excitation using several scaled
historic earthquake records. The experimental results obtained for the SOOE component
of the 1940 El Centro record (tests No. L36E100 and N36E100) are compared herein
with the analysis results of SAPZOOO.‘ This record was compressed in time by factor of

two to satisfy the similitude requirements of the quarter length scale model.

5.3 Modeling in SAP2000

Due to symmetry, only one-half of the structure was modeled as a plane frame.
Figure 5-3 illustrates the model. Masses were concentrated at the column-to-beam joints,
and floor joints were constrained as diaphragm for reducing the degrees of freedom and

for better representing the behavior of the floors which were stiffened by the added steel
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Figure 5-3 Illustration of SAP2000 Model of 3-story Frame with Viscous Dampers

weights. Frame elements were used together with specified offset and rigid-end-factor
values. The value of the rigid end factor was specified to be 0.6 on the basis of
eigenvalue analysis of the frame without dampers and comparison of experimental and
analytical periods and mode shapes. Table 5-1 presents a comparison of these modal
properties, where it may be seen that there is an excellent agreement between the

experimental and analytical results.
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There are two options in SAP2000 for modeling linear dampers:

(a) Element, Nllink, damper property, linear analysis type with ke = 0 and ce = 16 N-
sec/mm.

(b) Element Nllink, damper property, nonlinear analysis type with ke = 0, k = 1,000,000
N/em, ¢ = 16 N-sec/mm and cexp = 1.0.

The value of stiffness k is large enough to ensure that the element behaves as a pure

damper. The value is also consistent with the actual stiffness of the braces used to

connect the dampers to the frame. These braces were 1% x 1% x V4 equal leg angles with

length of about either 35 or 70 cm. Their actual stiffness was larger than 1,000,000

N/em. Both options were used and the calculated response was not exactly the same.

The input files in the supplied diskette contain further information on the
specified damping ratios for each of the three modes of vibration. The specified damping
ratios are those identified in the experiments for the frame without dampers. It should be
noted that due to the modeling with constrained floor nodes, rigid elements and
~ horizontal only masses, the model has effectively three degrees of freedom. Accordingly,

it is essentially the same as that used by Seleemah and Constantinou (1997) for the

analysis of the tested frame.
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Table 5-1 Experimental and Analytical Modal Properties of 3-story Model

without Dampers

PERIOD (sec)

MODE EXPERIMENTAL SAP2000
1 0.439 0.437
2 0.133 0.135
3 0.070 0.074
EXPERIMENTAL MODE SHAPES
(associated with horizontal displacements)
FLOOR MODE 1 MODE 2 MODE 3
3 1 1 1
2 0.7360 -0.8430 -2.7270
I 0.3600 -1.0160 3.1740
SAP2000 MODE SHAPES
FLOOR MODE'1 MODE 2 MODE 3
3 1 | |
2 0.7471 -0.8246 27175
I 0.3469 -1.0960 2.9696

5. 4 Analysis Results and Comparison to Experiment

Figures 5-4 and 5-5 present calculated and experimental story shear force-drift
loops and histories of story drift for the structure with linear dampers. The analysis was
conducted for the linear model of dampers and using the linear analysis option. The
experimental drifts were directly measured with displacement transducers, whereas the
experimental shear forces were obtained by calculation from the floor acceleration
records and the estimated distribution of mass. The two sets of results are in good

agreement. [n general, the results of SAP2000 are essentially the same as those obtained

in the analyses of Seleemah and Constantinou (1997).
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Figure 5-6 is the same as Figure 5-4 but with the analytical results produced with
the nonlinear damper model with cexp = 1.0. While insignificant for practical purposes,
there is a small difference between the calculated responses using the linear and nonlinear
damper options.

Finally, Figures 5-7 and 5-8 compare the experimental and calculated response of
the structure with nonlinear dampers.  Program SAP2000 underestimates the
displacement response by a significant amount. The calculated response did not improve
when adjustments were made to the stiffness k from the realistic value of 1,000,000 N/cm
to lower values (250,000 N/cm) or when Ritz rather than eigenvectors were used, or
when masses for the vertical degrees of freedom were introduced.

To provide further insight into this discrepancy, a simple one degree of freedom
system was analyzed: an example in Chapter X of Soong and Constantinou (1994) of a
linear elastic system with a lumped weight of 7000 kN and period of 2 sec, and with a
nonlinear viscous element described by (5-2) with C_=25.13 kN (sec/mm)* and o = 0.5.
The SAP2000 results were nearly identical to those reported in Soong and Constantinou
(1994), which were produced with a rigorous integration scheme using a predictor-
corrector method.

The interested reader is referred to Seleemah and Constantinou (1997) for a good
comparison of experimental and analytical results, the latter produced with essentially the
same model. On the basis of this study, it is likely that a contributor to the discrepancy is

the inadequacy of the model of the dampers in SAP2000 to represent the low velocity

behavior of the nonlinear dampers.
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SECTION 6

ANALYSIS OF EXPERIMENTAL RESPONSE OF A MODEL

WITH A TOGGLE BRACE-DAMPER ENERGY DISSIPATION SYSTEM

6.1 Introduction

The analyzed structure is a half length scale steel model used to test a novel
energy dissipation system configuration termed the toggle brace-damper. The concept,
theoretical development, and experimental and analytical results are presented in
Constantinou et al., (1997) and in the M.S. thesis of Hammel (1997). Moreover, a brief

description may be found in Constantinou (1998a).

6.2 l)escription of Tested Structure

Figure 6-1 illustrates the tested frame. Two such frames were used to support a
143 kN concrete block. The frame is equipped with a toggle brace (part DAC) which
effectively acts as a shallow truss. Viscous fluid dampers are installed either in the lower
damper configuration (between A and B as shown in Figure 6-1) or in the upper damper
configuration (which is more effective) as shown in the photograph of Figure 6-2, which
was taken during the shake table testing.

The operation of the toggle brace-damper system is as follows. On lateral
displacement of the frame (drift u as shown in Figure 6-1), joint A moves upwards

resulting in extension of the lower damper or compression of the upper damper. The
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Figure 6-1 Tested Frame with Toggle Brace-Damper System
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Figure 6-2 View of Tested Structure with Upper Damper Configuration on the
Shaking Table
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change of length of the damper is the damper displacement up, which is related to the
drift u:

u,=fu (6-1)
The magnification factor f depends on the geometry (specifically angles 6, and 6,) and
the intent is to achieve large values. In the tested configurations, f assumed values of
about 2.5 and 3.0 in the lower and upper damper configurations, respectively. By
comparison, a horizontally placed damper on top of a chevron brace has f = 1.0, and a
diagonally placed damper has f less than 1.0.

Since the energy dissipated is proportional to the product of the peak damper
force and the peak damper displacement, effective energy dissipation is achieved with
low peak damper force when the system is configured for a large value of the
magnification factor f. This results in a lower cost for the dampers and extends their
applicability to stiff structural systems.

The tested structure, as illustrated in Figures 6-1 and 6-2, had a fundamental
period of about 0.3 sec, and a damping ratio of 0.04 without dampers, 0.22 with dampers
in the lower configuration (as in Figure 6-1) and 0.26 in the upper configuration (as in
Figure 6-2). The dampers were fluid viscous with linear behavior as described by (5-1)
with C = 15.4 N - sec/mm (= 88 Ibs-sec/in.) to velocities of up to 500 mm/sec. Two such
dampers were used.

The frame was tested on a shake table in a variety of configurations. Herein
results are presented for the configuration shown in Figure 6-1 (lower damper) and using

the SOOE component of the 1940 El Centro earthquake. This record was compressed in

time by /7 to satisfy similitude requirements.
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6.3 Modeling in SAP2000

The modeling was essentially identical to the one developed in the ANSYS
program (Swanson Analysis Systems, 1996) and reported in Constantinou et al. (1997).
Figures 6-3 and 6-4 illustrate the ANSYS model. The supplied diskette contains the
input files, where the coordinates and section properties may be found. It should be
noted that the model is that of one frame of the tested structure. Accordingly, half of the
total mass of the structure is assigned to it.

Program SAP2000 could model this frame in a more direct way, that is, by using
the offset, rigid-end factor and constraints options. However, in the interest of
comparing the results of the two programs, the ANSYS model was duplicated in
SAP2000.

The linear viscous dampers were modeled in SAP2000 using the Nllink element,

damper property using linear type of analysis while maintaining six eigenvectors with an

assigned damping ratio of 0.04.

6.4 Analysis Results and Comparison to Experiment

Figures 6-5 to 6-7 present histories of the frame drift (displacement of joint 3 with
respect to the ground), histories of the frame acceleration (joint 3), and loops of the
damper force vs. damper displacement. The experimental results are the average of the
recorded responses at the two frames of the tested structure (east and west sides). The
test number is AELRSLO02 (see Constantinou et al., 1997).

The figures compare the experimental results to the analytical results obtained by

SAP2000, and then the results produced by the two programs. The two programs produce
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nearly identical results, which are in good agreement with the experimental response.
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SECTION 7

CONCLUSIONS

A number of structures with seismic isolation and energy dissipation systems
were modeled and analyzed using SAP2000, and the results were compared to either
experimental results or to results obtained with programs 3D-BASIS-ME and ANSYS.
In these examples, the element Nllink of SAP2000 in the Isolatorl, the Isolator2, and
the linear and nonlinear damper property configurations was tested. Input files for each
example were provided and comments on the modeling were presented. Alternative
modeling ’approaches and their effect on the calculated response were also presented.

In general, the use of SAP2000 produced results in excellent agreement with other
programs and in good agreement with experimental results. This included the case of a
tested isolated frame with uplifting Friction Pendulum bearings. However, modeling in
SAP2000 was not always straightforward.  Specifically, we made a number of
observations in the behavior of the utilized elements, of which the following are of
interest to users of this program:

(a) For the Isolatorl and Isolator2 options of element Nllink, the linear effective
stiffness for the shear degrees of freedom may have to be specified with a very small
value rather than a realistic value.

(b) The Isolator2 option of element Nllink, which models Friction Pendulum bearings,
may produce erroneous results unless it is combined with vertical linear damping

elements to suppress fluctuations in the calculated forces resulting, likely, from

numerical instability problems.
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(c) There is a need to better describe the damper option of the Nllink element. As
described in the manual of the program, this element is a Maxwell element. Yet, the
element could be used to successfully describe behavior not possible for the Maxwell
element and for the utilized combination of parameters (see Section 2).

Finally, there is a need to revisit the nonlinear viscous damper option of element

NHink. As described in Section 6, the use of this element did not produce accurate

results in the analysis of a tested frame with nonlinear viscous dampers.
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