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Preface

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

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

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

The Center derives support from several Federal agencies, including the National Science
Foundation, Federal Highway Administration, National Institute of Standards and Technol-
ogy, Department of Homeland Security /Federal Emergency Management Agency, and the
State of New York, other state governments, academic institutions, foreign governments
and private industry.

The report is a product of the “NEESR-SG: TIPS - Tools to Facilitate Widespread Use of Iso-
lation and Protective Systems, a NEES/E-Defense Collaboration,” funded by the National
Science Foundation through the George E. Brown, Jr. Network for Earthquake Engineering
Simulation (NEES) program. The project team inlcudes the University of Nevada, Reno as
the lead institution, with subawards to the University of California, Berkeley; University
of Wisconsin, Green Bay; and the University at Buffalo, State University of New York.

The NEES TIPS project is a collaborative effort between researchers in the U.S and Japan to
create and promote tools that will facilitate adoption of isolation and protective systems.
The vision is that in the future, losses and disruptive societal impacts associated with
earthquakes will be substantially reduced due to the widespread use of isolation systems,
which provide the capability to control both structural and nonstructural damage by si-
multaneously reducing accelerations and displacements. Isolation systems will become a
realistic option for any building regardless of size, occupancy, and importance, based on
the following outcomes:

Knowledge gaps regarding the behavior of isolation devices and overall system perfor-
mance are addressed; based on innovative tests using state-of-the-art facilities and im-
proved modeling capabilities. Practitioners and stakeholders will have improved access to
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information through the creation of a worldwide database of information about isolation
systems. Tested and validated strategies will allow for substantially reduced costs associ-
ated with the design and construction of an isolation system.

Rational analysis tools will be able to convey the long term benefits of isolation systems in
terms of performance, life cycle costs, and sustainability. Seismic isolation technology will
be promoted by engineering and design firms throughout the United States. A national
audience will be educated regarding the societal impacts of earthquakes and the potential
benefits of seismic isolation and protective systems.

This study investigates the pounding phenomenon in base isolated buildings by conducting shake
table pounding experiments, developing analytical models for impact to moat walls, and evaluating
the adequacy of code specifications for the gap distance of moat walls. The experiments indicated
that the contact forces generated during pounding can induce yielding in the superstructure and
amplify the response acceleration at all stories of the building. The response amplification and
damage depends on the gap distance, moat wall properties, and impact velocity. A detailed finite
element model of the test setup was developed in OpenSees and an analytical study on the dynamic
behavior of the moat walls resulted in proposing a new impact element. The numerical simulation
showed good agreement with the experimental results. Finally, a series of collapse studies using
the FEMA P695 methodology was conducted to determine the collapse probability of the base iso-
lated models and the effect of moat wall gap distance on the probability of collapse. These studies
verified that pounding to moat walls at the gap distance required by ASCE7-05 results in an ac-
ceptable probability of collapse for flexible and ductile moment frame models. However, the braced
frame showed a notable drop in collapse margin ratio because of pounding to the moat wall at the
required gap distance and requires increasing the gap distance by 17%.to achieve an acceptable
collapse probability.
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ABSTRACT

Seismic isolation offers a simple and direct opportunity to control or even eliminate damage to
structures subjected to ground shaking by simultaneously reducing deformations and acceleration
demands. A base isolation system decouples the superstructure from the ground resulting in
elongation of fundamental period of the structure and reducing the accelerations transferred to
superstructure during ground shaking. However, increasing the fundamental period of the
structure is mostly accompanied by increased displacement demands. In base isolated structures,
this large displacement is concentrated at base level where seismic isolation devices are installed
and designed to handle these large deformations without damage. A typical base isolated
basement design requires a space in which the building is free to move sideways without hitting

the surrounding structure. This space is commonly referred to as the "moat".

Structural design codes such as ASCE 7-05 that regulate the design of buildings incorporating
seismic base isolation systems require the minimum moat wall clearance distance equal to the
maximum displacement at the base of the structure under the Maximum Considered Earthquake
(MCE), although the superstructure is designed for design basis earthquake (DBE) level. Despite
the cautious regulation for moat wall gap distance, pounding of base isolated buildings to moat
walls has been reported in previous earthquakes. In conventional structures, the pounding
problem between adjacent structures of buildings and highway bridges has been a major cause of
seismic damage, even collapse, during earthquakes in the past several decades. Current design
specifications may not adequately account for the large forces generated during impact in base
isolated buildings. This study investigates the pounding phenomenon in base isolated buildings
from both experimental and analytical perspectives by conducting shake table pounding
experiments, developing effective models for impact to moat walls and evaluating the adequacy

of code specifications for the gap distance of moat walls.

A series of prototype base isolated moment and braced buildings designed by professional
engineers for the purpose of this project is presented and one of the models was selected for a
quarter scale shake table test with moat walls. The pounding experiments indicate that the

contact forces generated during pounding can induce yielding in the superstructure and amplify



the response acceleration at all stories of the building. The response amplification and damage

depends on the gap distance, moat wall properties, and impact velocity.

A detailed finite element model of the test setup is developed in OpenSees. An analytical study
on the dynamic behavior of the moat walls resulted in proposing a new impact element.
Numerical simulation using the proposed impact element compares well with experimental

results.

A series of collapse studies using the Methodology in FEMA P695 was conducted for both
prototype models at various gap distances. The collapse probability of base isolated models used
in this study and the effect of moat wall gap distance on the probability of collapse for base
isolated structures is investigated. These studies verify that pounding to moat walls at the
required gap distance by ASCE7-05 result in acceptable probability of collapse for the flexible
and ductile moment frame models examined. However, the braced frame shows a notable drop in
collapse margin ratio because of pounding to moat wall at the required gap distance and requires

increasing the gap distance by 17%. to have an acceptable collapse probability.
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SECTION 1
INTRODUCTION

1.1. Problem Description

Seismic isolation offers a simple and direct opportunity to control or even eliminate damage to
structures subjected to ground shaking by simultaneously reducing deformations and
accelerations. Installing a base isolation system decouples the superstructure from the ground
resulting in elongation of fundamental period of the structure and reducing the acceleration
transferred to superstructure during ground motion. However, increasing the fundamental period
of the structure is mostly accompanied by increased displacement demands. In base isolated
structures, however, this large displacement is concentrated at the base level where seismic
isolation devices are installed and designed to handle these large deformations without damage.
A typical base isolated basement design requires a space in which the building is free to move
sideways without hitting the surrounding structure. This space is commonly referred to as the
"moat". Any services that enter the building must make provision for these large displacements,
either by flexible joints or large radius expansion loops. The moat must be covered, either by

sacrificial material or have the ability to slide over the adjoining supports.

Structural design codes such as the International Building Code IBC (ICC 2006) and ASCE 7-05
(ASCE 2005) that regulate the design of buildings incorporating seismic base isolation systems
require the minimum moat wall clearance distance equal to the maximum displacement at the
base of the structure under the Maximum Considered Earthquake (MCE), although the
superstructure is designed for Design Basis Earthquake (DBE) level. Despite the cautious
regulation for moat wall gap distance, pounding of base isolated building to moat walls has been
reported in previous earthquakes. The base-isolated Fire Command and Control (FCC) building
in Los Angeles experienced pounding to its moat wall during strong motion of 1994 Northridge
earthquake. The evaluation studies after this earthquake showed that the base isolated FCC
building performed well, except for impact, which increased structure shear and drift demands
(Nagarajaiah et al. 2001). In the more recent 2011 Christchurch earthquake, evidence revealed

pounding to moat wall in the only base isolated building in the region of strong shaking,



resulting in damage to sacrificial non-structural components at the seismic gaps (Gavin et al.

2012).

The pounding problem between adjacent structures of buildings and highway bridges has been a
major cause of seismic damage, even collapse, of civil infrastructure during earthquakes in the
past several decades. Seismic pounding is known to cause localized damage, and even contribute
to the collapse of structures. Pounding incidences between fixed-base buildings due to strong
earthquakes motivated relevant research, which led to seismic-code reforms in order to mitigate
the risks from poundings of adjacent structures. However, very limited research work has been
carried out for internal poundings of seismically isolated buildings, which exhibit quite different
dynamic characteristics from fixed base buildings. Pounding in base isolated buildings has not
been a major issue in past earthquakes since there are few buildings with this technology and,

particularly in areas that have experienced strong shaking.

Current design specifications may not adequately account for the large forces generated during
impact in base isolated buildings. This study investigates the pounding phenomenon in base
isolated buildings from both experimental and analytical perspectives by conducting shake table
pounding experiments, developing effective models for impact to moat walls and evaluating the

adequacy of code specifications for the gap distance of moat walls.

This research is part of the National Science Foundation (NSF) funded NEES TIPS project
(Network for Earthquake Engineering Simulation (NEES), Tools for Isolation and Protective
Systems); a collaborative effort of researchers in the U.S and Japan to create and promote tools
that will facilitate adoption of isolation and protective systems (Ryan et al. 2008). This particular

study focuses on modeling and evaluation of limit-states in base isolated buildings.

1.2. Objectives and Scope of Research

The goal of this study is to determine the effects of pounding on the global response of base
isolated buildings through realistic experimental testing and the development of reliable
analytical models for moat wall pounding. For the first time, a series of shake table experiments
were conducted on base isolated buildings impacting the moat wall and damaging the

superstructure. The experiments provide a wealth of data to better understand the dynamics of
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impact that can lead to further development of new impact element for moat walls and other
applications. A reliable base isolated and moat wall model will be used for a comprehensive

comparative and collapse study of base isolated building.
The specific objectives of this research are:
e Conduct a series of shake table test to assess limit states in base isolated buildings under
strong ground motion.
e Explore the response of base isolated buildings pounding to a surrounding moat wall.

e Investigate experimentally the effect of moat wall gap distance, stiffness and damping on

response of base isolated structure during impact.

e Propose a new impact element to simulate pounding of base isolated building and moat

wall.
e Compare response of base isolated structures with and without moat wall.

e Evaluate the collapse probability of base isolated buildings for different moat wall gap

distances.

e Evaluate the efficacy of code specifications in accounting for pounding in base isolated

buildings.

1.3. Outline of Report

This report is organized into nine sections with the following contents:

Section 2 presents an overview of seismic pounding in base isolated buildings. The possibility of
pounding in base isolated structures is investigated based on specifications required for this type
of buildings. Various analytical models used to simulate impact are presented. Past research on

seismic pounding is also summarized.

The summary of prototype base isolated buildings designed by professional engineers for
purpose of this project is presented in Section 3. Two base isolated moment and braced frame

steel buildings are considered for purpose of the NEES TIPS project. The detailed design



assumptions, final geometry and section properties as wells as ground motion set used in this

study are summarized in this section.

The experimental test setup is described in Section 4. Detail properties of a quarter scale base-
isolated moment frame building model with moat walls designed for shake table testing is
provided. The building model is scaled down from the prototype model and tested in fixed base
and base isolated conditions. Scaling similitude and dimensional analysis as applied to the
reduced scale model are explained. The properties of the isolation bearings and a detailed
description of the different moat wall configurations are described. At the end of this Section,

the experimental testing schedule is presented.

Section 5 presents a summary of experimental results for the building in three configurations
including fixed base, base isolated without moat wall, and base isolated with moat wall. Detailed
results are presented for one of the ground motions applied on the shake table while the other
ground motions results can be accessed in the NEES website under the NEES TIPS project
directory (https://nees.org/warehouse/project/571). At the end of this Section, a summary of all
experimental testing is provided and the effects of pounding in base isolated buildings are

summarized based on experimental observations.

Numerical simulations of the experiments are presented in Section 6. A Detail finite element
model of the test setup is modeled in OpenSees. The assumptions and properties of numerical
simulation for 2-dimensional (2D) impact are explained in this Section. An analytical study on
dynamic behavior of the moat walls resulted in proposing a new impact element described in this
Section. Numerical simulation using the proposed impact element is compared with experimental

results.

The proposed impact element in 2D analysis is extended to 3D simulation in Section 7. A
surrounding moat wall is constructed by connecting multiple impact elements in plane by shear
key element. The behavior of these shear keys are calibrated based on finite element simulations
of a continuous walls in ABAQUS. The response of the 3-story moment and braced prototype
models presented in Section 3 is examined considering impact to a surrounding moat wall at the

base level by implementing the proposed impact element. The effect of pounding to moat wall in



both prototype buildings were investigated by comparing the superstructure response with and
without presence of the moat wall. These studies provide critical information for the design of
base isolated buildings, particularly the moat wall clearance and its potential effect on the

superstructure response.

A series of collapse studies using the fragility curve concept was conducted for both prototype
models and for various gap distances in Section 8. The objective of this section is to evaluate the
collapse probability of base isolated models used in this study and also investigate the effect of
moat wall gap distance on the probability of collapse for base isolated structures. For this
purpose the numerical models developed in Section 7 were used following the Methodology

presented in FEMA P695 (FEMA 2009b).

The findings from the study are summarized and areas of future research are suggested in

Section 9.






SECTION 2
STRUCTURAL POUNDING IN BASE ISOLATED BUILDINGS

2.1. Base Isolated Structure

Base isolation has been proven to be an effective strategy to reduce both story drift ratio and
accelerations in structures during ground shaking. Inter story drift ratio and acceleration are two
key measures of structural response during earthquakes. High inter-story drifts can cause severe
damage to structural frames, piping and ductwork, facade, windows, and partitions. High floor
accelerations can cause damage to ceilings and lights, building equipment, elevators, and other
building contents. Unlike traditional design strategies that aim to increase the design capacity
and stiffness of the structure to accommodate foreseeable lateral forces, base isolation systems
introduce a flexible level between structure and foundation in order to isolate the structure from
ground movement. Increasing stiffness in structures shifts the fundamental period of the structure
to higher acceleration zone in response spectrum resulting in higher demand in building.
Installing base isolation system results in elongation of period to lower demand acceleration
zone. However, increasing fundamental period of the structure is always accompanied by
increasing in displacement demand (Figure 2-1). This large displacement is concentrated at base
level where seismic isolation devices are installed. Increasing damping at base level such as
using additional viscous damper devices in conjunction with base isolation system is an option to

reduce this large demand displacement, although they may be costly.

ACCELERATION 4 DISPLACEMENT A :
PERIOD SHIFT INCREASING DAMPING
-~ ,/;‘
"PERIOD PERIOD

Figure 2-1 Principals of seismic isolation (Constantinou et al. 2007)

Although patents on seismic isolators can be traced back to the 1800s, the use of seismic
isolation for protecting bridges and buildings is somewhat recent in the United States. The first
application of modern seismic isolation was completed in 1985 for a retrofit of Sierra Point

Overpass, in San Francisco, California (Constantinou et al. 2007).

7



The number of base isolated building in Asian countries, especially Japan, far surpasses the
number in the United States. The number of base isolated buildings in Japan is in order of the
thousands while the number in the U.S. remains around one hundred. Unlike its use in Japan,
isolation technology in the U.S. has remained within mainly essential, public buildings such as
hospitals, city halls or emergency response centers. The technology has not spread to use in
typical office or residential buildings, which may also see increased safety and performance

benefits (Nakashima et al. 2010).

There are two common types of seismic isolation bearings in the United States, elastomeric
bearings (low- and high-damping rubber; lead rubber) and sliding bearings (spherical sliding or
Friction Pendulum bearings; flat sliding bearings). Two common types of seismic isolation
devices are shown in Figure 2-2. These bearings are designed to be relatively flexible and
accommodate large displacements in the horizontal direction while sustaining the gravity loads

from the superstructure.

(a) Lead rubber bearing (b) Friction pendulum bearing

Figure 2-2 Different types of seismic isolation system (Constantinou et al. 2007)

2.1.1. Design of Base Isolated Structure

Structural design codes such as the International Building Code IBC (ICC 2006) and ASCE 7-05
(ASCE 2005) regulate the design of buildings incorporating seismic base isolation systems. The
concept of design standards in these codes is to design the structure for a single earthquake
intensity with 10% probability of occurring in 50 years. These codes require that seismic

isolated structure remains elastic during this event. Although the code guidelines allow analysis



of the isolated building system by several procedures: the equivalent lateral force method,
response spectrum analysis and nonlinear response history analysis, use of the equivalent lateral
force method for final design has been limited by the codes to a narrow class of structures.
However, static analysis is the logical starting point for the conceptual design phase, and
furthermore, the codes require that the response determined from an acceptable dynamic analysis
procedure does not fall below limits determined by static analysis. Thus, accessibility to static
equations that can simply and accurately predict important response parameters, such as the

deformation demand of the isolation system, is a critical aspect of design.

Base isolated structures should fulfill requirements in Chapter 17 of ASCE7-05 “SEISMIC
DESIGN REQUIREMENTS FOR SEISMICALLY ISOLATED STRUCTURES”. This chapter
requires design of the superstructure for the forces obtained from design basis earthquake (DBE)
while isolation devices should be designed for displacement obtained from maximum considered
earthquake (MCE) analysis. The MCE is defined as an earthquake with 2% probability of
occurrence in 50 years, or a 2500-year return period. The DBE is defined as 2/3 of the MCE. In
earthquake prone regions such as the west coast, the DBE has approximately 10% probability of

occurring in 50 years (475 years return period).

The equivalent lateral force design method consists of recursive steps to get to the final design
parameters equal to initial assumed values. Minimum lateral earthquake design displacements
and forces on seismically isolated structures should be based on the deformation characteristics
of the isolation system. First, the design displacement is calculated using Equation 17.5-1 of

ASCE 7-05:

_ 9Sp1Tp
D™ an2B,

(2-1)

Where Sp; is 5% damped DBE spectral acceleration parameter at 1-s period dependent on
building location, Bj is numerical coefficient related to the effective damping of the isolation
system at design displacement obtained from Table 15.5-1 of ASCE 7-05, and Tp is effective

period of seismically isolated structure at design displacement:



w
Tp = 4w |———— (2-2)
kDming
To calculate the effective period of the isolated structure, W is the total weight of the structure on

top of isolators and kp.,;n, 1s minimum effective stiffness of the isolation system at the design

displacement.

The isolation system, the foundation, and all structural elements below the isolation system
should be designed and constructed to withstand a minimum lateral seismic force, V;, using all of

the appropriate requirements for a nonisolated structure where

Vb = kpmaxDp (2-3)

and kppq, 1S the maximum effective stiffness of the isolation system at the design displacement.
The structures above the isolation system should be designed to tolerate a minimum shear
force, V;, using:

kDmaxDD

Vo =——F/F— 2-4
o= @-4)

where R; is response modification factors related to the type of seismic force-resisting system
above the isolation system. The R; factor should be based on the type of seismic force-resisting
system used for the structure above the isolation system and should be three-eighths of the R
value given in Table /2.2-1 of ASCE7-05 with an upper-bound value not to exceed 2.0 and a

lower-bound value not to be less than /.0.

The maximum displacement of the isolation system, D,;, in the most critical direction of

horizontal response should be calculated in accordance with the formula:

_95mTm

= 2-5

where Sy, 1s maximum considered 5% damped spectral acceleration parameter at 1 sec period,
Ty, is effective period of seismic isolated structure at maximum displacement calculating using
Equation 2-6 , and B, is a numerical coefficient related to the effective damping of the isolation

system at the maximum displacement.
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w
Ty = 4m |——— (2-6)
kaing
In the equation above, kj;min 1S minimum effective stiffness of the isolation system at maximum

displacement.

The total maximum displacement, Dy, of the isolation system elements should include
additional displacement due to actual and accidental torsion calculated from the spatial
distribution of the lateral stiffness of the isolation system and the most disadvantageous location
of eccentric mass. The total maximum displacement, Dz, of elements of an isolation system
with uniform spatial distribution of lateral stiffness should not be taken as less than that

prescribed by the following equations:

Dry = Dy[1 + Y%] (2-7)
where y is the distance between the centers of rigidity of the isolation system and the element of
interest measured perpendicular to the direction of seismic loading under consideration, e is the
actual eccentricity measured in plan between the center of mass of the structure above the
isolation interface and the center of rigidity of the isolation system, plus accidental eccentricity,

taken as 5 percent of the longest plan dimension of the structure perpendicular to the direction of

force under consideration, b and d are the shortest and longest plan dimension of the structure.

The isolation system should not be configured to include a displacement restraint that limits
lateral displacement due to the maximum considered earthquake to less than the total maximum
displacement, Dr,,, unless the seismically isolated structure is designed in accordance with the

following criteria, which are more strict than the requirements described earlier:

1. Maximum considered earthquake response is calculated in accordance with the dynamic
analysis requirements of Section 17.6 of ASCE 7-05 (Dynamic Analysis Procedure) explicitly
considering the nonlinear characteristics of the isolation system and the structure above the

isolation system.
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2. The ultimate capacity of the isolation system and structural elements below the isolation
system should exceed the strength and displacement demands of the maximum considered

earthquake.

3. The structure above the isolation system is checked for stability and ductility demand of the

maximum considered earthquake.

4. The displacement restraint does not become effective at a displacement less than 0.75 times
the total design displacement unless it is demonstrated by analysis that earlier engagement does

not result in unsatisfactory performance.

The accuracy of equivalent-linear systems to estimate seismic demands has been documented for
general nonlinear systems (Fajfar 1999; Chopra et al. 2000)and specifically for isolation systems
(Anderson et al. 1998; Franchin et al. 2001; Dicleli et al. 2007). Because the equivalent linear
approach cannot characterize the isolation system based on its physical parameters, often
requires iteration, and potentially suffers from inaccuracy, other approaches to estimate the

deformation demand of the isolation system are worth investigating.

There are some other restraints on using equivalent lateral procedure such as structure height
(less than 65 ft), the effective period of the isolated structure at the maximum displacement,
Ty < 3.0 sec, the structure location at a site with S; less than 0.60g, etc. which are listed in
Section 17.4 of ASCE 7-05. These situations, which are very possible in design of seismic

isolated structure, persuade using of nonlinear time history analysis as a design tool.

2.1.2. Dynamic Analysis Procedure

Dynamic analysis in design of seismic isolated structure is inevitable in many cases. Where
dynamic analysis is used to design seismically isolated structures, the mathematical models of
the isolated structure including the isolation system, the seismic force—resisting system, and other
structural elements should conform to Section 12.7.3 and to the requirements of Sections
17.6.2.1 and 17.6.2.2 of ASCE 7-05. For the purpose of dynamic time history analysis, a suite of
not fewer than three appropriate ground motions should be used in the analysis. Ground motions

should consist of pairs of appropriate horizontal ground motion acceleration components that
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should be selected and scaled from individual recorded events. Appropriate ground motions
should be selected from events having magnitudes, fault distance, and source mechanisms that

are consistent with those that control the maximum considered earthquake.

For each pair of horizontal ground-motion components, a square root of the sum of the squares
(SRSS) spectrum should be constructed by taking the SRSS of the 5 percent damped response
spectra for the scaled components (where an identical scale factor is applied to both components
of a pair). Each pair of motions should be scaled such that for each period between 0.5T, and
1.25Ty; (where Tp and Ty, are defined in Equations 2-2 and 2-6) the average of the SRSS spectra
from all horizontal component pairs does not fall below 1.3 times the corresponding ordinate of

the design response spectrum by more than 10 percent.

Note that the criteria in ASCE 7-05 represent minimum requirements. Even when scaled
motions meet these criteria, it does not mean that the scaled motions correctly represent the
target MCE spectrum. To verify, the maximum direction spectrum of each scaled pair of ground
motion components should be constructed. Then the average of the maximum direction spectra
of the scaled motions should be constructed and compared to the target MCE spectrum. The two

spectra should be reasonably close.

There are various procedures for scaling records to represent a spectrum. One is to perform
“spectral matching” in which the record is modified in frequency content and amplitude so that
its response spectrum matches the target spectrum within a range of periods and with a specified
degree of accuracy. Another is to simply scale the amplitude of the record and maintain the
frequency content unchanged. The simplest version of this procedure is to scale the record so
that its response spectrum matches the target spectrum at a particular period, say 1 second or at
the fundamental period of the structure to be analyzed. Another is to utilize a “weighted

average” scaling process in which several periods are considered (Constantinou et al. 2011).

The weighted average procedure utilizes information on spectral acceleration at a number of
periods. It is more difficult to apply but should, in principle; result in better matching of the
target spectra. Note that the scaling procedure only scales the amplitude of the seed motions. It

does not involve changes in the frequency content of the seed motions. This procedure is
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especially appropriate for evaluation of different structures with wide range of fundamental

periods.

Figure 2-3 shows the acceleration and displacement response spectra for 20 ground motions used
for time history analysis in the NEES TIPS project (Ryan et al. 2008) and MCE spectrum that all
the ground motions are scaled to based on the procedure described earlier. It can be seen that
average SRSS of 20 ground motions are above the MCE spectrum. On the right, the median
displacement spectrum for the two components of each pair of scaled ground motions is shown.
The solid thick line corresponds to the median of all the motions. It can be seen that some ground
motions resulted in substantially larger displacement demands than the median curve. The
median curve is the basis of determining the minimum gap size for displacement restraint in
ASCE 7-05 for isolated structures. It can be concluded that conducting dynamic analysis using
ground motions scaled to MCE spectrum complying to ASCE 7-05 requirements results in
displacement demand more than minimum displacement restraint limit in some motions. This
requires modeling these displacement restraints in dynamic analysis n order to better capture the

expected behavior of base isolated buildings.
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Figure 2-3 Acceleration and displacement response spectra

This displacement restraint can be moat wall or retaining wall around the base level of a base
isolated building. A typical base isolated basement design requires a space of not less than Dy,

in which the building is free to move sideways without hitting the surrounding structure. This
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space is commonly referred to as the "moat". Any services that enter the building must make
provision for these large displacements, either by flexible joints or large radius expansion loops.
The moat must be covered, either by sacrificial material or have the ability to slide over the
adjoining supports. Figure 2-4 shows the typical arrangement of a base isolated building with the

1solators located below the basement floor.
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Figure 2-4 Typical moat wall configuration in base isolated building (Arnold 2009)

The dynamic analysis of base isolated building should explicitly include the elements to
represent the behavior of the moat wall due to the high probability of base level displacement
exceeding the gap distance under scaled ground motions. Although numerous studies have been
conducted on modeling of superstructure and isolators elements, a few efforts have been made to
model the dynamic behavior of retaining walls and soil backfill. In the following subsections, a
review of previous studies on structural pounding between adjacent structures and also the

different methods to model this pounding force are presented.

2.2. Structural Pounding

The pounding problem between adjacent structures of buildings and highway bridges has been a
major cause of seismic damage, even collapse, of civil infrastructures during earthquakes in the
past several decades. Pounding damage in buildings and highway bridges has been widely

reported in almost all major earthquakes in the literature, such as the 1989 Loma Prieta
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earthquake (Priestley et al. 1996), the 1994 Northridge earthquake (EERI 1995a; Nagarajaiah et
al. 2001), the 1995 Kobe earthquake (EERI 1995b) and the 1999 Chichi earthquake (EERI
2001). Especially in the 1985 Mexico City earthquake, the post-earthquake survey showed that
over 40% of the 330 severely damaged or collapsed buildings were induced by the structural
pounding (Rosenblueth 1986).

Although most structural pounding occurred between two adjacent fixed base structures at top
floors or bridge decks due to lack of sufficient gap distance (Figure 2-5), a few cases of pounding

have been reported in base isolated buildings.

(b)

Figure 2-5 (a) Barrier rail damage during the 1994 Northridge earthquake; (b) Pounding
between a six-story building and a two-story building in Golcuk, causing damage to the
column of the six-story building (EERI 2000)

The Christchurch Women’s Hospital, completed in March 2005, is the only base-isolated
building in the South Island of New Zealand. The displacement capacity of the base-isolation
system and the superstructure ductility capacity are designed to meet 2000-year return-period
demands. Detailed structural evaluations after the 2010 Darfield Earthquake and the 2011
Christchurch Earthquake revealed damage only to sacrificial non-structural components at the

seismic gaps (Gavin et al. 2010; Gavin et al. 2012). Figure 2-6 shows the moat wall damage due
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to pounding at the base level of this building. Rolling trolleys, items falling from shelves, clocks
falling from walls, items falling out of refrigerators, and sloshing of water from a full birthing

pool to a distance of 6 to 9 ft from the pool was reported from the hospital staff during the

ground motion (Gavin et al. 2012).

Figure 2-6 Pounding of base isolated Christchurch women’s hospital to moat wall (Gavin et
al. 2010)

The base-isolated Fire Command and Control (FCC) building in Los Angeles experienced strong
motion during the 1994 Northridge earthquake. The California Strong Motion Instrumentation
Program has instrumented the building and recorded the data during the Northridge earthquake
(Shakal et al. 1994). Impact was observed in the base-isolated FCC building during the
Northridge earthquake. Nagarajaiah et al. (2001) evaluated the seismic performance of the base-
isolated FCC building during the 1994 Northridge earthquake and the effect of impact. They
showed that the base isolated FCC building performed well, except for impact, which increased
structure shear, and drift demands. The effectiveness of base isolation was reduced because of

impact.

2.2.1. Analytical and Numerical Studies
Previous studies related to structural pounding have been mainly analytical, based on two

techniques, the stereomechanical approach and contact element approach.

The classical theory of impact, called stereomechanics, is based preliminary on the impulse-
momentum law for rigid bodies, which specifies of initial and terminal velocity states (Figure

2-7). In this theory, velocities of the colliding bodies after collision are calculated from:
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Figure 2-7 Classical theory of impact.

In this equation v;, v; are the velocities before and after collision, the subscripts 1 and 2 identify
the two colliding bodies, and e is the coefficient of restitution. The coefficient of restitution
accounts for energy loss during impact, and is usually defined as the ratio of final to initial
relative velocity. This approach has been used to model impact by several researchers
(Papadrakakis et al. 1991; DesRoches et al. 1997). It has been shown that the variation in (e) has
a relatively minor effect on the structural response due to pounding (DesRoches et al. 1997).
Using this approach, Malhotra (1998) investigated the effect of earthquake-induced pounding at
thermal expansion joints of concrete bridges. Examining collinear impact between concrete rods
of the same cross section but different lengths showed that the coefficient of restitution depends
only on the length ratio and the damping ratio of the rod material and the duration of impact is

equal to the fundamental period of axial vibration of the shorter rod.

From Equations 2-8, it is evident that this theory does not account for impact duration, transient
forces, and local deformations at the contact point and further assumes that a negligible fraction
of the initial kinetic energy of the system is transferred into local vibrations of colliding bodies.
These assumptions limit the application of stereomechanics theory in accurately capturing

structural collisions.
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On the other hand, the contact element approach considers the impact force generated during the
collision of two adjacent structures by assuming a combination of springs and dashpots between
them. The contact element approach is a very widely used formulation because of its easy
adaptability and logical nature to model impact. Various contact elements have been used in the
past including the linear spring element, Kelvin-Voigt element, the Hertz contact element and the

Hertz damped element.

The linear spring element (Figure 2-8) is the simplest contact element used to model impact. The
spring is implemented in series with a gap element to consider the distance between two bodies.
Obviously, this model suffers from lack of energy dissipation during impact. Maison et al.
(1992) have used this model to study pounding between adjacent buildings. They conclude that
pounding generates drifts, shears, and overturning moments in the stories above the pounding

location that are greater than those from the case where pounding is ignored.

Force

Gap

=
Penetration

Figure 2-8 Linear spring element.

Figure 2-9 shows the Kelvin-Voigt element which is represented by a linear spring in parallel
with a damper. Many researchers have used this element to generate forces during pounding of
adjacent bodies (Wolf et al. 1980; Anagnostopoulos et al. 1992; Jankowski et al. 1998). Unlike
the linear spring model the damper in this model accounts for the energy loss during impact. The
damping coefficient (cx) can be related to the coefficient of restitution (e), by equating the energy

losses during impact.
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Figure 2-9 Kelvin-Voigt element.

As it can be seen in this figure, energy dissipated during the contact is modeled using a damper
element in parallel with a linear spring. However, this model exhibits an initial jump of the
impact force values upon impact due to the damper. Furthermore, the damping force causes
negative impact forces that pull the colliding bodies together, during the unloading phase, instead

of pushing them apart.

In order to avoid the tensile impact forces that arise between the colliding structures at the end of
the restitution period, due to the damping term, a minor adjustment is proposed by Komodromos
et al. (2007) for the linear viscoelastic model. In particular, when the impact force is about to
change sign, the impact spring and dashpot are removed, considering that the two bodies are
detached from each other. A permanent deformation is considered, assuming some remaining

plastic deformations, which increase the corresponding available width of the gap (Figure 2-10).
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Figure 2-10 Modified Kelvin-Voigt element.

A nonlinear spring based on the Hertz contact law can be used to model impact between two
bodies. The Hertz contact law (Goldsmith 2001) was originally proposed for static contact of two
bodies, in which stresses and deformations near the contact point are described as a function of
the geometric and elastic properties of the bodies. The contact force is related to the relative

indentation of two bodies with a nonlinear spring of stiffness Kj, calculated as

K —i ! RR, 2-10
" 3x\A+4 J\R +R, (2-10a)

4 1
K, —g[ ]JRT (2-10b)

A+,

respectively, for two colliding spheres of radii R; and R,, and colliding of a sphere of radius R,

to a massive plane surface. In these formula, 4; is a material parameter defined as:

A =— (2-11)
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where E; and v; are modulus of elasticity and Poisson’s ratio, respectively. For other geometric

shapes, an equivalent sphere radius can be used. The contact force can then be expressed as:
F. =K,d" (2-12)

where § is relative penetration and n, is typically taken as 3/2 for nonlinear behavior.

A

Force

Gap

=
Penetration

Figure 2-11 Hertz element.

The use of the Hertz model for dynamic impact has been justified on the basis that it appears to
predict accurately most of the impact parameters that can be experimentally verified (Goldsmith
2001). However, the original model does not capture the energy dissipated during contact. To
overcome this limitation, a nonlinear damper in conjunction with the Hertz model was proposed
(Hunt et al. 1975; Lankarani et al. 1990; Marhefka et al. 1999; Muthukumar et al. 2006) with
contact force given by (Figure 2-12):

F =K,6°+C,8 (2-13)

where Cj, is the damping coefficient, and & is penetration velocity. The damping coefficient is
related to penetration using Equation 2-14 in order to prevent tensile forces after the two bodies

separate.
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C,=¢5" (2-14)
In this equation, ¢ is damping constant which is expressed as (Ye et al. 2009):

_8K,(-e)

§5 ed,

(2-15)

Jankowski (2007) determined a range of the coefficient of restitution (e) for different building
materials, such as: steel, concrete, timber and ceramics, based on the results of impact
experiments. A general trend observed for all materials is that the coefficient of restitution
decreases with an increase in the prior impact velocity. A range of e from 0.75 to 0.50 for impact

velocity of 0.91 in/s to 14.6 in/s was suggested for concrete materials.

A

Force

Gap
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Figure 2-12 Hertz damped element.

2.2.2. Experimental Studies

Although many researchers have been using the analytical and numerical approach for structural
pounding, only a few experimental studies have been conducted on this topic. Filiatrault et al.
(1995) performed a series of shaking table tests on the dynamic impact between adjacent three-

and eight-story single-bay steel frames. The experimental displacements and impact forces could
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be properly estimated from analytical models based on a linear elastic spring, but the

acceleration at contact locations was not well predicted.

Shaking table tests have been carried out by Chau et al. (2003) to investigate the pounding
phenomenon between two steel towers of different natural frequencies and damping ratios,
subject to different combinations of stand-off distance and seismic excitations. Both analytical
and numerical predictions of the relative impact velocity, the maximum stand-off distance, and
the excitation frequency range for pounding occurrences were made and found to be comparable
with the experimental observations in most of the cases. Pounding appears to amplify the
response of the stiffer structure but suppress that of the more flexible structure; and this agrees

qualitatively with previous shaking table tests and theoretical studies.
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Figure 2-13 Sketches of the theoretical and experimental models for modeling pounding
between two adjacent structures (Chau et al. 2003).

In a more basic study, Goldsmith (Goldsmith 2001) reported results from experimental tests on
collisions between spheres, the impact of spheres on plates, and some other tests on bars and
elastic beams, and proposed the stiffness parameter of the Hertz model as a function of the

elastic properties and geometry of the two colliding bodies.
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The two experiments focused on interactions between elements made of steel, concrete, timber
and ceramic are presented in Jankowski (2010). The first experiment was conducted by dropping
balls from different height levels onto a rigid surface, whereas the second one was focused on
pounding-involved response of two tower models excited on a shaking table. The results of the
impact experiment show that the value of the coefficient of restitution depends substantially on
the pre-impact velocity as well as on the material of colliding elements. The general trend for all
materials shows the decrease in the coefficient of restitution as the impact velocity increases with
the highest values for ceramic-to-ceramic impact and the lowest for timber-to-timber. The results
of the shaking table experiment confirm the general conclusions obtained from the numerical
simulations that structural pounding may lead to the considerable amplification of the response

as well as reducing vibrations in some cases.

There have also been some experimental studies examining pounding of isolated bridges (Vlassis
et al. 2001; Guo et al. 2009; Sun et al. 2011). Guo et al.(Guo et al. 2009) conducted a series of
shaking table tests on a 1:20 scaled base-isolated bridge model to investigate the effects of
pounding between adjacent superstructures on the system dynamics response. Based on the test
results, the parameters of the linear and the nonlinear viscoelastic impact models were identified

and results compared well with numeric models. The results showed that pounding between
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adjacent superstructures of the highway bridge significantly increases the structural acceleration

responses. Compared to buildings, however, bridge decks are relatively rigid superstructures.

ib)

Figure 2-15 Photographs of the bridge model: (a) Bridge model; (b) Expansion joint
without contact Point; and (c) Expansion joint with contact point (Guo et al. 2009).

Sato et al. (2011) conducted a series of full-scale shaking table tests using the E-Defense shaking
table facility on a base-isolated four-story RC hospital structure. A variety of furniture items,
medical appliances, and service utilities are placed on the hospital specimen in as realistic a
manner as possible. In this test, natural rubber bearings with a parallel U-shaped steel damper
(designated as NRB+U) was adopted. The other was high-damping rubber bearings (designated
as HDRB), in which the bearing itself dissipates energy. For NRB+U, the clearance between the
superstructure and surrounding blocks was set at 500 mm (20 in), while for HDRB, it was set at
300 mm (12 in), intending to allow slight pounding during the test. In this test, pounding
occurred once, but the velocity at the instant of pounding was close to zero (0.06m/s). The floor
acceleration increased to 0.57g, which was about twice as large as the maximum floor
acceleration of 0.26g, observed when no pounding occurred. The increased acceleration,
however, lasted only for 0.2 s, and it had no effect on responses except for the following case; a
high-oxygen pressure unit placed on the first floor moved horizontally by 20mm in the case of

pounding.
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Figure 2-16 Test specimen by Sato et al. (2011) (unit: mm): (a) Specimen; (b) Elevation.

2.3. Pounding of Base Isolated Building to a Moat Wall

As defined earlier, a moat wall is a retaining wall separating base isolated building from the
adjacent structure. The minimum required gap distance between a base isolated building and the
surrounding moat wall is determined by Dy, in ASCE 7-05 which is based on probabilistic
estimation of maximum displacement in the base level of an isolated building under MCE event
multiplied by a scale factor to consider effects of torsion. This minimum required gap distance in
the design of most isolated buildings is considered by practitioner due to the economic surcharge

of increasing this distance.

Although there is a potential of pounding between the base level of isolated building and moat
wall under ground motions at MCE level, the effect of this pounding and extra forces generated
at the impact surface has not been carefully investigated. Very limited research work has been
carried out for poundings of seismically isolated buildings to moat wall. In most of these
numerical studies, the moat wall was replaced with one of impact elements described earlier and
the response of base isolated structure is investigated due to pounding in the impact elements

under various ground motions.
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Tsai (1997) simulated the superstructure of an isolated building as a continuous shear beam in
order to investigate the effects of poundings on structural response. In this study, the building is
modeled as an elastic or inelastic shear beam and the moat wall is simplified as elastic or
inelastic stops. Numerical results indicate that the impact wave induced by the bumping can
create an extremely high acceleration response in the shear beam (up to 70 times of input
motion), if the shear beam remains elastic. A non-linear elastic stop model is observed to reduce
the acceleration response. If the shear beam yields, the impact wave cannot propagate through

the shear beam and the shear beam remains in the low acceleration response except for the base.

Malhotra (1997) used linear spring element as the moat wall and concluded that for elastic
systems the base shear generated by impacts can be higher than the weight of the building; base
shear increases with increase in the stiffness of the retaining wall, stiffness of the building and
the mass of the base mat. A significant fraction of the initial kinetic energy of the system is lost
by impact; energy loss increases with increase in the stiffness of the retaining wall, system

damping and mass of the base mat.

The seismic response of multi-story buildings supported on various base isolation systems during
impact with adjacent structures was investigated by Matsagar et al. (2003). The isolated building
was modeled as a shear type structure with lateral degree-of-freedom at each floor. An impact
element in the form of spring and dashpot was used to model the adjacent structure (i.e. retaining
wall or entry bridge). The impact response of the isolated building is studied under the variation
of important system parameters such as size of gap, stiffness of impact element, superstructure
flexibility and number of stories in the base-isolated building. It is concluded that the response of
base-isolated structures is affected when impact takes place with the surrounding foundation
structures and hence need to be avoided. The effects of impact are found to be severe for the
system with flexible superstructure, increased number of stories and greater stiffness of the moat

wall.

Komodromos et al. (2007) conducted a series of parametric studies to investigate the influence of
potential poundings of seismically isolated buildings with adjacent structures on the
effectiveness of seismic isolation. The numerical simulations demonstrated that poundings may

substantially increase floor accelerations, especially at the base floor where impacts occur.
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Higher modes of vibration are excited during poundings, increasing the story deflections, instead
of retaining an almost rigid-body motion of the superstructure as is expected with seismic
isolation. Impact stiffness seems to affect significantly the acceleration response at the isolation
level, while the displacement response is less sensitive to the variation of the impact stiffness.
Finally, the results indicated that providing excessive flexibility at the isolation system to
minimize the floor accelerations may lead to a building vulnerable to poundings, if the available

seismic gap is limited.

In a more recent study, the effects of seismic pounding on the structural performance of a base-
isolated reinforced concrete (RC) building are investigated by Pant et al. (2012). In particular,
seismic pounding of a typical four-story base-isolated RC building with retaining walls at the
base and with a four-story fixed-base RC building is studied. Three-dimensional finite element
analyses are carried out considering material and geometric nonlinearities. The structural
performance of the base-isolated building is evaluated considering various earthquake
excitations. It is found that the performance of the base-isolated building is substantially
influenced by the pounding. The investigated base-isolated building shows good resistance

against shear failure and the predominant mode of failure due to pounding is flexural.

As mentioned in Section 1, this study investigates the pounding phenomenon in base isolated
buildings from both experimental and analytical perspectives by conducting shake table
pounding experiments, developing effective models for impact to moat walls and evaluating the
adequacy of code specifications for the gap distance of moat walls. The goal of this study is to
determine the effects of pounding on the global response of base isolated buildings through
realistic experimental testing and the development of reliable analytical models for moat wall
pounding. For the first time, a series of shake table experiments were conducted on base isolated
buildings impacting the moat wall and damaging the superstructure. The experiments provide a
wealth of data to better understand the dynamics of impact that can lead to further development
of new impact element for moat walls and other applications. A reliable model of a base isolated
building and moat wall model developed based on experimental observations is used for a

comprehensive comparative and collapse study of base isolated building.
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SECTION 3
PROTOTYPE BUILDING MODEL

3.1. Introduction

As part of the NEESTips project, a series of conventional and base-isolated buildings were
professionally designed by Forell/Elsesser Engineers inc. and adapted here for use in the
experimental and numerical studies on structural pounding. The 3-story building models include
a conventional Special Moment Resistant Frame (SMRF), a base-isolated Intermediate Moment
Resistant Frame (IMRF), a conventional Special Concentric Braced Frame (SCBF), and a base-

isolated Ordinary Concentric Braced Frame (OCBF).

The objective of this section is to describe the properties and assumptions in the design of the 3-
story IMRF and also OCBF models that are used extensively throughout this study. The three-
story IMRF model was selected for the experimental study while IMRF and OCBF models are
used in numerical studies in Sections 7 and 8. The scaled experimental model is described in

Section 4.

3.2. Design Assumptions

Hypothetical 3-story conventional and base-isolated buildings were designed by Forell/Elsesser
Engineers Inc. for use in this project (Figure 3-1). These buildings were designed for occupancy
category II and importance factor / = 1.0 according to ASCE 7-05(ASCE 2005). These office
buildings were designed by the Equivalent Lateral Force Method to meet the requirements of
2006 International Building Code (ICC 2006), ASCE 7-05 (ASCE 2005), and AISC 341-05
(AISC 2005). The buildings were designed for a Los Angeles, California, location (34.50 N,
118.2 W) on stiff soil (site class D with reference shear wave velocity of 180 to 360 m/s). The
mapped spectral accelerations for this location are Sq = 2.2 g for short periods and S; = 0.74 g for

a 1-s period.
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Moat Wall Moat Wall

Figure 3-1 3D View for moment frame and braced frame models

The moment frame building configurations are based on the plan layout for the 3-story buildings
designed for the SAC Steel Project (FEMA 2000a) with modifications. Figure 3-2 shows the
plan view of the both IMRF and SMRF models. The model layout is 6 by 4 bays with 30 ft width
in both directions. The height of each story is equal to 15 ft. Lateral resistance is provided by two
5-bay perimeter moment frames in the X-direction and two 3-bay perimeter and two 2-bay
interior moment frames in the Y-direction; moment-resisting bays are indicated by bold lines in
Figure 3-2. Figure 3-4 shows the plan and elevation view of braced buildings. The model
dimensions of the braced frame are the same as for the moment frame. The lateral loads of the
conventional SCBF are carried by a single braced bay on each side of the building perimeter,
while the remaining elements were designed to resist gravity loads only. The bracing in the
isolated OCBF is fanned outward from the top down to the base to maximize the resistance to

local uplift at the isolation level.

The fixed-based moment frame building was detailed for high ductility as SMRF and uses
reduced beam section (RBS) connections, which are prequalified according to AISC 341-05
(AISC 2005). However, the isolated building has lower ductility requirements and was detailed
as an intermediate moment-resisting frame (IMRF) utilizing welded unreinforced flange, welded
web (WUF-W) beam-column connections. As such, design force reduction factors were R = §
for the SMRF, and R; = 1.67 for the isolated IMRF assuming a design yield strength of 50 ksi for
structural steel. Design drift limits were 2.5% for the SMRF and 1.5% for the isolated IMRF,
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and the design of both buildings was drift controlled. However, the code factor C4 by which
elastic drift is amplified is 5.5 for the SMRF and only 1.67 (equal to Ry) for the IMRF.

Moment frame member sections are summarized in Table 3-land Table 3-2 respectively for

conventional the SMRF and base-isolated IMRF models. The beam and column section for all

moment frame lines are similar in each story level.
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Figure 3-2 Plan view for SMRF and IMRF model

Table 3-1 Member sizes for conventional SMRF.

Story Columns Beams

Roof W14 x 211 W27 x 102
2 W14 x 370 W33 x 130
1 W14 x 370 W33 x 141

Table 3-2 Member sizes for base-isolated IMRF.

Story Columns Beams

Roof W14 x 109 W18 x 60
2 W14 x 176 W24 x 76
1 W14x 176 W24 x 84
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The RBS approach was developed as an improved connection following the unexpected brittle
failures of steel moment frame connections in the Northridge earthquake, and is now used
extensively (FEMA 2000b). In the RBS configuration, portions of the beam flanges at a section
away from the beam end are tapered. This approach has been observed to effectively eliminate
brittle fractures by transferring the zone of plasticity away from the column (FEMA 2000b), as
well as improve the overall ductility capacity of the beam-to-column assembly. The typical
geometry of a circular RBS as they were applied for this project is depicted in Figure 3-3, with
only half of the beam is drawn because of symmetry. The flange is tapered starting 3b¢/4 (bs =
beam flange width) from the face of the column over a length 3dy,/4 (dy is beam dept), and the
flange width is reduced by up to 50% in the middle of the taper.

]
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Figure 3-3 Plan view with typical geometry for RBS (Sayani et al. 2011)

\ . |
2

The fixed-based braced building was designed and detailed as a special concentric braced frame
(SCBF), with force reduction factor R=6 and a drift ratio limit of 2.5%, whereas the isolated
braced building was designed and detailed as an ordinary concentric braced frame (OCBF) with
R=1 and a drift ratio limit of 1.5%. Using an OCBF, which allows for relaxation of brace
slenderness ratio and gusset plate detailing requirements, is permitted in Seismic Design
Category D with the restriction that R=1. The design of both braced buildings was force-
controlled, wherein the characteristic yield strength of steel was assumed to be 50 ksi for frame
members and 46 ksi for brace members. Table 3-3 and Table 3-4 lists the steel sections for all

frame members of both braced buildings.
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Figure 3-4 (a) Plan view of braced buildings; elevation view of (b) Conventional and (c)
Isolated buildings.

Table 3-3 Member sizes for conventional SCBF.

Story Column Girder Brace

Roof W14 x 109 W27 x 84 HSS 8x8x 1/2
2 W14 x 176 W30 x 99 HSS 10 x 10 x 5/8
1 W14 x 176 W27 x 84 HSS 12 x 12 x 5/8

Table 3-4 Member sizes for base-isolated OCBF.

Story Column Girder Brace

Roof W12 x 53 W18 x 60 HSS 7x 7 x5/8
2 W12 x 72 W24 x 76 HSS 8 x 8 x 5/8
1 W12 x 72 W24 x 84 HSS 10 x 10 x 5/8
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Floor slabs for both systems are composed of 3.25-in. thick lightweight concrete over 2-in. thick
corrugate steel deck. Seismic mass properties were calculated from anticipated gravity loads on
the floors and roof, which include: self-weight of framing, floor/roof dead loads computed from
slabs = 42 psf; superimposed floor dead load = 23 psf; superimposed roof dead load = 25 psf;
and exterior cladding load = 20 psf. Table 3-5 shows the weight of each model at each level in
kips.

Table 3-5 Model weight based on level.

Story SMRF IMRF SCBF OCBF
Roof 2005 1962 1867 1838
2 1918 1812 1789 1768
1 1924 1817 1790 1779
Base Level - 1745 - 1702

Table 3-6 and Table 3-7 summarize the fundamental periods of each frame. The numbers in this
table are obtained from analytical model considering the effect of panel zone flexibility, rigid
end offsets to account for clear length dimensions of beams and columns (FEMA 2000a), and for
the conventional SMRF only, a multielement approach was used to simulate the behavior of
RBS. The fundamental period T = 1.5 s for the IMRF superstructure and T = 0.4 s for the OCBF

superstructure were obtained from a model fixed at the base without considering the isolators.

Table 3-6 Fundamental periods of moment frame models.

. . Base-isolated IMRF at

Period (s) Conventional SMRF MCE level Mode
T1 0.83 3.10 Lateral Torsional
T2 0.81 2.99 Bidirectional Lateral
T3 0.52 2.59 Torsional

Table 3-7 Fundamental periods of braced frame models.

. Conventional Base-isolated OCBF at

Period (s) SCBF MCE level Mode
T1 0.43 3.11 Coupled Lateral Torsional
T2 0.43 2.88 Bidirectional Lateral
T3 0.24 2.55 Coupled Lateral Torsional

The maximum displacement and total maximum displacement of the isolation system is

calculated from Equations 17.5-1 and 17.5-3 in (ASCE 2005):
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where Tp, T, are effective isolation periods at DBE and MCE level; Bp, By, are coefficients that
modify 5% damping spectrum for a specific desired damping (Table 17.5-1 in (ASCE 2005)),
Sp1, Sy are 1-s spectral accelerations for DBE and MCE events. Based on base-isolated period
presented in Table 3-6, Table 3-8 summarizes the design parameters for the isolation system.
These parameters are comparable for both systems of IMRF and OCBF since the total weight of

the two systems are very close.

Table 3-8 Design parameters for isolation systems.

Isolator Properties DBE Event MCE Event
Effective period (s) Ty, = 2.77 Ty =31
Effective Damping (%) Bp = 24.2 By = 15.8
Isolator Displacement (in) D, =12.7 Dy = 24.3
Total Displacement (in) Drp = 15.3 Dry =294

The total isolator displacement in Table 2 accounts for displacement amplification attributable to

accidental torsion (Equations 17.5-5 and 17.5-6 of ASCE (2005)):

12e ], (3-2)

DTD - DD [1 +yb—

12e
Z +d? ]

Dry = Dy [1 + ym
where e is the actual eccentricity measured in plan between the center of mass of the structure
above the isolation system, plus accidental eccentricity taken as 5 percent of the longest plan
dimension of the structure perpendicular to the direction of force under consideration, and b and
d are the shortest and longest plan dimension of the structure, respectively. The isolation devices

were not designed in detail so that the study is neutral with respect to isolation system.

The equivalent lateral load design for both models conducted using base shear coefficients of:

SDl KDDD
CS.fixed base = ﬁr CS,Isolated base = W_RI (3-3)

Where Kp is secant stiffness of the isolators corresponding to the design period and seismic

weight of 7336 kips (7087 kips for OCBF) above the isolated level.
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3.3. Ground Motion

For the purpose of conducting dynamic time history analysis on prototype models, a hazard
curve was defined that quantifies ground motion intensity versus frequency of occurrence, and
individual points along the hazard curve represent earthquake scenarios ranging from frequent to
rare events (FEMA 2009a). For 2% probability of exceedance (PE) in 50 years (2/50) target
spectra was generated and ground motions were selected and amplitude scaled to best match the
target spectra. The United States Geological Survey (USGS) national seismic hazard maps
(Frankel et al. 2000) were consulted to generate uniform hazard spectra (target spectra) for the
three selected events. The target spectra list spectral ordinates at periods T = 0.1, 0.2, 0.3, 0.5,
1.0 and 2.0 s. Values at 0.2 and 1.0 s for the 2/50 event correspond to Ss and S; values for the
MCE.

The target spectrum is based on a reference shear wave velocity Vs = 2,493 ft/s, and were thus
modified to reflect the assumed site conditions site class D with Vg from 591 to 1,181 ft/s. To
modify the target spectra, spectral site modification factors that depend on both ground motion
intensity and period were developed from next generation attenuation (NGA) relations. This
approach is consistent with site modification factors F, and F, used in building codes but reflects
the additional periods accounted for in the target spectra. Specifically, site factors were
computed as the ratios of spectral acceleration at 2,493 ft/s and 886 ft/s, with all other factors
held constant. Site factors were restricted not to fall below 1.0, even in the short period range.

The target spectrum is plotted in Fig. 6 compared with the MCE spectrum for the same location.
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Figure 3-5 MCE and target spectrum for assumed site location
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For the selected hazard level (2/50) 10 recorded natural ground motions that conform to the
magnitude, distance, and site class were selected from the Pacific Earthquake Engineering
Research Center (PEER) NGA database (Chiou et al. 2008). Although using recorded ground
motions was considered to be ideal, 10 pairs of ground motions from SAC steel project Los
Angeles (SAC-LA) ground motion sets were added to obtain a better match between the target
hazard spectra and the median response spectra in the long period range. These SAC motions
were originally selected for similar location and site conditions and frequency modified to match
the target spectra (Somerville et al. 1998). Using USGS seismic deaggregation data (Frankel et
al. 2000), ground motions were selected according to the percentage contribution of magnitude
and distance pairs to the seismic hazard for the given scenario, which was determined by
averaging the deaggregation data over the various periods. Each pair of records was amplitude
scaled by a common factor that minimized the difference of the mean spectrum of the
components and the target spectrum in the least square sense from T = 0 to 3 s. The selection and
scaling procedures were based on a range of periods, since the motions were applied to buildings
with significantly different fundamental periods. The ground motions selected for the nonlinear
response history analyses for the 2/50 events, are listed in Table 3-9. In this table, the first 10

ground motions are from SAC steel projects and the next 10 are from PEER data base.

Figure 3-6 compares 5% damped acceleration spectra (median of the x and y components) of the
20 pairs of scaled motions along with their median with the target spectra for each hazard level
and Design spectrum. A large variance in spectra for individual motions relative to the median is
observed. In particular, this includes some motions with peak accelerations that are 2-3 times the
target values at high frequencies. The 2/50 event contains at least one motion with very large
spectral accelerations in the long period range. However, the median spectrum falls somewhat
short of the target spectrum beyond T = 1.5 s despite the introduction of frequency modified

motions.
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Figure 3-6 Median of 20 ground motions in comparison with the target and MCE spectra

It’s important to mention that the procedure used in this study for scaling the ground motions
complies to the requirements of ASCE7-05 (2005) for scaling ground motions. ASCE7-05
(2005) requires that the average of the SRSS spectra of the fault-normal and fault-parallel
components of the scaled motions not be less than 1.3 times the MCE spectrum by more than
10% in the period range of 0.5Tp to 1.25Ty. Figure 2-1 compares the average of SRSS spectra of
the fault-normal and fault-parallel components of the 20 ground motions pairs with 90% of 1.3
times MCE spectrum. It can be seen that the average of the SRSS of the two components of the

20 ground motions are not less than 90% of 1.3 times MCE spectrum in the specified range.
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Figure 3-7 The average of SRSS of the 2 components of 20 ground motions in compare with
the MCE spectrum
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SECTION 4
DESCRIPTION OF SHAKE TABLE TESTING PROGRAM

4.1. Introduction

This section describes an experimental program designed to capture the behavior of base isolated
buildings impacting against their surrounding moat wall under extreme ground motions. The test
program consist of shake table testing of a quarter-scale model representative of the three-story
IMREF described in Section 3 using the NEES equipment site at the Structural Engineering and
Earthquake Simulation Laboratory (SEESL) at the University at Buffalo. The base isolated
IMRF model was selected for the experimental program due to availability of scaled members
and simplicity in fabrication. However, both base isolated buildings including the IMRF and
OCBEF are used in numerical simulations presented latter in this report. The principal objective of
these experiments was to generate experimental data for base isolated building pounding a moat
wall, specifically the impact force and the superstructure response. This data is subsequently
used to validate the numerical models of structural pounding. In addition to generating unique
data on structural pounding, the behavior of a base isolated building impacting different types of

moat wall installed at different gap distance was also of investigated.

The shake table testing described herein occurred in three phases. The first stage examined the
response of fixed-base three-story IMRF model. The data generated in this phase was used to
validate numerical model of IMRF and also examined the response of superstructure in the
inelastic range. In the second phase, isolation devices were installed at the base level of the
IMRF model and the response of base isolated model was examined under different level of
ground motion. The third and last phase of the testing examine the response of the base isolated
three-story IMRF including pounding to a moat wall. For this purpose, different types of moat
walls were installed at various gap distances relative to base level of isolated model and different
ground motions were applied to capture the variation in response with moat wall stiffness and

impact velocity.

In this section, the scaled IMRF superstructure is first described considering similitude and

dimensional analysis. Then, the properties of the isolation device and a detailed description of
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the moat walls are provided. Following the description of the test setup components, the

experimental testing schedule is presented.

4.2. Description of Model Structure

The experimental building model was scaled by 1/4 in length of the three-story prototype to
satisfy the limitations of the earthquake simulator at the University at Buffalo, considering the
potential impact forces. The test specimen represents a single bay of an internal moment frame in
the prototype structure excited in one horizontal direction. Figure 4-1 shows the position of the

selected internal frame that was scaled down for purpose of shake table testing.

Figure 4-1 The position of the selected internal bay for shake table testing

The selected prototype frame was reduced to a quarter-scale model according to the geometric
similitude law. The scale factor for length was chosen A; = 4, and for acceleration 4, = 1. Since
the same material is used for the prototype and model, the scale factor for elastic modulus also
has a value of unity, Ay = 1. Following the principles of similitude and dimensional analysis
described in Bracci et al. (1992), all other scale factors are dependent on these three

aforementioned factors. The complete list of scale factors in provided in Table 4-1.

Based on the three independent predefined scale factors, the required scaling factor for material
density is A;eq = 1/4, = 1/4. However, the model structure is the same as the prototype,
meaning that the provided material density is the same as the prototype or Aﬁmv = 1. Since the

required and provided material densities are different, additional mass must be added to the

model so that the dependent quantities (mass, gravitational force and frequency) are scaled
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properly. This extra mass is referred to artificial mass. To satisfy similitude laws, artificial mass

(steel plates and concrete blocks) equal to 10.7 kips was added to the structure at each floor.

Table 4-1 Comparison of required and provided scale factors for scaled model

Same Material and
Quantity General Case Acceleration

Required Provided
Geometric Length, | A =7 A= 4.00 A = 4.00
Elastic Modulus, E Ag =7 A = 1.00 Ap = 1.00
Acceleration, a Ao =7 Aq = 1.00 Aq = 1.00
Density, p 2y ="/ A2, Ay =025 | 1,=1.00
Velocity, v Ay = A A Ay =200 | A, =200
Forces, f As = Ag. A/ Ar =16.00 | A; =16.00
Stress, Ay = Ag A, = 1.00 As = 1.00
Strain, & As = 1.00 Ae = 1.00 Ae =1.00
Area, A Aa=1° A4 =16.00 | 1, =16.00
Volume, V Ay =22 Ay = 64.00 | A, = 64.00
Second Moment of Area, | =" A; =256.00 | 4, = 256.00
Mass, m A = 2,2, Am =16.00 | 1, = 64.00
Impulse, i A =27 \m A; =32.00 | A; =64.00
Energy, e Ao = Ag. 2, e = 64.00 | A, = 64.00

Time (Period), t Ae = A/ 2 A, = 2.00 A, = 2.00

Gravitational Acceleration, g Ag = 1.00 Ay =1.00 Ay = 1.00
Gravitational Forces Arg = Ap.llg Arg =16.00 | Ary = 64.00

Critical Damping, & As = 1.00 As = 1.00 Ae = 1.00




Base on scale factors described in Table 4-1 the bay width for moment frame is 96 in. with story
height of 47.25 in. at each of the three stories. Columns were constructed from S5x10 section
and S4x9.5, 4x7.7, and 3x7.5 sections were used for first, second, and third floor beams
respectively. Figure 4-2 shows the scaled moment resisting frame used in this study and sections

used for each member.
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Figure 4-2 The scaled IMRF used in shake table study.

Unlike most previous seismic isolation experiments, the limit state tests planned here have a
significant potential to yield the superstructure. In order to yield the superstructure at realistic
load levels and mechanisms, further constraints were imposed in properly scaling the strength
and stiffness of the frame relative to the bearings properties. For this purpose, reduced sections
were used at both ends of the beams to obtain the desired strength based on FEMA 350 (2000c).
The moment frame was designed such that the scaled strength and stiffness distribution of beams

and columns is comparable to the prototype. Four identical moment frames were constructed for
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the test series, and were replaced within the gravity frame after experiencing major damage so

that comparisons could be made between undamaged nominally identical specimens.

Table 4-2 Comparison of prototype and scaled model element properties

. 1 Target B¢ V4 Target
Section (in*) ocam (Proto%ype) (in) | (in) 2/ Zocam1 (Proto%ype)
Column | S5X10 | 12.3 1.8 0.9 3.00 5.6 1.61 1.43
Beaml S4X9.5 | 6.79 1.0 1.0 2.10' 3.3 1.00 1.00
Beam2 | S4X7.7 | 6.08 0.9 0.9 1.75' | 2.8 0.85 0.89
Beam3 S3X7.5 | 2.93 0.4 0.4 1.55' 2.0 0.60 0.55

"' Reduced beam section

Table 4-2 summarized the properties of scaled model element properties and compared them
with target value from the prototype structure. In order to yield the superstructure at realistic load
levels and mechanisms, relative plastic section modulus of each member to first level beam
section was compared with corresponding value in the prototype model. The flange width in this
table includes the reduced beam section width in order to have equivalent lateral strength in

comparison to the prototype.

The lateral resisting frame was coupled with a gravity frame that provides the inertia for the
shake table specimen; the lateral resisting frame is the only component that needs to be replaced
if the superstructure is damaged. The gravity frame was developed for collapse simulations and
has not been previously used on a seismically isolated building, requiring some modifications
(Kusumasttuti et al. 2005). The gravity frame is one bay by one bay frame which is braced for
out of plane direction. For in plane direction, the gravity frame has no resistance in order to
investigate the behavior of the main frame (moment frame). For this purpose, at both ends of the
gravity frame columns, concave plates were designed in order to rotate easily without any
resistance. Figure 4-3 shows the end of the gravity frame columns. The final shake table model is
a unidirectional model with a single 1 bay by 1 bay gravity frame providing the dynamic inertia
supported by a single bay steel moment frame installed in the centerline of the gravity frame

(Figure 4-4). The superstructure weight at each level is shown in Table 4-3 .
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Figure 4-4 Illustration and photograph of shake table test setup.

Table 4-3 The superstructure weight at each level

Level Weight (kips)
Base floor 18.482
First floor 10.927

Second floor 10.927
Third floor 10.732
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The unidirectional IMRF was connected to the gravity frame at two points of the beams in each
level with a special vertical pin connection that tied the structures together in the horizontal

direction but did not transfer forces in the vertical direction by allowing slip (Figure 4-5).

Figure 4-5 Photograph of especial beam to gravity frame connection.

The base floor of the isolated building model was constructed from a steel frame and steel plates
for added mass. This base level frame designed and built for purpose of this project. A concrete
block was attached at each end of the base plate in order to simulate the material contact

interface for the pounding experiments (Figure 4-6).

Figure 4-6 Photograph of concrete block attached to base level to simulate contact surface.

Four single FP isolators were used with the inner radius of 32 in and the maximum displacement
capacity of 8.0 in. Figure 4-7 shows the dimension and properties of the single FP used in this

study.
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Figure 4-7 Illustration of single friction pendulum used in this study (Mosqueda et al.
2004).

4.3. Description of the Moat Wall

For the test involving pounding, the moat wall was modeled as either a concrete wall with soil
backfill (Figure 4-8(a)) or a rigid steel plate (Figure 4-8(b)). Different scaled concrete wall
thicknesses of 2, 4, and 6 in were tested to examine the effect of wall stiffness on the pounding
behavior. A rigid steel wall was also used to cover a wider range of wall properties. The rigid
steel wall was connected to the shake table using 4 long bolts which provided some flexibility in
the connection in earlier tests due to rocking at the base. In latter tests, the steel wall connection
was reinforced with welds at the points indicated in Figure 4-8(b) in order to the increase the

effective wall stiffness.
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Figure 4-8 Photograph of different types of moat wall used in impact purpose.

The concrete moat walls were built in “U” shape with width of 48 in. and a distance of 36 in
(Figure 4-6) between two sides. Four sets of concrete walls with different front and back wall
thicknesses were built to examine effect of wall thickness on impact force. Each concrete wall
was installed on the shake table using four long steel rods. The space between two sides of the
wall was filled with a large sand bag and fastened with two plywood sheets on each open side to

contain the sand (Figure 4-8(a)).

The steel walls were also used to cover a wide range of wall stiffness. The steel walls were
attached to shake table extension using four long steel rods providing some flexibility. The steel
walls sit on four 9 in. steel pedals to level the walls with concrete blocks attached to the base
plate of structure. Later, linear welding was used to stiffen the connections of steel walls to the
shake table. The long slotted holes on the two sides of these steel walls allowed for easy

adjustment of the gap distance.

4.4. Instrumentation

Several instruments were used to record the structural response of the model, primarily
acceleration, displacement, and force at each level of the building model in the main direction of
testing. Acceleration and displacement transducers were also installed on the moat wall to
measure its response during impact. Most of the accelerometers installed in the structure had a
frequency range of 0-400 Hz; six high performance accelerometers calibrated to frequency range
exceeding 2000Hz were placed at each level of the frame and at the moat walls in order to obtain

more reliable measurements at key points during pounding. Table 4-4 and Table 4-5 list all
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accelerometers and string potentiometers used in this study. Their locations on the shake table
model are indicated in the table. Accelerometers A16-20 are the six high performance
accelerometers used to capture acceleration during impact phenomena. The linear potentiometer
has 43 inches of maximum length capacity, a predicted life of 1 million full-stroke cycles and it
is operational in a environment temperature of -4° to 212° F. The accelerometer used was the
model JTF general purpose accelerometer and it is a piezoresistive type; a strain gage based, the
same as a piezoelectric one but with a built in resistor used in standard signal conditioner. Figure

4-9 and Figure 4-10 show the elevation view and top view of accelerometers and string

potentiometer positions on the shake table model.

Table 4-4 List of accelerometers and their location.

Clﬁﬁflel Designation Direction Measurement
1 Al East-West South corner of base plate
2 A2 East-West North corner of base plate
3 A3 East-West East Column, Levell
4 A4 East-West East Column, Level2
5 A5 East-West East Column, Level3
6 A6 East-West South corner of mass plate, Levell
7 A7 East-West North corner of mass plate, Levell
8 A8 East-West South corner of mass plate, Level2
9 A9 East-West North corner of mass plate, Level2
10 Al10 East-West South corner of mass plate, Level3
11 All East-West North corner of mass plate, Level3
12 Al2 Vertical Vertical acceleration of base plate on West
13 Al3 Vertical Vertical acceleration of base plate on East
14 Al4 South-North East corner of base plate
15 AlS South-North West corner of base plate
16 Al6 East-West base plate
17 Al7 East-West Center of mass plate, Levell
18 Al8 East-West Center of mass plate, Level2
19 Al19 East-West Center of mass plate, Level3
20 A20 East-West East Front Wall
21 A21 East-West East Back Wall
22 A22 East-West West Front Wall
23 A23 East-West West Back Wall
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Table 4-5 List of string potentiometer and their location.

Channel No. | Designation Direction Measurement
1 S1 East-West South corner of base plate
2 S2 East-West North corner of base plate
3 S3 East-West West Column, Levell
4 S4 East-West West Column, Level2
5 S5 East-West West Column, Level3
6 S6 East-West South corner of mass plate, Levell
7 S7 East-West North corner of mass plate, Levell
8 S8 East-West South corner of mass plate, Level2
9 S9 East-West North corner of mass plate, Level2
10 S10 East-West South corner of mass plate, Level3
11 S11 East-West North corner of mass plate, Level3
12 S12 Vertical Vertical displacement of base plate on West
13 S13 Vertical Vertical displacement of base plate on East
14 S14 South-North East corner of base plate
15 S15 South-North West corner of base plate
16 S16 East-West West Front Wall
17 S17 East-West West Back Wall
18 S18 East-West East Front Wall(negative)
19 S19 East-West East Back Wall(negative)
20 S20 East-West West gap
21 S21 East-West East gap

A five-component load cell was located under each bearing to measure the axial force, shear

force and moment during testing. These multiaxial 12 inches five component load cells, have

maximum load capacity of 100 kips in axial, 20 kips in shear and 220 kip-in in moment. Two

uniaxial load cells were designed and installed behind each of the concrete impact bumper blocks

to measure the magnitude and duration of the impact force (Figure 4-11).
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Figure 4-9 Elevation and top view of accelerometers positions.
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Figure 4-10 Elevation and top view of string potentiometer positions.
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Figure 4-11 Impact load cells.

Strain gages were installed on the moment frame to measure strain during testing. The strain
gages were installed on first story column and each level beam. Figure 4-12 shows location of
the strain gages on the moment frame. This figure shows half of the frame with the other half

having similar instrumentation.

In total, 108 channels of data were recorded at a rate of 2500 Hz during the impact testing, while

a sampling rate of 256 Hz was used for tests without impact.
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4.5. Earthquake Records
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Figure 4-12 Location of strain gages on the moment frame.

Based on the +6 in. displacement capacity limit of the earthquake simulator, six ground motions
were selected from the earthquake record bin of the NEES TIPS project (Table 3-8). Target
spectra were generated for the Maximum Considered Earthquake (MCE) event, then each record
was amplitude scaled by a factor that minimized the difference of the spectrum of the record and
the target spectrum in the least square sense from T = 0 to 3 sec. The selection and scaling
procedures were based on a range of periods since the motions were applied to fixed and isolated
buildings with significantly different fundamental periods. Table 4-6 lists the properties of these
six ground motions. It is important to note that the SAC motions were originally selected for
similar location and site conditions, and the frequency content was modified to match the target

spectra (Somerville et al. 1998). Figure 4-13 shows acceleration spectra for individual scaled
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motions used in this study and compares them with target spectrum obtained based on mapped

spectral accelerations for the scaled model.

— GMI15-2
— GMl11-1
GM16-2
— GMl17-1
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== === Target Spectra ||

S ——

2 3 4
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Figure 4-13 Spectral acceleration for individual scaled motions and target spectra
for scaled model.
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4.6. System Identification

Initial experimental tests were performed to identify the structural and dynamic properties of the
scaled fixed base building model through dynamic testing. The tests included pull-back (3 tests),
snap-back (2 tests), white-noise (1 test), sine-sweep (1 tests), and Impulse (1 tests). The testing
follows the work of Bracci et al. (1992). The data was analyzed with DADISP and further
interpreted to identify modal frequencies and shapes, as well as determining the stiffness and

damping matrices.

The model was tested with 5 types of loadings: pull-back (PB1, PB2, PB3); snap-back (SBI,
SB2), white-noise (WN), sine-sweep (SS), and Table Impulse (TBI). Afterward, the data
collected was analyzed using DADISP 2002 software for each loading. For the pullback test, the
displacement-force functions at each level of the frame and the flexibility vector for the pullback
load were determined. For the snap-back test, the transfer function at each external joint of the
frame at each level to the excitation force was calculated. The transfer function is defined as an
output structural response normalized by a superimposed input base motion in the frequency
domain. The first three modal frequencies could be found considering the peaks of the transfer
functions of the accelerometers of each story. The damping ratios for each mode through the
logarithmic decrement can be determined in Snap Back tests for each frequency band of +/-20%
of modal frequency. The damping ratios were calculated based on half band theory in all other
tests. Using ratios of amplitude of transfer functions at modal frequencies, the modal shapes of
the frame can be found at each floor. To determine the sign of modal shape, the phase of the
transfer function is considered. Using the above information, the stiffness and damping matrix of

the structure is derived in terms of mass and the orthogonal modal shape matrix.

A wide band frequency response (0.1~50 Hz) white noise excitation with amplitude of 0.1g was
applied on the fixed base model. This test was repeated after each dynamic test presented in the
next section in order to measure changes in dynamic properties that could indicate possible
damage in the structure. Figure 4-14 shows the transfer function obtained from white noise

excitation for each story.
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The model was also imposed to sine sweep excitation in a range covering first three modal
frequencies of the model. The properties of the sine sweep were selected in such a way that
maximum displacement of the table extension is limited to 5 inches, which is almost its capacity.
The starting frequency was set at 0.25 Hz and it is bounded to 16 Hz for a total of seven octaves.

The amplitude is 0.05g and the time for each octave is three seconds.

Based on results of eigenvalue analysis from numerical model and also from white noise system
identification test results, three sine impulse signals produced with frequencies close to first three
frequencies of the model. These table impulses applied on shake table and acceleration and
displacement response of the moment frame was obtained from instrumentations. Table 4-7
summarizes all system identification test results. Modal Frequencies, modal shape, stiffness

matrix, damping ratios, and damping matrix are shown in this table.
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Figure 4-14 Transfer function amplitude obtained from white noise excitation of fixed base
frame.
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A three-cycle sinusoidal input motion was generated at a frequency equal to post yield frequency
of single concave friction pendulum isolators in order to investigate the properties of these
bearings. This test was repeated at different input sinusoidal amplitude. Figure 4-15 shows the
hysteresis loop for the friction pendulum isolators used in this study under sinusoidal excitation.
The average friction coefficient was estimated to 8% for the Teflon sliders used in these

isolators.
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Figure 4-15 Single friction isolator hysteresis loop under sinusoidal excitation.

4.7. Test Schedule

The experimental testing program was conducted in three main configurations: (1) fixed-base
building to investigate the linear and nonlinear frame behavior; (2) base isolated building without
moat wall to investigate properties of isolation device and superstructure under MCE motions;
and (3) base isolated structure with moat wall having variable stiffness and gap displacements to
examine effects of impact. The testing schedule and date of testing are presenting. In the tables
below, Test Type shows the type of testing which is either dynamic simulation of a ground
motion record in East-West direction of shake table or white noise excitation to identify potential
damages and yielding (period shifting) in superstructure. Test Name is the file name of the saved
data, Description is name of the ground motion or amplitude of white noise excitation, scale

factor is the factor used to amplitude scale the MCE scaled ground motion record listed in Table
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4-6, PGA is the corresponding peak ground acceleration for the record consider the scale factor

and Remarks column highlights important details about the test.

Table 4-8 Test log for date 9/3/2010 - Fixed base IMRF.

Test# | Test Name Description s:;fr PGA(g) Remarks

1 FBWNI1 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
2 FBGM162S1 GM16-2 0.2 0.17

3 FBWN2 PGA(g)=0.1¢g N/A 0.1 Freq. Range: 0.1-50Hz,
4 FBGM152S1 GM15-2 0.2 0.11

5 FBWN3 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
6 FBGM162S2 GM16-2 0.4 0.34

7 FBWN4 PGA(g)=0.1¢g N/A 0.1 Freq. Range: 0.1-50Hz,

Table 4-9 Test log for date 9/7/2010 — Fixed base IMRF.
Test# Test Name Description Scale PGA(g) Remarks
Factor

1 FBGM152S2 GM15-2 0.4 0.22

2 FBWNS5 PGA(g)=0.1¢g N/A 0.1 Freq. Range: 0.1-50Hz,
3 FBGM162S3 GM16-2 0.67 0.56 DBE

4 FBWNG6 PGA(g)=0.1¢g N/A 0.1 Freq. Range: 0.1-50Hz,
5 FBGM152S3 GM15-2 0.67 0.36 DBE

6 FBWN7 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
7 FBGM162S4 GM16-2 0.85 0.73

8 FBWNS PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
9 FBGM162S5 GM16-2 1 0.86 MCE
10 FBWN9 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
11 FBGM15254 GM15-2 1 0.55 MCE
12 FBWNI0 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,

Table 4-8 and Table 4-9 show the test log for fixed base structure conducted in two separate
days. Two ground motions (GM15-2, and GM16-2) were first used to investigate the post-yield
behavior of the fixed-base structure. Each ground motion was scaled in amplitude to 20, 40,
67(DBE), and 100% of MCE level and applied in order of increasing amplitude, alternating
between both earthquakes. The GM16-2 record was also applied at 85% of MCE level. The
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white noise excitation was applied between each test to compare the natural frequencies and

damping ratios with benchmark white noise conducted in initial system identification testing.

In the second phase of shake table testing, the IMRF model was replaced with a new frame and
four FP bearings were installed at the base of the structure. Six ground motions were used for
dynamic testing of the isolated structure. Five ground motions were scaled to 40, 67, and 100%
of MCE level while the GM7-1 record was only applied at MCE level. Table 4-10 lists the tests

conducted on base isolated model without any moat wall.

Table 4-10 Test log for date 10/4/2010 — Base isolated IMRF without moat wall.

Test# | Test Name Description S;(il:r PGA(g) Remarks

1 FPWNI1 PGA(g)=0.1¢g N/A 0.1 Freq. Range: 0.1-50Hz,
2 FPGM152S1 GM15-2 0.4 0.34

3 FPGM152S2 GM15-2 0.67 0.58 DBE

4 FPGM152S3 GM15-2 1 0.86 MCE

5 FPWN2 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
6 FPGM162S1 GM16-2 0.4 0.22

7 FPGM162S2 GM16-2 0.67 0.37 DBE

8 FPGM162S3 GM16-2 1 0.55 MCE

9 FPWN3 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
10 | FPGM111S1 GM11-1 0.4 0.27

11 | FPGMI111S2 GM11-1 0.67 0.46 DBE

12 | FPGM111S3 GM11-1 1 0.68 MCE

13 FPWN4 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
14 | FPGM172S1 GM17-2 0.4 0.35

15 | FPGM172S2 GM17-2 0.67 0.58 DBE

16 | FPGM172S3 GM17-2 1 0.87 MCE

17 FPWNS5 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
18 | FPGM171S1 GM17-1 0.4 0.36

19 | FPGM171S2 GM17-1 0.67 0.61 DBE
20 | FPGM171S3 GM17-1 1 0.91 MCE
21 FPWNG6 PGA(g)=0.1¢g N/A 0.1 Freq. Range: 0.1-50Hz,
22 FPGM71S3 GM7-1 1 0.78 MCE

To investigate the effects of pounding at the base level of isolated structures, moat wall models

were installed on the simulator platform at both sides of the structure. The gap distance between
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the base of the structure and the moat wall were varied between 4-6 in to induce pounding at
various impact velocities. Different thicknesses for the concrete moat wall model were also
considered to investigate the effect of the wall stiffness on the behavior of the superstructure.
The preliminary tests results of base isolated model without moat wall show that the GM17-1 is
the only ground motion record which induces base level displacement more than 6 in, for this
reason, this record is used in impact testing with 6 in. gap while other records listed in Table 4-6
are used for gap distance less than 6 in. In the first phase of impact test, concrete moat walls with
front impact wall thickness of 2 inches and back wall thickness of 4 inches were installed on two
sides (East-West) of the base isolated model at 6 in. gap distance and filled with sand to simulate

soil backfill. Table 4-11 shows three tests conducted using 2 in. concrete moat wall.

Table 4-11 Test log for date 10/19/2010 — Base isolated IMRF with 2 in. concrete moat wall
at 6 in. gap distance.

Test# Test Name Description s;;lsr PGA(g) | Remarks-Gap Distance
1 FPI62WNI1 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
2 FP162GM171S1 GM17-1 0.67 0.61 2” concrete wall — 6”
3 FPI62WN2 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
4 FP162GM171S2 GM17-1 0.85 0.77 2” concrete wall — 6”
5 FPI62WN3 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
6 | FPI62GM171S3 GM17-1 1 0.91 2” concrete wall — 6”
7 FPI62WN4 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,

The impact test continued by flipping the moat walls and having the 4 in. concrete wall in front.
The gap distance was kept to 6 in. and GM17-1 was applied to the shake table to see the effect of
changing in wall thickness on response of base isolated structure during impacting moat wall.

Table 4-12 shows the tests description using 4 in. concrete walls installed at 6 in. gap distance.

Table 4-12 Test log for date 11/4/2010 — Base isolated IMRF with 4 in. concrete moat wall
at 6 in. gap distance.

Test# Test Name Description Fs:(il:r PGA(g) | Remarks-Gap Distance
1 FPI164GM171S2a GM17-1 0.85 0.77 4” concrete wall — 6”
2 FPI64WN1 PGA(g)=0.1¢g N/A 0.1 Freq. Range: 0.1-50Hz,
3 FP164GM171S3a GM17-1 1 0.91 4” concrete wall — 6”
4 FPI64WN2 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
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The IMRF model was replaced with a new identical one due to potential damages during past
impact tests. Concrete walls were replaced with a new set of 6 in. front wall thickness and 3 in.
back wall thickness. The new concrete walls were installed at 4 in. gap distance to examine
effect of changing the gap distance on impact force. Table 4-13 shows the sequence of tests
conducted in this step. GM11-1 and GM7-1 records are also used at this gap distance since the

maximum displacement these records induced at the base level exceeds the 4 in. gap distance.

Table 4-13 Test log for date 11/16/2010 — Base isolated IMRF with 6 in. concrete moat wall
at 4 in. gap distance.

Test# Test Name Description s:;loer PGA(g) | Remarks-Gap Distance
1 FPI46WNI1 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
2 FPI146GM171S3 GM17-1 1 0.91 6” concrete wall — 4”
3 FPI46WN2 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
4 FPI46GM171S2 GM17-1 1 0.77 6” concrete wall — 4”
5 FPI46GM111S3 GM11-1 1 0.68 6” concrete wall — 4”
6 FPI46 WN4 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
7 FPI46GM71S3 GM7-1 1 0.78 6” concrete wall — 4”
8 FPI46WN5 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,

As mentioned in the description of the moat walls, steel walls were also used to cover a wide
range of moat wall stiffness. In the first configuration, moat walls were installed at 5 in. gap

distance using four long steel rods. The gap distance was changed to 4 in. after a couple of tests

(Table 4-14).

In the first series of rigid steel wall testing, it was noticed that the wall was uplifting at impact
due to bolt elongation. The steel walls were welded to minimize rocking at the base and several

tests were repeated as listed in Table 4-15.
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Table 4-14 Test log for date 11/23/2010 — Base isolated IMRF with steel moat wall without
weld at 6, 5 and 4 in. gap distances.

Test# Test Name Description S;S:l:r PGA(g) | Remarks-Gap Distance
1 FP6RWNI1 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
2 FP6RGM171S3 GM17-1 1 0.91 Steel w/o weld wall — 5”
3 FP5RWNI PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
4 FP5SRGM171S3 GM17-1 1 0.91 Steel w/o weld wall — 5”
5 FP5SRWN2 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
6 FP4ARGM171S2 GM17-1 0.85 0.77 Steel w/o weld wall — 4”
7 FP4ARWNI1 PGA(g)=0.1¢g N/A 0.1 Freq. Range: 0.1-50Hz,
8 FP4ARGM171S3 GM17-1 1 0.91 Steel w/o weld wall —4”
9 FP4RWN2 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
10 FPARGM111S3 GM11-1 1 0.68 Steel w/o weld wall —4”
11 FP4ARWN3 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
12 FP4RGM71S3 GM7-1 1 0.78 Steel w/o weld wall —4”
13 FP4RWN4 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,

Table 4-15 Test log for date 12/3/2010 - Base isolated IMRF with steel moat wall with weld
at 6 and 4 in. gap distance.

Test# Test Name Description Fsgftl; PGA(g) Remarks-Gap Distance
1 FP6RNGM171S3 GM17-1 1 0.91 Steel with weld wall — 6”
2 FP6RNWNI PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
3 FP4ARNGM1718S3 GM17-1 1 0.91 Steel with weld wall —4”
4 FP4ARNWNI PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
5 FPARNGM111S3 GM11-1 1 0.68 Steel with weld wall — 4”
6 FP4RNWN3 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
7 FPARNGM71S3 GM7-1 1 0.78 Steel with weld wall — 4”
8 FPARNWN4 PGA(g)=0.1g N/A 0.1 Freq. Range: 0.1-50Hz,
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SECTION 5
SHAKE TABLE TEST RESULTS

5.1. Introduction

The experimental results and data analysis from the shake table testing program of the '4-scale
model structure are described in this section. Test results are presented for three main
configurations: (1) fixed-base building to investigate the linear and nonlinear frame behavior; (2)
base isolated building without moat wall to investigate properties of isolation device and
superstructure under MCE motions; and (3) base isolated structure with moat wall having
variable stiffness and gap displacements to examine effects of impact. A summary of processed
experimental results for these three configurations can be found in this section while raw data
and detailed processed results can be accessed in the NEES website under the NEES TIPS
project directory (https://nees.org/warehouse/project/571).

5.2. Results for Fixed Base Structure

The GM15-2 and GM16-2 earthquake motions listed in Table 3-9 were first used to investigate
the post-yield behavior of the fixed-base structure. Each ground motion was scaled in amplitude
to 20, 40, 67(DBE), and 100% of MCE level and applied in order of increasing amplitude,
alternating between both earthquakes. The GM16-2 record was also applied at 85% of MCE
level. Figure 5-1 and Figure 5-2 show the story drift ratio (SDR) of the fixed base model under
GM15-2 and GM16-2, respectively. SDR is defined as the relative displacement between the top
and bottom level divided by height of each level. As expected, the SDR increases by increasing
the amplitude of the ground motion. It can be seen that peak SDR under GM15-2 occurs in
positive direction while it is negative for GM16-2. The East-West direction in which these two
records were applied was chosen in such a way that each one recovered previous residual drift in
order to prevent progressive collapse due to cumulative residual drift. This helped to continue the

fixed base testing model up to MCE level of the records.
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Figure 5-1 Story drift ratio for fixed base model under GM15-2 record.
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Table 5-1 and Table 5-2 summarize the test results for fixed base IMRF under these two records.

Peak Ground Acceleration (PGA) for the input motion is peak measured acceleration on the

shake table extension platform and the peak floor shear is calculated using mass at each floor

multiply by peak floor acceleration at the same level (inertia force) while peak base shear force is

read from 4 load cells under the base frame.
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Figure 5-3 plots the maximum absolute story drift ratio for each floor and the corresponding
story shear normalized by the total weight of superstructure (32 kips) for each test. The last point
corresponds to the MCE level motion. Story shear forces were assumed equal to inertia forces
calculated by multiplying corresponding floor acceleration by story mass. From Figure 5-3, it is

observed that the maximum story drift ratio exceeding 5% drift occurs at the middle level, and

that all levels start to show softening behavior due to yielding by 2% drift.
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Figure 5-3 Normalized shear force versus peak story drift ratio for fixed base IMRF.

The results obtained from the fixed base IMRF tests were used to calibrate numerical model for

the frame as explained in following sections.
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5.3. Results for Isolated Base Structure without Moat Wall

In the second phase of shake table testing, the IMRF model was replaced with a new frame and
four FP bearings were installed at the base of the structure. The model was first excited by a
sinusoidal displacement command at a frequency equal to the isolation frequency to characterize
the bearing properties. The sliding friction coefficient of the isolators was estimated to be
approximately 8%. Six ground motions were used for dynamic testing of the isolated structure.
Five ground motions were scaled to 40, 67, and 100% of MCE level while the GM7-1 record
was only applied at MCE level. A summary of test results for each record at the three levels are
presented in Table 5-3 to Table 5-7. Peak ground acceleration corresponds to the peak measured
acceleration at shake table extension level while Peak Base Acceleration (PBA) is the peak
measured acceleration at base level of the building model (top of isolator level). Both maximum
and minimum base plate displacement are reported in this table in order to count possible
pounding to east (positive displacement) and west (negative displacement) walls when moat
walls are installed. The base shear is obtained from the summation of 4 load cells installed under
the isolators while floor shears are calculated from inertia force (mass times measured story
acceleration). As expected in base isolated building, the peak floor acceleration is reduced
relative to the PGA for all levels of shaking. The peak ground acceleration is 0.91g for GM17-1
at MCE level and the resulting peak acceleration at the third floor is 0.54g. The reduction ratio
increases with increasing amplitude of excitation. This can be explained by considering the
initial shear force required to activate the friction isolators. For low amplitude input excitation,
the structure behaves essentially as a fixed-based structure, but for higher input motion the

1solators are activated,.
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Table 5-3 Summary of isolated base IMRF shake table test results for GM11-1.

Unit | 40% MCE | 67% MCE | 100% MCE
PGA (Input Motion) g 0.35 0.55 0.79
PBA (Peak Base Acc.) g 0.28 0.36 0.31
Max Base Disp. in 0.85 2.21 4.88
Min Base Disp. in -0.53 -2.41 -4.42
Peak Base Shear kips 5.35 7.80 11.86
Peak Floorl Acceleration g 0.28 0.27 0.34
Peak Floor2 Acceleration g 0.27 0.28 0.34
Peak Floor3 Acceleration g 0.37 0.39 0.47
Peak Floorl Shear kips 5.83 7.44 9.83
Peak Floor2 Shear kips 5.42 6.34 8.50
Peak Floor3 Shear kips 3.99 4.21 5.00
Peak Floorl SDR in|%| 033069 | 051 | 1.08 | 0.79 | 1.66
Peak Floor2 SDR in|%| 048 | 1.02 | 0.65 | 1.38 | 0.92 | 1.95
Peak Floor3 SDR in|%| 042 | 090 | 0.54 | 1.15 | 0.73 | 1.55
Peak Roof SDR in|%| 121 | 0.85 | 1.70 | 1.20 | 2.43 | 1.72
Residual Floorl SDR in| % | 0.00 |-0.01| 0.00 | 0.01 | 0.01 | 0.01
Residual Floor2 SDR in | % |-0.01-0.02| 0.00 | 0.00 | 0.02 | 0.05
Residual Floor3 SDR in | % | 0.00 |-0.01 | 0.00 | -0.01 | 0.01 | 0.02
Residual Roof SDR in | % |-0.01|-0.01 | 0.00 | 0.00 | 0.04 | 0.03
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Table 5-4 Summary of isolated base IMRF shake table test results for GM15-2.

Unit | 40% MCE | 67% MCE | 100% MCE
PGA (Input Motion) g 0.51 0.79 1.09
PBA (Peak Base Acc.) g 0.32 0.29 0.40
Max Base Disp. in 1.11 2.61 4.24
Min Base Disp. in -0.81 -1.70 -3.41
Peak Base Shear kips 591 8.28 11.03
Peak Floorl Acceleration g 0.31 0.36 0.43
Peak Floor2 Acceleration g 0.35 0.34 0.40
Peak Floor3 Acceleration g 0.38 0.44 0.53
Peak Floorl Shear kips 5.86 7.85 941
Peak Floor2 Shear kips 4.85 6.56 8.62
Peak Floor3 Shear kips 4.12 4.70 5.70
Peak Floorl SDR in|%] 0321069 | 047 | 099 | 0.70 | 1.48
Peak Floor2 SDR in|%| 042 | 089 | 0.62 | 1.32 | 0.90 | 191
Peak Floor3 SDR in|%| 041 | 0.86 | 0.54 | 1.14 | 0.79 | 1.67
Peak Roof SDR in|%| 1.08 | 0.76 | 1.60 | 1.13 | 2.36 | 1.67
Residual Floorl SDR in | % | -0.01 | -0.01 | -0.01 | -0.01 | -0.03 | -0.07
Residual Floor2 SDR in | % | -0.01 | -0.02 | 0.00 | -0.01 | -0.06 | -0.13
Residual Floor3 SDR in| % | 0.00 | 0.01 |-0.01]-0.02|-0.05]-0.10
Residual Roof SDR in | % |-0.01]|-0.01|-0.02|-0.01|-0.14 | -0.10
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Table 5-5 Summary of isolated base IMRF shake table test results for GM16-2.

Unit | 40% MCE | 67% MCE | 100% MCE
PGA (Input Motion) g 0.28 0.45 0.66
PBA (Peak Base Acc.) g 0.30 0.31 0.35
Max Base Disp. in 1.18 2.24 2.83
Min Base Disp. in -0.81 -1.12 -1.75
Peak Base Shear kips 5.65 7.18 7.97
Peak Floorl Acceleration g 0.41 0.41 0.46
Peak Floor2 Acceleration g 0.46 0.51 0.53
Peak Floor3 Acceleration g 0.40 0.45 0.49
Peak Floorl Shear kips 7.66 7.51 8.37
Peak Floor2 Shear kips 6.46 6.45 5.87
Peak Floor3 Shear kips 4.29 4.78 5.21
Peak Floorl SDR in|%| 041 | 0.87 | 0.43 | 0.90 | 0.49 | 1.03
Peak Floor2 SDR in|%| 060 | 1.27 | 0.61 | 1.29 | 0.52 | 1.11
Peak Floor3 SDR in|%| 051 | 1.0§8 | 0.50 | 1.07 | 0.48 | 1.01
Peak Roof SDR in|% | 150 | 1.06 | 1.49 | 1.05 | 1.31 | 0.93
Residual Floorl SDR in | % | 0.00 | 0.01 | 0.01 | 0.01 | 0.00 | 0.00
Residual Floor2 SDR in | % | 0.0l | 0.03 | 0.01 | 0.02 | 0.00 | 0.00
Residual Floor3 SDR in | % | 0.0l | 0.03 | 0.01 | 0.02 | 0.00 | 0.00
Residual Roof SDR in|% | 003|002/ 0.02 | 0.02 |-0.01] 0.00
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Table 5-6 Summary of isolated base IMRF shake table test results for GM17-1.

Unit | 40% MCE | 67% MCE | 100% MCE
PGA (Input Motion) g 0.52 0.85 1.17
PBA (Peak Base Acc.) g 0.30 0.37 0.37
Max Base Disp. in 1.42 3.43 5.90
Min Base Disp. in -2.18 -4.32 -6.62
Peak Base Shear kips 7.36 11.10 14.12
Peak Floorl Acceleration g 0.29 0.35 0.45
Peak Floor2 Acceleration g 0.31 0.38 0.48
Peak Floor3 Acceleration g 0.38 0.44 0.55
Peak Floor1 Shear kips 8.29 10.55 12.53
Peak Floor2 Shear kips 6.26 7.79 9.07
Peak Floor3 Shear kips 4.03 4.68 5.86
Peak Floorl SDR in|%]| 052|110 | 0.70 | 1.49 | 0.96 | 2.04
Peak Floor2 SDR in|%| 065|137 | 081 | 1.70 | 1.06 | 2.24
Peak Floor3 SDR in|%| 049 | 1.03 | 0.65 | 1.38 | 0.83 | 1.75
Peak Roof SDR in|%| 163 | 1.15| 2.12 | 1.50 | 2.74 | 1.93
Residual Floorl SDR in| % | 0.00 |-0.01| 0.01 | 0.02 | 0.01 | 0.02
Residual Floor2 SDR in| % |-0.01|-0.03| 0.02 | 0.05 | 0.03 | 0.07
Residual Floor3 SDR in | % | 0.0l | 0.01 | 0.00 | 0.00 | 0.02 | 0.04
Residual Roof SDR in | % |-0.01 |-0.01 | 0.03 | 0.02 | 0.06 | 0.04
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Table 5-7 Summary of isolated base IMRF shake table test results for GM17-2.

Unit | 40% MCE | 67% MCE | 100% MCE
PGA (Input Motion) g 0.46 0.73 0.98
PBA (Peak Base Acc.) g 0.50 0.51 0.51
Max Base Disp. in 0.31 1.61 3.36
Min Base Disp. in -0.68 -1.69 -2.77
Peak Base Shear kips 5.47 7.04 9.16
Peak Floorl Acceleration g 0.30 0.31 0.34
Peak Floor2 Acceleration g 0.27 0.29 0.31
Peak Floor3 Acceleration g 0.37 0.40 0.41
Peak Floorl Shear kips 7.42 8.04 8.62
Peak Floor2 Shear kips 6.18 6.73 6.72
Peak Floor3 Shear kips 3.96 4.34 4.35
Peak Floorl SDR in|%| 048 | 1.01 | 0.50 | 1.05 | 0.52 | 1.11
Peak Floor2 SDR in|%| 059 | 1.24 | 0.65 | 1.38 | 0.67 | 1.41
Peak Floor3 SDR in|%| 048 | 1.02 | 0.50 | 1.07 | 0.50 | 1.06
Peak Roof SDR in|% | 155] 1.09 | 1.64 | 1.15 | 1.67 | 1.18
Residual Floorl SDR in | % | -0.02 | -0.04 | -0.01 | -0.02 | 0.00 | 0.00
Residual Floor2 SDR in | % | -0.01 | -0.02 | -0.01 | -0.02 | 0.00 | 0.00
Residual Floor3 SDR in | % |-0.01{-0.03 | 0.00 | -0.01 | -0.01 | -0.01
Residual Roof SDR in | % |-0.04|-0.03|-0.02|-0.01|-0.01|-0.01

The maximum SDR recorded at MCE level motions are in the range of 1.5 to 2%, which
indicates slight yielding in superstructure. Insignificant residual SDR at the end of each event

also verifies that the yielding in superstructure is minor.

The peak base shear normalized by the total weight of the isolated model (51 kips) versus roof
drift ratio is plotted in Figure 5-4 for all tests. The maximum roof drift ratio occurs under GM17-
1 record and is less than 2%. Examining story drift ratios of each story under the GM17-1 record
it can be concluded that as expected, the isolation system decreased the superstructure response.
For example for 2 cases of GM15-2 and 16-2 maximum story drift ratio at MCE level decreased

from 5% at the fixed base model to less than 2% for base isolated frame. It can be conclude that
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the base isolation model with sufficient displacement capacity can withstand this MCE level
ground motion with only slight yielding at the second story. It is interesting to note that for two
of the ground motions, GM15-2 and GM17-2, the peak base shear increased with increasing
intensity, but the roof drift ratio remained almost constant and in one case, decreased. The

displacements at the base level and the base shear increased as expected.
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Figure 5-4 Normalized base shear versus peak roof drift ratio for isolated structure

Figure 5-5 to Figure 5-10 show each isolator hysteresis response at MCE level of each record. In
these figures load cell 1 to load cell 4 are located at North-West, North-East, South-West and
South-East of the shake table, respectively. The effect of overturning moment on axial force
applied on each bearing is obvious in these figures. Moving the base plate in positive direction
(East direction) leads to increasing the axial force on isolators 2 and 4, resulting in higher
amplitude shear force while decreasing axial force for isolators 1 and 3 leads to narrower
hysteresis loop. The effect of overturning moment due to upper floor mass also could lead to
uplift in bearings. The effect of uplift on hysteresis response of isolators can be seen in Figure
5-9, for record GM17-1 at MCE level. The amount of uplift in this test was insignificant and

could not be observed during testing.
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Figure 5-5 Isolator hysteresis behavior for record GM7-1
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Figure 5-6 Isolator hysteresis behavior for record GM11-1
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Figure 5-7 Isolator hysteresis behavior for record GM15-2
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Figure 5-8 Isolator hysteresis behavior for record GM16-2
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Figure 5-9 Isolator hysteresis behavior for record GM17-1
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Figure 5-10 Isolator hysteresis behavior for record GM17-2
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Figure 5-11 shows the base level velocity versus displacement for all six ground motion records
applied to the isolated IMRF without moat wall. In this study, velocity was calculated from
numerical differentiation of the displacement data. These plots show the maximum displacement
of the base level and also an approximate impact velocity in case there would be a wall at a
certain gap distance. Since GM17-1 was the only ground motion that produced displacements
large enough to impact the moat walls for the 6 in gap, this was the primary ground motion used
in the impact testing while GM7-1 and GM11-1 records were also used for the 4 in gap
configuration. Applying GM17-1 moves the base level in the west direction beyond the 6 in. gap.
Based on Figure 5-11 (e), installing moat walls at 6 in gap distance (scaled MCE displacement)
leads to one impact to west wall (negative displacement). Installing the moat wall at 4 in. gap,
pounding is expected to to both the east and west wall under GM17-1 and GM11-1 records and
one impact to east wall under GM7-1 record. The impact velocity would be 15 in/sec for a moat
wall at 6 in. gap distance and 25 in/sec when the moat walls are installed at 4 in. gap under

GM17-1 records.
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5.4. Results for Isolated Base Structure with Moat Wall

To investigate the effects of pounding at the base level of isolated structures, moat wall models
were installed on the simulator platform at both sides of the structure. The gap distance between
the base of the structure and the moat wall were varied between 4-6 in. to induce pounding at
various impact velocities. Different thicknesses for the concrete moat wall model were also
considered to investigate the effect of the wall stiffness on the behavior of the superstructure.
The concrete moat wall models are U-shaped and filled with sand to simulate soil backfill as
show in section 4. The bottom slab was bolted tightly to the shake table to prevent slip at the
base during impact. A rigid steel wall was also bolted to simulate a rigid wall; in the first series
of testing, it was noticed that the wall was uplifting due to bolt elongation and was welded to
minimize rocking at the base. Table 3-14 through Table 3-17 list all impact tests conducted in
this study. The moment frame was replaced during testing when permanent damage was
observed such as major yielding in the beams and residual displacements. The experimental
results for three cases of impact are presented in detail for input motion GM17-1 at MCE level
for the following cases: the 2 in. concrete moat wall installed at 6 in. gap; 6 in. concrete moat
wall installed at 4 in. gap; and steel moat wall with weld installed at 4 in. gap distance. All
impact test results can be accessed in the NEES website under the NEES TIPS project directory
(https://nees.org/warehouse/project/571).

5.4.1. Test Results for Base Isolated IMRF with 2 in. Concrete Moat Wall at 6 in. Gap Distance

The 2 in thickness concrete walls were installed at 6 in gap distance. GM17-1 was simulated on
the shake table to induce large displacement at the base level of the isolated model, leading to
pounding to moat walls. Figure 5-12 shows the hysteresis behavior of each isolator and also
indicates the displacement at which contact between the moat wall and concrete blocks mounted
on base level of the superstructure occurs. Although moat walls were installed at 6 in gap
distance, the east moat wall moved due to damaged during previous tests and also during

installation on the shake table.
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Figure 5-12 Isolator hysteresis behavior for record GM17-1 at MCE and 2 in. concrete
walls installed at 6 in. gap

Figure 5-13 shows the base level acceleration with large spikes at the time of two impacts. The
magnitude of this spike is different between different accelerometers installed on base plate and
depends on the location of the sensor and distance to the pounding surface. Figure 5-14 shows
the base level velocity versus displacement. It can be seen that the velocity did not changed
significantly at the time of impact indicating that the 2 in concrete moat walls are too weak to

stop the movement of the structure.
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Figure 5-13 Base level acceleration for record GM17-1 at MCE and 2 in. concrete walls
installed at 6 in. gap
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Figure 5-14 Base level velocity versus displacement for record GM17-1 at MCE and 2 in.
concrete walls installed at 6 in. gap

The impact force generated during the contact of the concrete block mounted on the base level

and the concrete moat walls are shown in Figure 5-15. The maximum magnitude of 5 kips was

observed due to this impact. Figure 5-16 shows both sides of the moat walls displacement due to

impact for both the east and west walls. Large displacements were observed in the front side of

concrete walls while smaller displacements are shown for the back side wall due to compression

of soil between the two concrete walls.

West Wall Impact

Impact Force (kips)

Time (sec)
East Wall Impact
—_ 6 1 1 1 1 1
g | | | | |
a4 A I S S SR S
[} | | | |
[&] | | | |
] S e ——— - = e [ ——
(8 | | | |
-— | | | |
8 (o] S | e e ¥ R —
o | | | |
£, : : : : :
4.6 4.7 4.8 4.9 5 5.1
Time (sec)

Figure 5-15 Impact force for record GM17-1 at MCE and 2 in.

concrete walls installed at 6

in. gap
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Figure 5-16 Moat wall displacement for record GM17-1 at MCE and 2 in. concrete walls
installed at 6 in. gap

5.4.2. Test Results for Base Isolated IMRF with 6 in. Concrete Moat Wall at 4 in. Gap Distance

The 6 in concrete moat walls were installed at 4 in gap distance and the model structure was
subjected to GM17-1. A large level of noise was recorded in shear load cells under each isolator
after pounding to moat walls (Figure 5-17) although shape of hysteresis loops are similar to those

shown in Figure 5-12

Larger spikes in compare to the case with 2 in moat wall are observed at the time of impact in

base level acceleration resulting to peak base level acceleration in range of 4g (Figure 5-18).

A gradually drop in base level velocity can be seen in Figure 5-19 after contact. Although the
moat walls were installed at 4 in gap distance, the maximum displacement in base level exceeds
more than 6 in for both directions showing that concrete walls did not have sufficient strength

capacity to limit displacements.
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Figure 5-19 Base level velocity versus displacement for record GM17-1 at MCE and 6 in.
concrete walls installed at 4 in. gap
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Figure 5-20 Impact force for record GM17-1 at MCE and 6 in. concrete walls installed at 4
in. gap

Figure 5-20 shows impact forces for east and west walls. The load cells at the west wall were
relocated during testing program and did not properly record the impact force. The impact force

to the east wall shows a large initial impulse magnitude in range of 30 kips while after that
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dropped to an approximately constant number of 8 kips due to compression in soil backfill. The

initial high amplitude force is due to a local impact phase which will be described in Section 6.

Front and back side wall displacements are shown in Figure 5-21. As expected from Figure 5-19
large displacements occur in the front walls on both sides. This large deformations in concrete

moat walls resulted in residual displacement about 1 in. for both sides.
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Figure 5-21 Moat wall displacement for record GM17-1 at MCE and 6 in. concrete walls
installed at 4 in. gap

5.4.3. Test Results for Base Isolated IMRF with Welded Steel Moat Wall at 4 in. Gap Distance

The low stiffness and strength of concrete walls persuaded the use of stronger moat walls to
investigate impact over a wider range of moat wall properties. Steel moat walls were installed
and impact testing was repeated using GM17-1 input motion. In the initial installation, base
uplift was observed in the steel moat walls at the connection point to the shake table platform at
the instant of impact. The steel moat walls were welded at their base to prevent this uplift. The
results for welded steel wall installed at 4 in gap distance under GM17-1 input motion are shown
here; the results of steel wall without welding and also under different gap distance and various
input motion are shown in the NEES website under the NEES TIPS project directory
(https://nees.org/warehouse/project/571).
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Hysteresis loops for each isolator are shown in Figure 5-22. This figure shows that although
hysteresis loops are narrowing in tension region, the data does not show uplift in isolators unlike
the other two tests on 2 and 6 in concrete walls. This indicates that uplift occurs due to large
displacements and not because of impact. In Figure 5-12 and Figure 5-17 uplift was observed in

isolators because of large displacement in base level, but in the case of installing the steel walls,

large displacement at base level was prevented.

Load Cell 1 Load Cell 2

Shear (kips)

Shear (kips)

Base Plate Displacement (in) Base Plate Displacement (in)

Load Cell 3 Load Cell 4

Shear (kips)
Shear (kips)

Base Plate Displacement (in) Base Plate Displacement (in)

Figure 5-22 Isolator hysteresis behavior for record GM17-1 at MCE and steel wall with
weld installed at 4 in. gap

A sudden drop in velocity can be seen in Figure 5-23 at the instant of impact to both sides. This

drop was not clear in the case of concrete moat walls. Small displacements beyond the gap

distance were observed in this test confirming the high stiffness of the steel moat wall.
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Figure 5-23 Base level velocity versus displacement for record GM17-1 at MCE and steel
wall with weld installed at 4 in. gap
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Figure 5-24 Base level acceleration for record GM17-1 at MCE and steel wall with weld
installed at 4 in. gap

The impact forces are shown in Figure 5-25. High forces (in range of 30-60kips) are generated at
the base level of structure during contact with the steel walls. The main difference between
impact to steel wall and concrete walls is shown in this figure. For steel, the high amplitude
impact force lasts during the contact duration as opposed to the concrete moat walls in which the
high amplitude force is applied during a very short duration in the beginning of impact and
followed by a longer duration low amplitude force resulting from yielding in the concrete wall
and compression in soil backfill. This leads to different superstructure response, which will be

discussed next.
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Figure 5-25 Impact force for record GM17-1 at MCE and steel wall with weld installed at 4
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Figure 5-26 Moat wall displacement for record GM17-1 at MCE and steel wall with weld

installed at 4 in. gap
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5.5. Effects of Wall Stiffness and Gap Distance

Different types of moat walls having a wide range of stiffness were placed at various gap
distances in the experimental simulations. The effect of these various walls on the impact force
and response of the superstructure is evaluated in this section. Figure 5-27 shows the impact
force for three types of the moat walls with a 6 in. gap: 6 in. thick concrete wall with soil backfill
and steel wall with and without weld reinforcement. In the experiments, the impact force was
obtained from two load cells installed behind the concrete block at the base. Note that the time in
Figure 5-27(a) is a pseudo time shifted so that in all cases, initiation of impact occurs at the
origin to provide a better comparison. It can be seen that each impact force consists of two
separate phases. The first phase of impact consists of a short duration (less than 10 ms), high
amplitude impulse, with all three walls providing approximately the same force amplitude and
duration. In the second phase, which is at least one order of magnitude longer in duration than
the first phase, the three resisting forces show substantially different behavior and appear to be

highly dependent on the stiffness of the wall.
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Figure 5-27 Impact force for different moat wall types: (a) Impact force versus contact
time, (b) Impact force versus moat wall relative displacement

The observed forces in seismic pounding can be further explained by considering this as a
problem of dynamic impact (Goldsmith 2001). In a structural collision as observed in these

experiments, contact between two objects consists first a local phase followed by a second global
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response phase. The first phase occurring over a short period of time is the local impact phase
which includes the indentation of two objects at the point of the contact. The contact force
generated in this phase is generally a function of the shape and material properties of colliding
objects as well as impact velocity. The contact forces act over a short period of time, where
energy is dissipated as heat due to random molecular vibrations and the internal friction of the
colliding bodies. In this phase, due to the fact that the time of contact is short, it can be assumed
that the characteristics of external seismic forces (direction, frequency, etc.) do not affect the
displacement and duration of impact. Thus, this first phase consists mainly of a free colliding
system with initial velocity. The second phase occurs after the first impact during which the two
bodies stay in contact, sometimes followed by a short separation after phase 1, and push or
generate forces against each other. The contact force in this second phase can be affected by

external seismic forces, and dynamic properties of the two objects including mass and stiffness.

The second phase of impact is more evident in Figure 5-27(b), which plots impact force versus
deformation of the moat wall while the base level is in contact with the wall. The stiffness
variation for different moat walls is apparent in this figure. A slight slip can be seen in the steel
wall without weld reinforcement although its stiffness is very close to the case with welded
connections. The concrete wall shows relatively low resistance after first phase of the impact,
mainly from compression of soil behind the wall since the concrete wall formed a plastic hinge at

its base where the bending moment is maximum.

Figure 5-28 shows base level velocity versus displacement for a 4 in. nominal gap distance to the
wall for different wall types under MCE level of GM17-1 (Erzincan NS) earthquake. The effect
of the wall stiffness on the distance that base level travels beyond the gap distance and the
velocity drop at the instance of the impact is evident in this figure. The stiffer the wall, the less

distance the base plate moves beyond the gap, producing a sharper drop in velocity after impact.
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Figure 5-28 The effect of different wall types installed at 4 in. gap distance on base level
velocity

The effect of different wall types on superstructure response under GM17-1 (Erzincan NS)
record at MCE level for 4 in. gap distance is shown in Figure 5-29. The results for two wall
types, namely the 6 in concrete wall and steel wall with weld reinforcement are compared in this
figure. It should be noted that the steel walls without weld reinforcement results are very close to
the case presented here with weld reinforced connections. The maximum story drift ratio
occurred at the second and third level for the case of the impact to the concrete wall and steel
wall respectively. Significant differences are evident in the acceleration response under these two
different moat walls, particularly when examining the frequency. In both cases, the maximum
acceleration is captured at the first story closest to the point of impact. The data presented clearly
show that both displacement and acceleration response of the superstructure are highly
dependent on stiffness of the moat wall. The higher forces generated by the stiffer wall increases

both acceleration and displacement.
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Figure 5-29 The effect of different wall types on superstructure response

Figure 5-30 summarized the superstructure response for all impact tests under GM17-1 (Erzincan
NS) ground motion at MCE level for different wall types and compares them with the case
without impact. Minimum and maximum acceleration and story drift ratio are plotted in separate

figures to investigate effects of each impact. Minimum negative drifts and maximum positive
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accelerations occurred after the first impact to the west wall while the second impact to the east
wall leads to maximum positive drifts and minimum negative accelerations. It can be seen that
by increasing the moat wall stiffness, both acceleration and drift increased at all stories of the
model, although the effects of the moat wall stiffness is more apparent on lower floor
accelerations and upper floor drifts. Response acceleration increased in all stories of the structure
after both impacts. The peak floor acceleration occurred at the lower story with impact while the
peak floor acceleration occurred at the top floor without impact. The acceleration amplification
in lower levels could be under influence of internal material wave propagation in the model due
to impact. Not considering the base level, the maximum floor acceleration is in the range of 1-2g,

which is a significant increase in comparison to the case without impact.

The effect of impact on story drift is apparent after the first impact to the west wall, which yields
the superstructure in the negative direction, while maximum positive drifts are influenced by
both west and east wall impacts. While it is expected that a harder impact to the east wall should
result in larger amplification of positive drifts, exceeding the response in the negative direction
as observed for the 2 and 4 in concrete walls, the stiffer moat wall yielded the superstructure
after the first impact and affects the drifts after second impact. Lower levels of impact (Figure
5-30 (a), (b), and (c)) amplify the drift ratios after each impact and keeps the shape of maximum
drifts the same as first modal shape, while stronger impacts (Figure 5-30 (d), and (e)) increased

the upper story drift ratio relative to lower stories.
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Figure 5-30 Minimum and maximum acceleration and story drift ratio under MCE level of
GM17-1 (Erzincan NS) ground motion

Figure 5-31 shows the superstructure response under the same ground motions for different wall
types installed at 4 in. gap distance. The GM7-1 (LA33) record induced one hard impact to east

wall, except for the steel wall without weld reinforcement; rebound from the east wall induced a
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second impact at low velocity to west wall. This one-sided impact amplifies the response of the
structure in one direction (positive story drift ratio and negative acceleration) while the other
direction responses remains similar to the case with no impact. The impact test results under
GM11-1 (Sylmar) and GM7-1 (LA33) records show that increasing wall stiffness increases the

acceleration and drifts in all story levels which is in agreement with results obtained for GM17-1

(Erzincan NS) record.
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Figure 5-31 Minimum and maximum acceleration and story drift ratio under MCE level of
Northridge at Sylmar Station (GM11-1) and LA33 (GM7-1) ground motions

5.6. Shake Table Performance

Modern shaking tables are considered one of the most realistic means of evaluating the response
of a structure subjected to earthquake ground motions. Particularly for impact simulations as
described here, shake tables are perhaps the best way to fully capture the dynamic impact forces

experimentally and their effect on superstructure response. The main limitation is the reduced
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scale of the model to comply within the capacity of the earthquake simulator. For the tests
presented here, the impact forces on the moat wall models need to be absorbed by the shaking
table and if sufficiently large, can damage the equipment. In addition, the impact forces will be
recorded by the feedback control system and can alter the shake table response. In this section,

the safety and performance of the shake table during impact testing is examined.

The accuracy of the shake table simulation, or the level of fidelity to which the achieved motion
matches the desired earthquake motion has been examined by many researchers. The frequency
content of recorded earthquakes, strong dynamic cross coupling between degrees of freedom,
existence of non-linearities in the hydraulic and mechanical system components, and the
dynamic interaction of the specimen and table system all contribute to the challenge of achieving

high fidelity motions (Nowak et al. 2000).

The tests were conducted on the shake tables at the NEES site at the University at Buffalo. This
site includes two movable, six degrees-of-freedom simulators; only one table was used for these
tests and loading was applied in one horizontal direction. The payload capacity of each table is
80 kips, and the model weighs about 60 kips. Each shake table is driven by the following

hydraulic actuators:

1. Horizontal (X and Y-axis) hydraulic actuators (quantity = 2 each axis). MTS Model 244.4

Hydraulic Actuator with a dynamic force rating of 50 kips and a dynamic stroke of 12 in (£6 in).

2. Vertical (Z-axis) hydraulic actuator (quantity =4). MTS Model 206.S Hydraulic Actuator with

a dynamic force rating of 60 kips and a dynamic stroke of 6 in (£3.5 in).
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The performance of the UB-NEES shake table during the MCE ground motion and impact of
superstructure is evaluated by direct comparisons of the acceleration time histories, peak
accelerations error, elastic response spectra for the achieved and desired acceleration time
histories, and actuator forces. To provide a quantitative measure, the cumulative measure of the

error based on the RMS error measure is applied (Luco et al. 2010):

J (L/N) EN_ G (1) — Fgos (0))?

JA/N) IV (¥ ges(M))?

(5-1)

Erel =

In Equation 5-1, X4.s=desired (command) acceleration; Xs,,=achieved (feedback) acceleration;
and N denotes the number of data point within the time window chosen to calculate the error. For
earthquake records, this time window was chosen to be the time interval between the 5 and 95%

contributions of the desired acceleration time histories to the Arias intensity ([ X gos>dx).

To investigate the effect of pounding in the model on the performance of the shake table, the
result of two tests are presented here: base isolated model without moat wall and base isolated
model and welded steel walls with 6 in. gap. Both results are from the GM17-1 (Erzincan NS)
ground motion at MCE level. The corresponding time interval considered for this ground motion

1s 9-13 sec.
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5.6.1. Comparison of Acceleration Time Histories

To get an overview of the performance of the table during the ground motion with impact, the
desired and achieved acceleration time histories are first compared. Figure 5-33 shows the
measured acceleration time history within the time window defined earlier. The results from (a)
the base isolated case without any pounding and (b) the case that superstructure hits the moat
wall twice are compared with the target acceleration. The time of the impacts are indicated in the
figure. It can be seen that in Figure 5-33, the achieved motion and target motion agreed well
except at the peak acceleration which shows a 33% overshoot. In Figure 5-33(b), two spikes are
observed in the measured acceleration at the instance of impact. Although the occurrence of
impact leads to overshooting followed by a reverse peak in the opposite direction, the achieved
acceleration is comparable to the test without impact in other regions. Note that the maximum
measured acceleration occurs at the instance of the peak ground acceleration demand and not at
the time of impact. The relative peak acceleration error is approximately equal to the error in the

test without impact and is equal to 36%.

. :
Target(Cmd) Target(Cmd)
e Achieved (Fbk)-Without impact g e Achieved (Fbk)-With impact
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. . . . .
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10 10.5 11 11.5 172 12.5 13
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Figure 5-33 Acceleration time history comparison a) without impact b) with impact

5.6.2. Cumulative Relative Root Square Error

The cumulative relative root square error defined as the summation of square error of achieved
motion at each step normalized by the summation of the squared desired value over the total

length:
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(5-2)

Eret(T) =

In Equation 5-2 N, and N denote the number of data points up to time T and total length of the
time window respectively. This formula converges to relative RMS error in Equation 5-1 as the
N, goes to N. In this way, one can see the portion of the error at each time step with respect to

total RMS error.

Figure 5-34 shows the cumulative root square error for test with and without impact. The limit
values of the both curves show the relative RMS error for the total time window of interest. The
RMS error with and without impact at 6 in. gap is calculated to be 28 and 46% respectively. The
first jump in the Figure 5-34 corresponds to peak acceleration in target ground motion which is
almost equal for both cases, while the second and third jump occurs only in the case with impact

at the time of impact.
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Figure 5-34 Relative root square error of shake table response

5.6.3. Elastic Response Spectra

The capability of the shake table to reproduce the response spectrum of the target acceleration
time history is another important measure of the performance of the table, as it provides some
insight into how the structure is excited dynamically. The linear displacement and pseudo
acceleration spectra from achieved acceleration time histories were calculated and compared

with the response spectra of the target acceleration records. Figure 5-35 shows the resulting
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response spectra for both tests compared to the target spectrum. It can be seen that the
displacement demands in the large period range are less than the target demand for both cases. In
addition, the displacement response for the case including impact is larger than the case without
impact. Since the effective isolated base period of the structure is about 1.5 sec, these plots
provide some insight into why the larger displacements were observed at the base of the structure

in the test including impact.

In Figure 5-35(b), the response acceleration is higher for the test including impact than the
achieved response from the test without impact. Both tests have larger acceleration demands
compared to the target motion in the low period range. It can be conclude that although response
spectra of the achieved motions do not perfectly match the response spectra of the target motion,

pounding in the superstructure did not induce a significant difference in the response of the shake

table.
25 T T 12 T T T T T
Target(Cmd) Target(Cmd)
e Achieved(Fbk)-without impact e Achieved(Fbk)-Without impact
ol s s Achieved(Fok)-with impact || 101 e Achieved(Fbk)-With impact

Sd (in)

0 05 1 15 2 25 3 25 4 0 0.5 1 15 2 25 3 35 4
Period (sec) Period (sec)

Figure 5-35 a) Displacement response spectra, b) Acceleration response spectra

5.6.4. Shake Table Actuator Force

Figure 5-36 shows the force in one of two horizontal actuators in main direction of testing during
the selected time window. It can be seen that maximum force occurs at the time corresponding to
maximum acceleration in the target motion and is almost equal to the rated force capacity of the
actuator. Two spikes in the case with impact are indicated with arrows for west and east wall
pounding. The increase in actuator force due to impact is on the order of 25 kips, and because of

the low acceleration demands at the time of impact, does not approach the capacity of the
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actuator. Thus, for this particular test series and the payload selected, the shake table equipment

including actuators was not at risk of damage.
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Figure 5-36 Horizontal actuator force
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SECTION 6
ANALYTICAL PREDICTION OF RESPONSE

6.1. Introduction

The experimental testing program of a base isolated building was conducted with pounding on
various moat wall configurations and different ground motions. The analytical prediction of
response of base isolated structures pounding to a moat wall is presented in this section. To
better understand the consequences of impact on the superstructure, an impact element
considering moat wall compliance is proposed based on impact theory and observations during
experimental simulations. It is demonstrated that numerical simulations using the proposed
impact element can capture the dominant characteristics of the contact force observed in
experiments for both concrete walls with soil backfill and rigid steel walls. The contact force is
dependent on impact velocity, geometry and material properties at the contact surface, as well as
the global dynamic flexibility characteristic of the moat wall. Properties of the moat wall impact
element are derived here based on mechanics-based models considering material properties and
geometric measurements of the experimental setup. For this purpose, the moat wall is modeled as
a flexural column with a concentrated hinge at its base with soil backfill considered through a

damped elastic foundation.

The main objective of this section is to propose a new impact element that can simulate contact
force during impact of base isolated structure to a moat wall. The proposed impact element is
able to capture both local deformation and vibration response of the moat wall. The classic
contact mechanics of impact of a striker object to a column representing the moat wall is
investigated and equations for calculating required parameters for the proposed simplified impact
element are derived. The impact force obtained from numerical simulation for different wall
types are compared with earthquake simulator test results from section 5. It is demonstrated that
the proposed impact element with parameters derived from the mechanical properties of the
walls is able to capture the main characteristics of the contact force and the effects on

superstructure response.
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6.2. Analytical Modeling of Structural Impact

6.2.1. Classical Theory of Impact

The classical theory of impact, called stereomechanics, is based preliminary on the impulse-
momentum law for rigid bodies, which specifies of initial and terminal velocity states (Figure

6-1). In this theory, velocities of the colliding bodies after collision are calculated from:

v, =v, _(l_l_e)mz(vli Vi (6-13)
m1+m2

Vv, =V, +(1+e)ml(vli Vi (6-1D)
m1+m2

In this equation v;, v; are the velocities before and after collision, the subscripts 1 and 2 identify
the two colliding bodies, and e is the coefficient of restitution. The coefficient of restitution
accounts for energy loss during impact, and is usually defined as the ratio of final to initial
relative velocity. Using this approach, Malhotra (1998) investigated the effect of earthquake-
induced pounding at thermal expansion joints of concrete bridges. Examining collinear impact
between concrete rods of the same cross section but different lengths showed that the coefficient
of restitution depends only on the length ratio and the damping ratio of the rod material and the

duration of impact is equal to the fundamental period of axial vibration of the shorter rod.

Vi V 2i

E—

Figure 6-1 Classical theory of impact.
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From Equations 6-1, it is evident that this theory does not account for impact duration, transient
forces, and local deformations at the contact point and further assumes that a negligible fraction
of the initial kinetic energy of the system is transferred into local vibrations of colliding bodies.
These assumptions limit the application of stereomechanics theory in accurately capturing

structural collisions consisting of two phases discussed next.

6.2.2. Local Deformation Phase Produced by Impact

In a majority of collisions, at least one of the participating objects will be bounded by a curved
surface at the contact location. However, even in smooth planes located normal to the direction
of impact, there are some factors including the existence of microscopic surface irregularities,
which prevent achieving contact between two perfectly plane surfaces. In this case, the two
bodies will undergo a relative indentation in the vicinity of the impact point. The energy required
to produce this local deformation may be an appreciable fraction of the initial kinetic energy.
Most research related to structural impact has proposed force-displacement models to capture
this phenomenon such as a linear spring, Kelvin, Hertz, and Hertz model with nonlinear
dampers. The linear model is straight forward and can be easily implemented in commercial
software, although lack of energy loss during impact leads to unrealistic results. The Kelvin
model consists of a linear spring and damper in parallel to simulate the energy loss due to
permanent deformation at the contact point, but shows tension forces due to damping even after

two objects have separated.

The Hertz contact law was originally proposed for static contact of two bodies, in which stresses
and deformations near the contact point are described as a function of the geometric and elastic
properties of the bodies (Goldsmith 2001). The contact force is related to the relative indentation

of two bodies with a nonlinear spring of stiffness K calculated as:

4 1 RR, )
" 3x\A+4 J\R +R, (6-22)

113



4( 1
ng;( ]ﬁi (6-2b)

respectively, for two colliding spheres of radii R; and R,, and collision of a sphere of radius R,

to a massive plane surface. In these formula, A; is a material parameter defined as:

A =— (6-3)

where E; and v; are modulus of elasticity and Poisson’s ratio, respectively. For other geometric

shapes, an equivalent sphere radius can be used. The contact force can then be expressed as:
F =K,o" (6-4)

where § is relative penetration and n, is typically taken as 3/2 for nonlinear behavior.

The use of the Hertz model for dynamic impact has been justified on the basis that it appears to
predict accurately most of the impact parameters that can be experimentally verified (Goldsmith
2001). However, the original model does not capture the energy dissipated during contact. To
overcome this limitation, Muthukumar et al. (2006) proposed a nonlinear damper in conjunction

with the Hertz model with contact force given by (Figure 6-2):
F=K,8°+C,3é (6-5)

where Cj, is the damping coefficient, and & is penetration velocity. The damping coefficient is
related to penetration using Equation 6-6 in order to prevent tensile forces after the two bodies

separate.
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C, =& (6-6)
In this equation, ¢ is damping constant which is expressed as (Ye et al. 2009):

_8K,(-e)

5 ed (6-7)

¢

Jankowski (2007) determined a range of the coefficient of restitution (e) for different building
materials, such as: steel, concrete, timber and ceramics, based on the results of impact
experiments. A general trend observed for all materials is that the coefficient of restitution
decreases with an increase in the prior impact velocity. A range of e from 0.75 to 0.50 for impact

velocity of 0.25 m/s to 4 m/s was determined for concrete materials.
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Figure 6-2 Contact force-penetration relationship for Hertz and Hertz damped models.

6.2.3. Vibration Aspect of Impact

In the stereomechanical treatment of impact, the colliding objects may be regarded essentially as
single mass points or rigid bodies uniformly undergoing an instantaneous change in velocity. For
elastic bodies, the disturbance generated at the contact point propagates into the interior of the

bodies with a finite velocity and its reflection from the boundaries produces oscillations or
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vibrations in the solids. The predictions of the stereomechanical theory may produce errors when
a significant percentage of total energy is converted into vibrations (Goldsmith 2001). In general,
this effect will be small when the duration of the contact is large compared to the period of the
lowest natural frequency of either body such as collision of two spheres at moderate velocities.
On the other hand, a considerable amount of energy is transformed into vibrations in the collision
of bodies with low natural frequencies. Such objects generally exhibit a high ratio of surface area
to volume, as in the case for rods and beams (Goldsmith 2001). Simulating pounding at the base
level of a base isolated building to a moat wall includes impact of a solid base slab to a cantilever
column in which the vibration aspect of impact is important. To consider the vibration effects of

a moat wall during the impact, dynamic behavior of the moat wall needs to be modeled.

6.3. Moat Wall Impact Model

In order to consider the potential and effect of pounding in a time history analysis of base
isolated buildings under shaking, the moat wall model should include both local deformation and
global vibration aspects of structural impact. The local aspect of impact can be implemented
using a Hertz damped element at the contact location. The vibration response of the moat wall
can be of varying complexity ranging from a detailed finite element model to an equivalent
single Degree of Freedom (SDF) system. A generalized SDF moat wall model is proposing here
considering both local and vibration aspect of impact. This model can be easily implemented in
common structural analysis software, is the least computationally expensive, and provides good

correlation to experimental results as will be shown later.

6.3.1. Uniform Moat Wall

To investigate the behavior of a cantilever moat wall under impact from the base slab in a base
isolated building, a continuous cantilever beam supported by an elastic foundation and external
distributed damping was assumed. A rotational spring was assumed at the base of the beam to
capture the post-elastic behavior due to the formation of a plastic hinge (Figure 6-3). To consider
both local deformation and vibration aspect of impact to the moat wall, first, the vibration
equation of the moat wall model is solved, then coupled with local deformation at the impact

point.
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The most elementary description of flexure waves considers only strain energy of bending and

transverse inertia results in well-known equation of beam vibration:

0’ v ) =dv — A"
axz[E](X)WJ'FCE‘FKV +m(x )?=F(X,t) (6-8)

where v is lateral displacement of the beam, EI(x) is the flexural stiffness and m(x) is the mass
per unit length of the beam. The uniform stiffness and damping of the elastic support foundation
is characterized by K and C, and K, is stiffness of the rotational spring. A linear elastic spring
using an effective stiffness can be assigned to Ky to simplify the formulation while accounting

for post elastic behavior of the moat wall during impact.

For simplicity, the flexural stiffness and the mass per unit length are assumed constant
throughout the length of the beam and set equal to E1 and pA, respectively. Considering only the
impact force at the free end in Equation 6-8, F(x,t) is replaced with F(t) to further simplify the

equation as follows:

4 _ - 2
e iR+ pa TV

=F 6-9
x a ot FO (6-9)

The solution of this equation must satisfy the prescribed boundary conditions:

2
v(x:()):O; El avz :iKHa_v
0x * (x=0) OX (x=0)
s 3 (6-10)
v . dy
2 =0; 3 0
ox ~ (x=1) Ox ” (x=1)
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Figure 6-3 Schematic side view of a moat wall and representing beam.

To solve Equation 6-9, the homogeneous solution is first considered (F(t) = 0) and solved by
separation of variables:

v(x,t)=X (x)Y (¢) (6-11)

which yields two ordinary differential equations

2'X

o -'X =0 (6-12a)
pAdY C oY (K ,

- — Y =0 -
EI ot* +EI ot " E]+§ (6-12)

where ¢ is a number to be determined. Solving Equation 6-12a yields the general solution

X (x)=4,cosh({x)+4,sinh({x ) +4, cos({x ) +4,sin({x) (6-13)
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Substituting Equation 6-13 in the boundary conditions (6-10), a set of four homogeneous
equations are obtained in the constants 4;. Since the system is homogeneous, for the existence of
a nontrivial solution, the determinant of coefficients must be equal to zero. This procedure yields

the frequency equation to calculate ¢

L (sinh(é’L).cos(é’L)—sin(é’L).cosh((L))+Kg (1+cos(§L).cosh(§L)) =0 (6-14)

in which it is assumed that

(6-15)

Solving Equation 6-14 for a given K, produces infinite values for ', corresponding to an
infinite number of mode shape for a distributed beam. The K, ratio could vary between a small

number to infinity for the case of an elastic cantilever moat wall. The frequency equation is

changed to Equation 6-16 for elastic cantilever moat wall.

1+cos({L).cosh({L)=0 (6-16)

In order to consider nonlinear deformation in the moat wall assuming that plasticity is
concentrated at the base of the column where bending is maximum, an elastic spring with
effective stiffness for an assumed rotation or an idealized bilinear rotational spring can be
considered for K,. Figure 6-4 shows the nonlinear moment-rotation relationship for concrete
walls. The effective stiffness for an assumed rotation in this nonlinear hinge is shown in this

figure.
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Figure 6-4 Predicted nonlinear moment-rotation relationship for concrete wall.

Substituting ¢ obtained from the frequency equation in Equation 6-12b and 6-13 results in

modal frequencies and shape functions

0= [t (6-17)
pPA  pA
. sin({,L)—sinh({, L)+ ZIQ(E/L cos(¢ L)

X (x)=lZ:1:Al. cosh(¢x )+ cos(C L)+ oo 1) sinh(¢,x )

(6-18)
sinh(¢,L)—sin({, L)+ zé:,L cosh({ L)
—cos({x)+ K, sin({x)
' cos({,L)+cosh({ L) ’

Substituting Equation 6-18 in Equation 6-11 yields the lateral displacement of the beam in terms

of infinite number of mode shapes
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v(x,t)zZXi(x)Yi (t) (6-19)

To solve the vibration equation for the considered column, Equation 6-19 is substituted in

Equation 6-9:
v(x,t)zZXi(x)Yi (t) (6-20)

o 2 _ e o N4 __ e
pAY X, ’ g;ft)wz;(i ayét(t)wlza X, Y, ()+KY XY, (t)=F(@) (6-21)

4
il i=1 ox i=l

Modal orthogonality provides the means for decoupling Equation 6-21. Multiplying each side of
Equation 6-21 by X, (x ) and integrating along column height gives

Lo, \OY, (t) (=¢ ., \OY, ()
(ijO Xndx)T+(CIO Xndx) -
L3ty iy (6-22)
J{Eljo — X +K [ X Jdx ]Yﬂ (t)=F@)x, (L)

Considering 4; in Equation 6-18 in such a way that corresponding mode shape displacement at

free end of the column is equal to one, and also defining

Lo
M, =pA jo X 2dx (6-23)

—prL 2
= X -
C,=C[ x}d (6-24)
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simplifies Equation 6-22 into

Y, (1), . A, ()

M M @'Y, (t)=F( 6-25
n atz n at + na)n n( ) () ( )

Equation 6-25 describes generalized forced vibration equation associated with nth mode of the

column in Figure 6-3, where F'(¢)is the contact force at the free end of the column. Thus,

Equation 6-25 describes the equation of motion for the distributed column in Figure 6-3 under

external force F'(¢) as an infinite number of Single Degree of Freedom (SDF) system with mass,

damping and stiffness respectively equal toM,, C, and M @’ .

The right hand side of the Equation 6-25, F'(¢), can be replaced with the force generated due to

local deformation of two bodies during impact of a striker to the head of the moat wall. This
force can be obtained using Equation 6-5. These two phases of impact should be combined in

one element for implementation in dynamic structural analysis.

6.3.2. Non-uniform Moat Wall

Using the relatively rigid steel triangle walls in the experimental testing program requires
developing vibration equations for this kind of shape. Since flexural stiffness and mass per unit
length of the steel walls are not constant along the height of the wall due to its triangle geometric

shape, the properties for the impact model are determined as follows.

Assuming that the static deformation of the cantilever column due to a transverse force at free
end, f (x ) , 1s geometrically equal to its dynamic deformation due to an impact force leads to
the column deflection v =f (x )Y (L,t), where Y (L,t) is the dynamic deflection at free end of

the column and f (L ) =1. The kinetic energy (T) and potential energy (V) of the column may be

written as
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T :l Lm(x)(avj dx (6-26)

1L GRURY 1 v ’
V= [ EI(x )(ax—zj dx +5K9(g(o)j (6-27)

where K, is rotational stiffness at the end of the column due to axial deformation of the
connecting rods, m (x) and EI (x) are calculated for triangle geometric shape of walls. The

Lagrangian equations of motion are usually written in the form

d|oT | oT oV
= - =F -
pn [aq',- } o + o7 () (6-28)

l

where F'(¢) is the generalized force corresponding to generalized coordinate g;. Substituting for

kinetic and potential energy in the Lagrangian equation of motion yields an equation of motion

for an equivalent SDF considering a non-uniform column.

6.3.3. Proposed Impact Element

Simulation of impact forces in structural analysis should consider the two phases of impact to
capture both the effects of local deformation at the impact point and the vibration aspect of the
colliding objects. Equation 6-5 captures forces during the first phase of impact, which includes
the local deformation of two objects and assumes that the force is a function of material
properties and initial velocity. The force obtained in the first phase can be implemented in
Equation 6-25 to find lateral displacement of the wall and also resisting force imposed on the
striker body. The second phase occurs after the first initial impact, sometimes followed by a
quick separation, during which the two bodies stay in contact and push or generate forces against
each other. The force in this second phase is primarily influenced by the dynamic properties of

the moat wall described in Equation 6-8.

123



To simulate both phases of impact, a new impact model consisting of two elements in series is
proposed as shown in Figure 6-5. The first element simulates the local deformations at the
contact point dependent mainly on material properties of two objects, which can be defined by a
Hertz damped model. Since the Hertz model is not common in structural analysis software such
as OpenSees (McKenna et al. 2000), Muthukumar (2003) showed that a bilinear spring can
provide a reasonable substitute. The first and second slope stiffness for this uniaxial gap spring
should be determined such that the area enclosed for a certain penetration equals to
corresponding dissipated energy in the Hertz damped model for a given coefficient of restitution.
The second element in Figure 6-5 captures the vibration aspects of the impact wall and consists
of a SDF representing the first mode shape of the distributed cantilever column described in
Figure 6-3. Vibration properties of this system to model a moat wall can be calculated using
Equations 6-14 to 6-25. These equations lead to the first modal mass, M , and stiffness, K, to
define the SDF system. If an idealized nonlinear behavior is assigned to the rotational spring at
the base of the wall, the corresponding yielding criteria should be assigned to the spring in the

equivalent SDF system.
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Figure 6-5 Schematic of the new impact element.

The damping coefficient, C , is usually calculated by assuming a damping ratio, £=C/2M @
since mechanical interpretation of damping coefficient is difficult. The damping ratio should be
assumed to include energy dissipated by soil backfill. A higher damping ratio is expected when
using an elastic spring with effective stiffness to represent nonlinearity in the column and the

associated hysteretic energy dissipation.
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6.3.4. Concrete Moat Wall Parameters

The proposed impact model was used to simulate the moat wall behavior in a numerical study.
Here, the moat wall model parameters are calibrated based on physical properties of the moat

walls used in the experimental setup.

The concrete moat walls with 2 in. front wall thickness and 4 in. back wall thickness were
installed at 6 in. gap distance and filled with loose sand in between. To implement the proposed
impact element in the numerical simulation, the properties of the moat wall for both local

deformation and vibration response are required. Local deformation parameter including the
Hertz damped stiffness K, =4500 kips /in 2 was calculated using Equation 6-2b assuming R as

the radius of an equivalent sphere to concrete block volume, and e=0.7 was assumed.

To calculate the dynamic frequency of the moat wall, Equation 6-14 requires a value for K,

which is the ratio of concentrate hinge stiffness at the base of the wall to EI/L . An elastic

spring is assumed with the concentrate hinge stiffness obtained from section analysis of the wall
over an assumed hinge length. Here, the post concrete crack stiffness (Figure 6-4) is used since
the concrete walls were damaged in previous tests and during installation on shake table resulting

in K, =0.23. Substituting this value in Equation 6-14 and solving for {L yields {L =0.957 for

the first modal shape.
The elastic foundation behind the cantilever column representing soil backfill was modeled as

Winkler springs (Scott 1973) with stiffness

8G (1-v)
L(1-2v)

K = (6-29)

where G and Vv are the shear modulus (500 psi) and Poisson’s ratio (0.4) for the soil,
respectively. L is the length of soil, which is equal to distance between two sides of the U-shape

concrete walls (35 in) in this test program. This stiffness was also affected by the flexibility of

the back concrete wall, resulting in K =0.05 kips / in® . Applying these numbers to Equations 6-
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17 leads to the first mode frequency. Substituting ¢ in Equation 6-18 also leads to calculate first

mode shape, which can be used in Equation 6-23 to calculate corresponding effective modal

mass in the first mode of Vibration(M =0.32,0AL). The corresponding stiffness can be

calculated as

(6-30)

K =M &’ =1.05 kips [in

K1 (kips/in)

0.34

0.32

0.3

fpAL)

=" 0.28

0.26

0.24
60 80 100

(©)
Figure 6-6 Variation of impact element properties with changing of concentrated spring
stiffness for 2 in. moat wall.
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Figure 6-6 shows the variation of impact element properties regarding to change in concentrated

spring stiffness ratio, K. It can be seen that first modal stiffness is converging to ultimate
elastic stiffness (K =3FEI / L ) by increasing the concentrated spring stiffness ratio, K. The mass

ratio participating in the first modal dynamic of the system is between 25 to 33% of the total

mass of the wall.

The parameters for the proposed impact element for different type of moat walls are summarized
in Table 6-1In this table, local parameters include the Hertz damped model stiffness and
coefficient of restitution and vibration parameters include ratio of concentrate hinge stiffness at
the end of the wall to EI /L , and the first modal mass, stiffness and damping ratio of the moat
wall. Vibration parameters for concrete walls in Table 6-1 are calculated following the same
procedure presented earlier for the 2 in. concrete wall. All the parameters in this table are
calculated from physical properties of moat walls except the damping ratio,<, which is
calibrated from experimental results that clearly show over-damped response. This behavior of
the moat wall was expected due to large plastic deformation in moat wall and compression of
loose soil backfill. Figure 6-7 shows the front surface of the 2 in. concrete moat wall
displacement under the impact force. It can be seen that the wall settles at a residual
displacement without oscillating after contact. The high damping ratio implies that soil behind

the wall and the plastic hinge at the base of wall play a vital role in damping the impact energy.

Table 6-1. List of proposed impact element parameters for different wall types.

Wall thickness (in) Local parameters Vibration parameters
Wall type Front Back Ky K M K &
wall wall (kips/in3/?) o  (lbs) (kips/in) (%)
Concrete 2 4 4000 0.7 0.23 90 1.1 180
4 2 4000 0.7 0.10 200 1.8 160
6 4 4000 0.7 0.02 292 24 200
Steel 2 NA 8000 0.7 - 405 100 40
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Figure 6-7 Relative wall displacement for 2 in. concrete wall due to impact force.

From Table 6-1, it can be seen that the stiffness ratio, K ; , 1s decreasing as the thickness of the

concrete wall increases. As described for the 2 in. concrete wall, K, is the ratio of the

concentrate hinge stiffness at the bottom of the wall model to flexural stiffness of the wall. Since
the reinforcement ratio for all wall thicknesses are the same, the post concrete crack stiffness is
decreasing with increasing wall thickness, and therefore the stiffness of the concentrate hinge

decreases.

6.3.5. Steel Moat Wall Parameters

The relatively rigid steel triangle wall was installed at a 4 in. gap distance from the isolated
structure to examine a wider range of moat wall stiffness values. Four 25 in. long rods were used
to attach the steel wall to the shake table platform. Initial experiments indicated rocking of the
steel wall, thus the bolted connection was reinforced with a 2 in. linear weld to prevent slip and
uplift at the base of the steel wall. Since flexural stiffness and mass per unit length of the steel
walls are not constant along the height of the wall due to its triangle geometric shape, the

properties for the impact model are determined using equations explained in section 6.3.2.

The corresponding mass, M, and stiffness, K, are shown in Table 6-1. The damping ratio in this

table is obtained from calibrating the numerical analysis with the proposed impact element
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against experimental results. The damping ratio is lower in comparison with the nonlinear

concrete walls with soil backfill as expected.

6.4. Description of Superstructure Analytical Model

To simulate the impact force using proposed impact element a numerical model of the
experimental setup was developed in OpenSees (McKenna et al. 2000) that could capture the
response of the superstructure under large drifts and impact forces. This required a detailed
model of the structural frame and moat walls. The 3-story, 1-bay steel moment resisting frame is
modeled with elastic beam-column elements and zero length nonlinear rotation spring elements
at the location of the RBS (Figure 6-8). P-Delta effects were simulated by a leaning column with

gravity loads linked to the moment frame by truss elements.
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Rotational Spring with
very small stiffness

Elastic Beam-Column Element
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/
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Rotational Spring using
Modified Ibarra Krawinkler
Deterioration Model

) §

Pierl Pier2 Pier3
P-Delta Columns

Figure 6-8 Schematic of numerical simulation of experimental setup (McKenna et al. 2000).

6.4.1. Concentrated Plastic Hinges

The steel moment resisting frame is modeled with elastic beam-column elements connected by

zero length elements which serve as rotational springs to represent the structure’s nonlinear
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behavior. The springs follow a bilinear hysteretic response based on the Modified Ibarra

Krawinkler Deterioration Model (Lignos et al. 2011).
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Figure 6-9 Modified Ibarra — Krawinkler deterioration model; (a) Monotonic curve; (b)
Basic modes of cyclic deterioration and associated definitions (Lignos et al. 2011).

The required parameters were calibrated using test results from the fixed-base experimental tests.
The stiffness of these components composed of elastic element connected in series with
rotational spring at both ends must be modified so that the equivalent stiffness of this assembly is
equivalent to the stiffness of the actual frame member (McKenna et al. 2000). The approach
described by Ibarra and Krawinkler (2005) was implemented here. Since a frame member is
modeled as an elastic element connected in series with rotational springs at either end, the
stiffness of these components must be modified so that the equivalent stiffness of this assembly
is equivalent to the stiffness of the actual frame member. Using the approach described in
Appendix B of Ibarra and Krawinkler (2005), the rotational springs are made “n” times stiffer
than the rotational stiffness of the elastic element in order to avoid numerical problems and allow
all damping to be assigned to the elastic element. To ensure the equivalent stiffness of the
assembly is equal to the stiffness of the actual frame member, the stiffness of the elastic element
must be “(nt1)/n” times greater than the stiffness of the actual frame member. This is
accomplished by making the elastic element’s moment of inertia “(n+1)/n” times greater than the

actual frame member’s moment of inertia.
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In order to make the nonlinear behavior of the assembly match that of the actual frame member,
the strain hardening coefficient (the ratio of post-yield stiffness to elastic stiffness) of the plastic
hinge must be modified. If the strain hardening coefficient of the actual frame member is denoted
asmem and the strain hardening coefficient of the spring is denoted o spring (the ratio of M. and M,

in Figure 6-9) then o spring = Ols,mem / (1 + 0*(1 - O mem))-

6.4.2. Panel Zones

Gupta et al. (1999) showed the importance of modeling panel zones in moment resisting frame in
order to better predict lateral displacement of the frame. A model with eight elastic beam-column
elements and one zero length element which serves as rotational spring to represent shear
distortions in the panel zone was used for this purpose. This model consists of the rectangular
area of the column web that lies between the flanges of the connecting beam(s). The panel zone
deforms primarily in shear due to the opposing moments in the beams and columns. To capture
these deformations, the panel zone is explicitly modeled using a rectangle composed of eight
very stiff elastic beam-column elements with one zero length element which serves as rotational
spring to represent shear distortions in the panel zone (Figure 6-10). At the three corners of the
panel zone without a spring, the elements are joined by a simple pin connection to constrain both
translational degrees of freedom. The spring has a trilinear backbone which is created with the
Hysteretic material. The spring’s backbone curve is derived using the principle of virtual work

applied to a deformed configuration of the panel zone (Gupta and Krawinkler 1999).
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Figure 6-10 Analytical model for panel zone (Gupta et al. 1999)
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6.4.3. Structural Damping

This model uses Rayleigh damping which formulates the damping matrix as a linear combination
of the mass matrix and stiffness matrix(c = a0*m + al*k), where ay is the mass proportional
damping coefficient and a; is the stiffness proportional damping coefficient. A damping ratio of
2%, which is obtained from system identification tests on superstructure, is assigned to the first
two modes of the structure. The Rayleigh command allows the user to specify whether the initial,
current, or last committed stiffness matrix is used in the damping matrix formulation. In this

study, only the initial stiffness matrix is used.

To properly model the structure, stiffness proportional damping is applied only to the frame
elements and not to the highly rigid truss elements that link the frame and leaning column, nor to
the leaning column itself. OpenSees does not apply stiffness proportional damping to zero length
elements (such as isolation element). In order to apply damping to only certain elements, the

Rayleigh command is used in combination with the region command.

As described in the previous section, the stiffness of the elastic frame elements has been
modified. As explained in Ibarra and Krawinkler (2005) and Zareian et al. (2010), the stiffness
proportional damping coefficient that is used with these elements must also be modified. As the
stiffness of the elastic elements was made “(n+1)/n” times greater than the stiffness of the actual
frame member, the stiffness proportional damping coefficient of these elements must also be

made “(n+1)/n” times greater than the traditional stiffness proportional damping coefficient.

6.4.4. Transient Integration Scheme

The structure is analyzed under gravity loads which are equal to self weighting of the frame,
before the dynamic analysis is conducted. The gravity loads are applied using a load-controlled
static analysis with 10 steps. For the dynamic analysis, the structure is subjected to the different
acceleration time histories recorded from shake table testing program. To apply the ground
motion to the structure, the uniform excitation pattern is used. To execute the dynamic analysis,
the analyze command is used with the specified number of analysis steps and the time step of the
analysis. The time step used in the analysis should be less than or equal to the time step of the

input ground motion.
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The common numerical integration methods like Newmark method was not used in this study

since the engaging stiff elements at the time of the impact excites high frequencies responses

leading to divergence in the response. The alternative integration schemes like Hilber et al.

(1977) were employed to overcome this problem. The Hilber-Hughes-Taylor (HHT) method

(1977) (also called a-method) is an extension to the Newmark method. With the HHT method it

is possible to introduce numerical dissipation without degrading the order of accuracy. The HHT

method uses the same finite difference formulas as the Newmark method with fixed y and B (

y=32-a,p= (2- 0{)2 / 4). In the HHT method, the same Newmark approximations are used:

U, =U, + AU, +[(0.5-B)At7 U, +| pac’ U

t+At t+At

U, =U, +AtU, +[(1-7)At U, + [yt JU

t+At t+At

but the time-discrete momentum equation is modified:

Rt+aAt ZF;?A[t _MUt+At _CUt+aAt _Fim (Ut+OlAt)

where the displacements and velocities at the intermediate point are given by:

U =(1-2)U, +aU

t +ot t+At

Ut+aAt = (I—OJ)Ut + aUt+At

(6-31)

(6-32)

(6-33)

(6-34)

(6-35)

Following the methods for Newmark method, linearization of the nonlinear momentum equation

results in the following linear equations:
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Kt*iAthti:Alt = Rti+At (6'36)
Where
Rti+At = Ft?Att - MUZI:AIZ _CUtiJ:olet -F™ (Uti;olmt ) (6_37)

The linear equations are used to solve for U U U

t+alAt O t+olAt 2 t+At

For a = 1 the method reduces to the Newmark method. Decreasing o means increasing the
numerical damping. This damping is low for low-frequency modes and high for the high-

frequency modes. It should be noted that a in this document is defined differently that in the

paper (Hilber et al. 1977), a=(1+a,,; ).

6.5. Numerical Simulation Results

The results for numerical simulation of the experimental test setup are shown in this section. The
results are shown in three categories of fixed base model, base isolated model without moat wall,
and base isolated model with moat wall. It should be noted that the input motion for each
numerical simulation is given from accelerometers installed on shake table not the true motion.
As discussed earlier there is a difference between applied motion to shake table (true motion or
target motion) and recorded acceleration from shake table (achieved motion) due to fidelity of
the actuators and dynamic system of the shake table. In this numerical study, the achieved
motion was applied to the finite element model in order to compare results with the shake table

models and also calibrate the required parameter in proposed elements.

6.5.1. Fixed Base Model

The first series of experimental testing was conducted on a fixed base model. The numerical
simulation of the fixed base model was conducted in order to calibrate the properties of the
superstructure. A robust numerical model for superstructure is essential when the results of

impact tests are compared with the proposed impact element. Since the IMRF model was not
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replaced between applying different levels of ground motions GM15-2 and GM16-2, a
cumulative damage was imposed to the structure which makes numerical simulation more
difficult. To overcome this problem a consecutive input motion was made from recorded
acceleration from each test and about 10 sec zero acceleration was added between each two
records to allow any free vibration to decay. In this way, the effect of cumulative damage could

be captured. The sequence of applying the different motions is shown in Tables 4-8 and 4-9.
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Figure 6-11 Sequence of applied ground motion on fixed base model

Figure 6-11 shows the motions applied on the fixed base model including the sequence of
changing the motions and also increasing the amplitude. Record GM15-2 was applied in 4
amplitudes of 20, 40, 67, and 100% MCE scaled motion while record GM16-2 was also applied
at 85% MCE level. In total, the fixed base model was exposed to 9 ground motions that are

shown in Figure 6-11.

Figure 6-12 shows the story drift ratio for all three levels of the superstructure under the nine
input motions. The numerical simulation shows good agreement with experimental results for
lower level of input motions. As the amplitude of the input motions is increased, more

discrepancy is shown in results leading to 10% error in residual drift of first and third floor by
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the end of the simulation. The peak SDR was well simulated in most of the input motions except

in third floor under GM16-2 record at MCE level leading to 25% error.

| — Experiment|_______ . . 1 . | __
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Figure 6-12 Story drift ratio (SDR) for fixed base model.

In general, using the material model proposed by Lignos et al. (2011) results in acceptable
numerical simulation of plasticity in moment frames undergoing large drift and also continues

damage.

Figure 6-13 compares the absolute acceleration response for each level of fixed base model. The
numerical simulation of acceleration shows higher frequency response in comparison to
experimental results, which could be due to errors in modeling of damping in the numerical

simulation. In general 10 to 20% error in acceleration response was seen in all records.
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Figure 6-13 Absolute acceleration response for fixed base model.

6.5.2. Base Isolated Model without Moat Wall

The experimental program continued by changing the IMRF scaled model due to damage
imposed during fixed base testing and adding the friction pendulum bearings at the base level.
The single friction pendulum bearing was modeled using the corresponding element in OpenSees
in which uplift behavior is considered by assigning non-tension material to axial coordinates. In

this element P-Delta moments are entirely transferred to the concave sliding surface.

The numerical simulation in this step is aimed to calibrate the properties of single friction
isolator under different amplitude excitation. As mentioned in section 4-7, five ground motions
scaled to three different amplitudes of 40%, 67% and 100% MCE level were applied to base

isolated structure. The results for GM17-1 input motion is shown in this section. Figure 6-14
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shows the base level displacement and acceleration of base isolated model under GM17-1 input
motion which induces the largest displacements in the base isolated model. This figure shows
that numerical model could simulate the base level displacement well, although effect of higher

frequencies excitation is obvious in acceleration likely due to errors in modeling damping.
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Figure 6-14 Base level displacement and acceleration for base isolated model for GM17-1.

Figure 6-15 and Figure 6-16 show the base level velocity versus displacement and total isolators
hysteresis behavior, respectively. The base velocity obtained from numerical simulation shows
good agreement with experimental results. The experimental velocity is obtained by integrating
the acceleration at the base. The total isolators hysteresis was calculated by adding the shear

force recorded in each load cell under isolators in experiment.
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Figure 6-16 Total isolators hysteresis under GM17-1.

Figure 6-17 compares the story drift ratio obtained from experimental testing program and

numerical simulation under three different amplitudes of GM17-1 input motion. Maximum SDR

of about 2.1% obtained in the second floor of the frame under MCE level resulted in minor
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yielding in structure. Overall, the numerical simulation shows a good agreement with

experimental testing.

Figure 6-18 shows each floor’s acceleration for the same input motion. The effect of damping in
acceleration is less apparent here due to the fact that higher frequencies are filtered out by

1solator elements at the base level.

In general it can be seen that numerical model of the superstructure IMRF and base isolation
system can capture essential characteristics of the experimental model under different levels of
input motion. It is important to have a reliable numerical model of the experimental structural
model without moat wall in order to compare the response capture from experimental impact

testing and numerical simulation using the proposed impact element.
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Figure 6-17 Story drift ratio for base isolated model under GM17-1.
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Figure 6-18 Absolute acceleration response for base isolated model under GM17-1.

6.5.3. Base Isolated Model with Moat Wall

The impact tests were conducted using different records for different wall types and different gap
displacement. The experimental results for record GM17-1 are compared to numerical simulation
of the test setup including the proposed impact element. The proposed impact model was used to
simulate the moat wall behavior. The moat wall model parameters are presented in sections 6.3.4
and 6.3.5. The results obtained from experiments are compared with the numerical model,

focusing on the prediction of the impact force and superstructure response.

Figure 6-19 compares the experimental and numerical simulation results for the west 2 in.
concrete wall impact force under GM17-1 record. The local deformation and global vibration
response phases are clearly shown in this figure. The first peak in the impact force is mainly due
to local deformation of two bodies at the contact point, followed by a longer duration contact

force and larger displacement mainly influenced by the dynamic properties of the wall as well as
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the applied ground motion. It can be seen that the concrete wall shows relatively low resistance
after the first phase of the impact, mainly from compression of soil behind the wall since the
concrete wall formed a plastic hinge at its base. Note that the time in Figure 6-19 is a pseudo

time shifted so that in all cases, initiation of impact occurs at the origin to provide a better

comparison.
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Figure 6-19 Impact force for 2 in. concrete wall installed at 6 in. gap distance: (a) Impact
force versus contact time, (b) Impact force versus penetration displacement.

The experimental test was repeated by rotating the concrete walls (4 in front wall and 2 in back
wall) followed by a new set of concrete walls with 6 in front wall thickness and 4 in back wall
thickness. The parameters for the proposed impact element for different type of moat walls are
summarized in Table 6-1. All the parameters in this table are calculated from physical properties

of moat walls except the damping ratio, &, which is calibrated from experimental results that

clearly show over-damped response. This behavior of the moat wall was expected due to large

plastic deformation in moat wall and compression of loose soil backfill.

Figure 6-20 and Figure 6-21 show the impact force result for the 4 in. concrete wall installed at 6
in. gap distance and 6 in. concrete wall installed at 4 in. gap distance, respectively. The
comparison of the impact force recorded in experimental simulations and the proposed impact
element with parameters determined based on physical properties of the moat wall are in very

good agreement.
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Figure 6-20 Impact force for 4 in. concrete wall installed at 6 in. gap distance: (a) Impact
force versus contact time, (b) Impact force versus penetration displacement.
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Figure 6-21 Impact force for 6 in. concrete wall installed at 4 in. gap distance: (a) Impact
force versus contact time, (b) Impact force versus penetration displacement.

The relatively rigid steel triangle wall was installed at a 4 and 6 in. gap distance from the isolated
structure to examine a wider range of moat wall stiffness values. Four 20 in. long rods were used
to attach the steel wall to the shake table platform. Initial experiments indicated rocking of the
steel wall, thus the bolted connection was reinforced with a 2 in. linear weld to prevent slip and
uplift at the base of the steel wall. The corresponding mass, M, and stiffness, K, are shown in
Table 6-1. The damping ratio in this table is obtained from calibrating the numerical analysis
with the proposed impact element against experimental results. Figure 6-22 and Figure 6-23

show the impact force for steel moat wall installed at 4 and 6 in gap distance, respectively.
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Figure 6-22 Impact force for steel wall installed at 4 in. gap distance: (a) Impact force
versus contact time, (b) Impact force versus penetration displacement.
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Figure 6-23 Impact force for steel wall installed at 6 in. gap distance: (a) Impact force
versus contact time, (b) Impact force versus penetration displacement.

The numerical simulation of impact force was validated by comparison to experimental results
for different wall types and gap distances. It was shown that the proposed simplified impact

element could capture essential characteristics of structural impact.

The superstructure response for the steel moat walls installed at 4 in. gap distance are presented

here to demonstrate that the numerical model including the proposed impact element can capture
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the impact force as well as the superstructure response. Figure 6-24 shows the base plate velocity
versus displacement obtained from shake table test and the corresponding numerical simulation.
It can be seen that numerical displacement and velocity are in good agreement with experimental

results during contact with moat walls (beyond +4 in).

Superstructure acceleration and story drift ratios are plotted in Figure 6-25. The first impact to
the west wall (negative displacement) and the second impact to the east wall (positive
displacement) occurred at time 1.71 and 2.28 second, respectively. The acceleration spiked in all
levels at the instances of the impact in comparison to the case without moat walls. The peak
acceleration increased by 430, 270, and 214% in the first, second, and third story, respectively,

and this increase is captured in the numerical model within 8% error.

In terms of story drift ratio, the third story shows maximum amplification compared to the case
without impact. The story drift ratio is amplified from 1.7% to 5% at the third level when the
steel moat wall was installed at 4 in. gap, leading to considerable yielding and permanent
residual drift in frame model. Although the second impact occurred at a higher velocity, the
larger increase in drift ratio occurred following the first impact, indicating that the effect of the
impact on superstructure response is largely dependent on the state of the superstructure at the
instance of impact. In this case, the first impact occurred just before the peak negative
superstructure displacement. The first impact pushed the structure to a larger peak displacement
while the second impact did not occur near the superstructure peak displacement response.
Figure 6-25 also show that numerical model including the proposed impact element can

reproduce the seismic response of base isolated structure impacting against a moat wall.
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6.6. Sensitivity Analysis

A sensitivity analysis was conducted on the proposed impact model parameters to examine the
effects of uncertainty in assigned values on the simulated structural response. The Hertz stiffness

(K ,), restitution coefficient (e), rotational spring stiffness (K,) and damping ratio (&) are

considered here. Changes in these four parameters over a range of [-50%, +50%] of their base
value was examined for resulting peak displacements and acceleration response of the building.
Each separate parameter was varied one at the time, and the response of the structure was
compared with corresponding results using base values. The base values are obtained from the

procedure explained in section 3 of this paper and presented in Table 6-1.

Defining the relative response change as the absolute response divided by response to base value
parameters leads to the diagrams shown in Figure 6-26 for the case of the 6 in concrete wall
installed at a 4 in gap distance under GM17-1 motion. Figure 6-26 (a) and (b) show the
sensitivity of the four parameters on the base level peak acceleration and displacement,
respectively. It can be seen that the two local parameters (Hertz stiffness and restitution
coefficient) have the most effect on base level acceleration resulting in maximum 17% response
change in comparison with base values for a 50% change in model parameter values. Figure 6-26
(c) and (d) show changes in average of peak acceleration and drift for the three superstructure
levels due to changes in these four parameters. The two moat wall parameters (spring stiffness
and damping ratio) have the most effect on the superstructure response and base level
displacement. The maximum change in superstructure response is less than 7% due to 50%
change in rotational spring stiffness or damping ratio. The same level of sensitivity was obtained
for other types of moat walls and under different gap distances. The sensitivity analysis shows
that the simplified impact model is reliable considering uncertainty in assigning parameter

values.
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Figure 6-26 Effect of changing impact model parameters on structural response.
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SECTION 7
POUNDING IN THREE DIMENSIONAL BASE ISOLATED BUILDINGS

7.1. Introduction

The experimental study and numerical studies previously presented were conducted on a 2-
dimensional (2D) framed model due to complexity of the impact phenomena and limitations of
the test setup. The experimental results were used to understand the structural impact phenomena
and also the effect of pounding at the base level on response of the scaled model superstructure.
The 2D numerical study led to a new unidirectional impact element to include effect of both
local and vibration aspects of structural impact. While the proposed impact model could capture
the essential behavior of structural impact in a 2D frame collision, the extension of the proposed
model to a more general 3-Dimensional (3D) element is essential for dynamic analysis of more

realistic buildings models.

The proposed impact element in Section 6 was extended to a 3D impact element to capture the
collision between the base level of a 3D base isolated building to a moat wall. The response of 3-
story IMRF and OCBF prototype models presented in Section 3 is examined considering impact
to a surrounding moat wall at the base level by implementing the proposed impact element to
finite element models of the buildings. The effect of pounding to moat wall in both prototype
buildings were investigated by comparing the superstructure response with and without presence
of the moat wall. These studies provide critical information for the design of base isolated
buildings, particularly the moat wall clearance and its potential effect on the superstructure

response.

7.2. 3D Moat Wall Model

The moat wall model presented in Section 6 was able to capture the nonlinearity in moat wall as
well as the soil back fill by considering equivalent stiffness for an assumed displacement. A
more generic moat wall model is presented in this section to be used in 3D numerical studies. For
this purpose a single beam element is combined with a nonlinear spring in series to simulate the
concrete moat wall and soil back fill. The single beam element can represent a certain wall width

and also can capture nonlinearity in the wall behavior. The height of the beam element can be set
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to the height of the wall. In common structural finite element software such as SAP2000 or
OpenSees a beam element can be defined by assigning a section properties and end nodes.
Nonlinearity in sections of the beam element can be defined using either uniaxial fibers with a

finite length or concentrated plastic hinges.
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Figure 7-1 Moat wall model using beam element

As shown in Figure 7-1, the 2-node beam element model using fiber section can represent a solid
concrete moat wall specifying the locations of steel rebars explicitly. Different material can be
assigned to steel rebar and concrete. Defining fiber sections in 3D beam element model leads to
include in and out of plane stiffness and also torsion stiffness in numeric study. Each beam
element can represent a certain length of the wall (H) and can be connected to each other using

an interaction element. The behavior of these internal elements will be described later.

7.2.1. Soil Backfill

Nonlinear response of bridge abutment and soil backfill has been studied experimentally and
numerically (Shamsabadi et al. (2007), Faraji et al. (2001), Siddharthan et al. (1998), and Gadre
et al. (1998)). The nonlinear force-displacement capacity of the bridge abutment in a seismic

event is developed mainly from the mobilized passive pressure behind the abutment back wall.
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Earth pressure theories have been developed based on different assumptions and methods to
predict lateral soil-abutment capacity. In this study, the modified hyperbolic abutment-backfill
stress-strain behavior (LSH) was selected since it shows good agreement with various
experimental studies and it is easy to implement in numerically. A hyperbolic force-displacement
(HFD) relationship (Figure 7-2) was developed by Shamsabadi et al. (2007) as a function of
three parameters including average abutment stiffness, a maximum backfill capacity, and a
maximum displacement that can be used by structural engineers. The HFD tool is found to be a
good fit with many experimental test data and all curves calculated by the LSH model. The three
HFD parameters are derived directly from the experimental data. The HFD model is found to be
a practical, powerful, and versatile tool for seismic bridge design that can be used by structural

and geotechnical engineers (Shamsabadi et al. 2007).
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Figure 7-2 Logarithmic-Spiral passive wedge and corresponding force-displacement
relationship (Shamsabadi et al. (2007))

The HFD force-displacement relationship is shown below:

y
A+ By (7-1)

F(y) =

The constants A and B can be calculated by
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ymax

B 2Kymax - Fult

(7-2)

_ Z(Kymax - Fult)
Fult(ZKymax - Fult)

(7-3)

Where average soil stiffness (K) and the maximum abutment force (F,;) developed at a

maximum displacement (y,,,,) are shown in Figure 7-3.

¥

Yave Y max
Figure 7-3 Hyperbolic force-displacement parameters (Shamsabadi et al. (2007))

The Equation 7-1 was originally generated for a common abutment bridge height which is equal
to 3.28 ft. Shamsabadi et al. (2010) modified the original equation to a more generic equation in
order to consider the variable wall heights. They also recommended different sets of required
parameters for this equation based on various numerical and experimental studies. Since the
prototype models were assumed to be located in Los Angeles, UCLA’s silty sand soil was

assumed for soil backfill in moat walls. The final equation for UCLA’s silty sand backfill is

71.5y ( H )1'56

Fo) =5 328

m + 475y

y < 0.05H (7-4)
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This equation represents the soil resistant force for wall width of 1 ft. Parameter H is the height
of the wall in ft and y is the wall displacement in inches. The Equation 7-4 should be multiplied
by the width of the wall to compute the lateral force from soil backfill.

7.2.2. Local Impact Element

To simulate both phases of impact, the moat wall element should be combined with an element
to capture local aspects of pounding. This element simulates the local deformations at the contact
point dependent mainly on material properties of two objects, which can be defined by a Hertz
damped model. A bilinear spring to represent the Hertz damped model has been implemented in
OpenSees (McKenna et al. 2000) as well as other structural simulation software. This element

was described in section 6.

Figure 7-4 shows the proposed moat wall element. This system includes a beam element to
model the concrete moat wall with a concentrated or distributed plastic hinge at its end, a
nonlinear spring in the back end to represent soil back fill and a nonlinear spring in front to
simulate local deformations at the contact point. Equation 7-4 can be used to model the soil

spring for a given moat wall width.

Soil Lumped Hertz
Spring Mass Damped
\ J / Model
Moat Wall
Plastic Hinge

Figure 7-4 Side view of moat wall element

7.2.3. Internal Shear Elements

The moat wall model shown in Figure 7-4 can be used for collision between a point at the base

level of the superstructure and a point on the moat wall with specific length and fixed boundary
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condition at the bottom. This element can be replicated at a given distance to represent continues
walls along the base level of the superstructure. Figure 7-5 shows the plan view of real continues
moat wall around the base level of the IMRF structure and the simulated moat wall model using
the element in Figure 7-4. The spacing between these moat wall elements could be set to bay

span of the superstructure to align the end of column elements with moat wall elements.
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Figure 7-5 Plan view of the prototype model a) Continues moat wall and soil backfill b)
District moat wall model
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The single moat wall elements in Figure 7-4 should be connected using interactional elements to
represent continues moat wall behavior. These internal elements are shown in Figure 7-5(b) and
have been defined here based on finite element analysis. Figure 7-6 shows different contact
situations between the superstructure base level and one side of the moat wall. Figure 7-6 (a)
shows undeformed position, in the left figure the outer rectangular represents moat wall and
inner rectangular represents base level of the superstructure. In the figure to the right, continues

moat wall is replaced by a set of moat wall spring and internal elements.

Figure 7-6 (b) shows a structure under unidirectional excitation with all points of the base level
on one side in contact with the moat wall springs. In this case, all the moat wall components
(including local impact element, moat wall element, and soil backfill) will be engaged but only
the two outer internal elements that connect two end moat walls to the fixed point are engaged. It
should be mentioned that corner nodes are assumed to be fixed with the partial flexibility in these
nodes neglected. The other internal elements do not deform since the relative lateral deformation
in moat wall elements are zero. This situation is not very common due to eccentricities in the
structure that result in torsional movement of the base level. In this case, a corner point of the
base level first touches the moat wall and pushes back this point (Figure 7-6 (c)). Placing a moat
wall element at the corner point results in engaing primarly this element through direct contacdt.
The internal element between the corner wall element and the adjacent element is engaged since
the base level is not yet in contact with the second wall element and there is a relative
displacement between these two wall elements (Figure 7-6(c)). Pushing the moat wall further
leads to pounding with the second wall element (Figure 7-6(d)). This would result in engaging

the next internal element and so on.
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The internal elements have to be defined in such a way that they represent the continues moat
wall behavior. For this matter a finite element study was conducted using ABAQUS software.
An 8-node brick element was assigned to 360 in. width by 120 in. height concrete wall. Reduced
integration method applying hourglass control was selected for this element. Concrete damaged
plasticity was assigned to these elements. The concrete damaged plasticity model is based on the
assumption of isotropic damage and is designed for applications in which the concrete is
subjected to arbitrary loading conditions, including cyclic loading. The model takes into
consideration the degradation of the elastic stiffness induced by plastic straining both in tension

and compression. It also accounts for stiffness recovery effects under cyclic loading.

Beam elements were assigned to represent rebars embedded in solid concrete. Bilinear material
was defined based on yielding strength in steel rebars and assigned to these beam elements. The
rebar elements were tied to concrete elements in order to simulate interaction of the rebar and

concrete in moat wall.

First a 360 in width by 120 in height moat wall was built and the fixed at its end to represent a
cantilever column (Figure 7-7). Top line of the wall was pushed using explicit displacement
integration method. The pace of applying displacement was reduced to a very small number to
prevent exciting the inertia in shear force. Explicit integration scheme was selected over implicit
one due to difficulty of convergence in implicit integration. On the other hand, fiber section
described in page 149 was assigned to a beam element in OpenSees to compare the response of
the cantilever wall in OpenSees and ABAQUS. Figure 7-8 shows that OpenSees can simulate the
behavior of cantilever wall adequately. First crack strength (=39 kips) and rebar yielding (=60
kips) are in agreement with traditional concrete design calculations. This figure shows that
modeling moat wall in OpenSees could be reasonably accurate in comparison with ABAQUS
detailed finite element results. The difference between ABAQUS and OpenSees results in small
displacements is due to fact that in ABAQUS modeling only 4 elements were assumed along the
thickness of the wall which leads to sudden drop once each row of concrete elements reaching its
tension capacity. On the other hand since large number of fibers were used in OpenSees this
transaction between tension failure of concrete and yielding point of rebars would happen more

smoothly.
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Figure 7-8 Comparison of behavior of a cantilever wall in OpenSees and ABQUS

After conducting the benchmark test for a single cantilever wall and verifying the results
obtained in OpenSees with ABQUS, a continues moat wall modeled in ABAQUS with the same
height and 2160 in width (total wall length for one side of the frame) and fixed boundary
condition in all sides. A middle 360 in part of the wall was pushed (Figure 7-9) in order to see
the effect of continues wall on pushover curve and to calibrate the internal shear springs in

Figure 7-5.
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Figure 7-9 Pushing on center of continues moat wall: deformations and rebar stress

From Figure 7-9 it can be concluded that for a continues moat wall being pushed in a center
section, the dominant behavior is still bending of the vertical rebars, thus the wall can be
modeled as a single wall with a modified width (around 2 times the real wall width since the
strength and stiffness calculated for small displacements of this wall in Figure 7-10 is almost two
times the results obtained in Figure 7-8). The pushover force versus top of the wall displacement
was plotted in Figure 7-10. The results obtained from ABAQUS analysis for the continuous moat
wall subtracted from the single cantilever moat wall (Figure 7-8) was used to calibrate the
internal shear springs between cantilever moat walls. The calculated behavior was assigned to
internal shear springs and the moat wall shown in Figure 7-9 was modeled in OpenSees using 6
single cantilever moat walls connected with this internal shear spring and the middle section was
pushed. The comparison of the pushover force obtained in OpenSees and ABAQUS is shown in
Figure 7-10. It can be seen that using single cantilever moat wall connected by shear spring can

represent the behavior of continues moat wall modeled detailed using finite elements.
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Figure 7-10 Pushover of continues moat wall (middle section)

The same procedure was repeated for a corner portion of the moat wall where it is mostly that the
first contact between the moat wall and base level occurs (Figure 7-11). The corner portion of the
wall is more brittle with yielding in horizontal rebars connected the end of the wall dominating
the response. In this case, the pushover curve obtained from ABAQUS compared with a single
cantilever moat wall was used to calibrate the corner shear springs. The six cantilever moat walls
in OpenSees connected to each other using internal shear springs and also the two outer walls are
connected to a fix point using a corner shear spring. The corner moat wall was modeled in
OpenSees using the calibrated spring with the resulting pushover force versus displacement

compared to the full ABAQUS model in Figure 7-12.
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Figure 7-11 Pushing continues moat wall (corner section) and rebar stress
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Figure 7-12 Pushover of continues moat wall (corner section)

In summary it can be concluded that using single cantilever column representing wall sections
connected using internal shear spring to each other and to a fixed point at corners could simulate

a continues moat wall behavior during contact between moat wall and base level adequately.

7.3. Base Isolated IMRF Building

The numerical assumptions for 3D modeling of the prototype IMRF model which was described
in Section 3 are presented here. A detailed 3D numerical models of IMRF building was
developed in OpenSees by Sayani et al. (2011) and modified here to consider the moat wall
effect. The following description for 3D model is summarized from Sayani et al. (2011).
Although the building is symmetric about both axes, the mass centers were shifted by 5% of the
longest plan dimension in both directions to account for accidental torsion (ASCE 2005)
Equivalent mass and rotational inertia were lumped at the center of mass. Slab action was
accounted for through a rigid diaphragm constraint, except at the base level, where slabs were

modeled with shell elements to enhance the rigidity of the model against local isolator uplift.

Energy dissipation was added to the superstructure using stiffness proportional damping
calibrated to give 2.5% damping at its respective first mode frequencies. Stiffness proportional

damping was selected since Rayleigh damping has been observed to artificially suppress the first
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mode of an isolated building even compared with a rigid structure approximation (Ryan et al.
2008). Tangent stiffness proportional damping rather than initial stiffness proportional damping
was selected to prevent the damping forces from becoming unrealistically large compared with

the element forces after the superstructure yields.

7.3.1. Plastic Hinges

All columns and moment-resisting beams were modeled using force-based nonlinear beam-
column elements that combine finite length “plastic hinge” regions at the element ends with an
interior elastic region (Scott et al. 2006). The columns were modeled using fiber sections that
inherently account for moment-axial force interaction at each analysis step, whereas stress
resultant models were chosen for the moment-resisting beam elements. The steel stress-strain
and moment-curvature relationships were modified to include strength and stiffness degradation
using Lignos et al. (2011) model (Bilin model). Lignos et al. (2011) tested a large number of
beam section under cyclic loading and proposed equations to calculate the degradation
parameters for different beam section. They proposed these parameters for moment-chord
rotation behavior for each section. Assigning moment-curvature relationships for beam elements
in which axial force plays insignificant role is adequately reasonable. Unlike beam elements,
column section experienced a large axial force especially under large deformations. For this
reason, fiber sections were selected to property account for the effects of axial load on moment

strength of the columns.

In order to consider the effect of strength degradation for column section, the following
procedure was conducted to modify the Bilin model proposed by Lignos et al. (2011) for stress-
strain relationship. First, moment-rotation response of each column section was developed using
parameters proposed by Lignos et al. (2011) and assigning these values to a zero length section
for a cyclic pushover. Then, a fiber section for the same column geometry was generated with
the Bilin model assigned to each fiber element as stress-strain behavior. The required parameters
for the fiber section using Bilin model was calibrated based on comparing these two responses
for a given displacement history. Figure 7-13 compares the zero length section response with
fiber section element for moment frame column section W14x176. This figure shows that Bilin

model in OpenSees (McKenna et al. 2000) can be used as stress-strain behavior and assigned to
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fiber section as material to consider both moment-axial force interaction and also strength and

stiffness degradation simultaneously.
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Figure 7-13 Cyclic behavior of column section W 14x176

Table 7-1 shows the required parameters for fiber section definition considering degradation
effects. The parameters for zero length sections were calculated using equations presented in
(Lignos et al. 2011). These parameters are shown in Figure 7-14. The parameters for fiber

sections are calibrated from the procedure described here.

Table 7-1 Modified Bilin model parameters for fiber section.

Zero Length Section Fiber Section

Parameter WI14x176 W14x109 W12x53 Parameter W14x176 W14x109 W12x53
My (kips.in) 17600 10560 4290 F, (ksi) 55.0 55.0 55.0
M./My 1.10 1.10 1.10 o 0.006 0.006 0.006
Kinitial infinity infinity  infinity Kinitial 29000 29000 29000
A 4.9 2.2 1.5 A 2.5 1.1 0.7
6, 0.074 0.064 0.069 € 0.034 0.031 0.033
B)pc 0.322 0.191 0.170 Epc 0.13 0.08 0.07
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Figure 7-14 Modified Ibarra Krawinkler deterioration model (Lignos et al. 2011)

This procedure was used to include deterioration and degradation in columns as well as in beam

sections. The effect of including deterioration in beam and columns section will be shown in

section 8 where pushover curve for the frame in both cases were compared.

7.3.2. Panel Zone Flexibility
As mentioned in Section 6 of this report, considering effect of panel zone flexibility in modeling

of the moment resistant frames are vital in estimating lateral deformations (Gupta et al. 1999)

The panel zones were modeled using a trilinear hysteretic behavior described in (Gupta et al

1999).

7.3.3. Isolator Model
Isolators were modeled independently, one beneath each column, using a combination of

elements to realize a composite force deformation in each direction that could represent either
elastomeric or friction pendulum devices. An elastic column element and an elastic-perfectly
plastic spring were assembled in parallel to obtain the composite bilinear lateral force-
deformation behavior shown in Figure 7-15(b). The characteristic yield strength Q, post yield
stiffness kp, and yield displacement uy of the isolators determine the lateral force-deformation

relation. Assuming uy 0.4 in, Q and ki, were determined by matching the secant stiffness ky and
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hysteretic energy dissipated to the equivalent period Ty (3.1 s) and damping ratio By (15:8%) at

the MCE displacement Dy (24.3 in.).

Lateral Spring

(b)

Vertical Spring

(c) fy

0.01kv

M+P&+th “_ >
P
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r

Figure 7-15 (a) Isolator model; (b) Lateral force-deformation; (c) Vertical force-
deformation in the isolation devices (Sayani et al. 2011)

U

The elastic plastic spring, with stiffness ki-ki, and yield strength Q, is a bidirectionally coupled
element with a circular yield surface that exhibits identical resistance in any direction in the x-y
plane. The column allows transfer of the approximate moments that arise attributable to the

lateral deformation of the isolator. For the column element, EI was selected to obtain a lateral

stiffness kp, and the effective height h™ was selected such that the moment in the element f h’

equals the moment fth+P5 in the isolator at the design displacement. Likewise, the composite
vertical force-deformation behavior was built from the axial stiffness of the column element
acting in parallel with a compression-only vertical spring. The compressive stiffness k, of the
isolators was computed assuming a vertical frequency of 10 Hz. Since typical bearings have no
or low resistance to tension, the tensile stiffness was assumed to be 1% of the value of the
compressive stiffness, and EA for the column element was calibrated to a stiffness of 0:01k,. The

energy dissipation is provided by hysteresis in the lateral directions and 5% viscous damping in

the vertical direction at 10 Hz.
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7.4. Base Isolated OCBF Building

The numerical assumptions for 3D modeling of the prototype OCBF model described in Section
3 are presented here. A detailed 3D numerical models of OCBF building was developed in
OpenSees by Erduran et al. (2011) and modified here to consider the moat wall effect. The
general modeling assumptions for IMRF building was applied to the OCBF model as well,

however, the OCBF model required brace elements as described next.

7.4.1. Brace Elements

Multiple nonlinear beam—column elements were strung together to physically simulate the
inelastic buckling behavior in braces. A single brace using two force-based nonlinear beam—
column elements with fiber sections and three numerical integration points along the length of
the element was selected. An initial camber of 0.1% of the brace length was applied at the brace
midpoint to initiate buckling (Figure 7-16). This modeling is based on the recommendations of
Uriz et al. (2008). Based on the beam—column dimensions and likely connection geometry, the
braces were modeled with an effective length of 0.7L, where L is the full diagonal length
between beam—column intersection centerlines. This reduction in effective length increases the
overall stiffness of the frame and the critical buckling load of the members, contributing to frame
overstrength relative to the design assumptions. The connection region was modeled by a rigid
frame element followed by a ‘gusset’ frame element with the actual cross-section dimensions of
the gusset plate and a length of 2z, where ¢ is the thickness of the gusset plate (Figure 7-16). The
gusset element is very flexible practically simulating a pin connection in the out-of-plane
direction. The resultant simulated cyclic force—deformation of a representative brace is shown in

Figure 7-16(c).
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Figure 7-16 (a) Brace model using two nonlinear frame elements with initial camber; (b)
connection geometry and modeling details; and (¢) Cyclic axial force—deformation
relationship for a representative brace element (Erduran et al. 2011)

7.5. Response of IMRF and OCBF models in MCE Event (2/50 year)

The performance of the two prototype base isolated models was examined under the ground
motion set described in Section 3 with and without moat walls. The moat wall gap distance was
set to 30 in., which is approximately equal to Dy specified by ASCE (2005) based on a static
design procedure. The actual design value of the gap distance may vary depending on the results
of dynamic analysis of the building but can be no less than 0.8 Dty. All the ground motions
described in Section 3 were scaled to MCE level for the period range of 0 to 3 sec. Two
horizontal components of each ground motion were applied on the frame simultaneously. First,
detailed response of the OCBF model with moat wall under one extreme ground motion (GM9)
is shown for purpose of describing 3D moat wall behavior and then the envelope results under 20

ground motions for both models are discussed.
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7.5.1. Detailed Response of OCBF Model under Input Motion GM9

Response of the OCBF model under ground motion GM9 is shown here to describe the behavior
of new impact element in 3D analysis and also explaining how pounding to moat wall would
affect the response of superstructure. The envelope response of both models under all of the

ground motions will be examined in next section.

As mentioned earlier both components of the ground motion were applied simultaneity on the
model in x- and y-direction (corresponding to long and short direction of the model,
respectively). The base isolated model starts moving in two directions without contacting any
displacement restrainer up to time 9.89 sec when first contact occurs at corner G1 (refer to right
bottom corner of base level, Figure 3-2 in section 3). This pounding leads to generating force in
impact element and also soil backfill resulting pushing back the moat wall. Continuing pushing
back the moat wall results in engaging the other impact elements in line 1 (bottom x-direction in
Figure 3-2) and generating force in these elements. Figure 7-17 shows the impact force in the 7
elements in this row. The time of rising of force verifies that contact between base level and
moat wall started at point G1 propagating to point Al. Impact force in this figure is always

negative showing that impact element acts only in compression.

The shape of impact force versus time is very similar to those obtained from experimental testing
with concrete walls for small scale. The first peak in this force is due to dynamic oscillation of
impact element while the whole trend is following the soil backfill response (hyperbolic

nonlinearity).

Figure 7-18 shows the maot wall displacement in line 1 due to impact force. As mentioned, point
G1 is moved more than other corner point Al. All the points show residual deformation
verifying plastic deformation in moat wall and soil backfill which is source of damping for

impact force in Figure 7-17.
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Figure 7-17 Impact force in line 1 for OCBF model under GM9.
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Figure 7-18 Moat wall displacement in line 1 for OCBF model under GM9.

The base level of isolated model is detached from moat wall in line 1 at time 10.15 sec which
makes total contact duration of less than 0.5 sec. The base level continues moving in plane due to
input motion resulting in pounding to moat wall in other directions. Figure 7-19 shows 4 corners
of the base level displacement in X and Y direction. The moat walls are shown in this figure with
dashed line. This figure shows the number of pounding at each corner and also the power of
impact can be estimated by distance that base level moves beyond the gap distance. For example
it can be concluded that impact force in Y direction at point A5 will be higher than force
obtained from point G5 in the same direction since displacement beyond moat wall gap distance

is larder at point A5 than GS5.
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Figure 7-19 Displacement of 4 corners of the base level for OCBF model under GM9.

Pounding to moat wall would affect the acceleration and displacement response of the structure.
Figure 7-20 shows the acceleration time history of each level of the structure under input motion
GM09. Acceleration was recorded at master node at each level. Master node is defined at the node
that total mass of that level is assigned to. This node is shifted from geometry center of the level
by 5% of maximum plane dimension to include accidental eccentricity. It can be seen that
acceleration is increased suddenly at the time of impact. This increase is more apparent at lower
level than upper floors. This finding is in agree with experimental results in which increase in

acceleration was more noticeable at lower level close to pounding point.
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Figure 7-20 Acceleration response for OCBF model (a) X direction (b) Y direction.
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Figure 7-21 shows the story drift ratio of OCBF model under input motion GM9. This figure
shows that maximum SDR for OCBF frame is about 10% which shows almost 600% increase in
compare with the case without moat wall. Increasing in SDR is one of the consequences of
impact to moat walls which was obtained in experiment testing as well. The increase in SDR due
to impact to moat wall is more significant in upper floors based on both experimental and

numerical investigation.
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Figure 7-21 Story drift ratio for OCBF model under GM9.
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Large drift ratio in OCBF model is always companied by buckling in braces. Figure 7-22 shows
the force deformation for second floor brace. Yielding in tension and also buckling of the brace
in compression force is clear in this figure. Buckling in the brace yields to large deformation (up

to 6 time of yielding deformation) in brace.
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Figure 7-22 Second floor brace force-deformation of OCBF model under GMO.

7.5.2. Base Isolated IMRF Model

To examine the effect of impact to moat walls on the IMRF model, the behavior of the base
isolated IMRF model with no moat wall was first studied under 20 ground motions at MCE
level. Figure 7-23 shows the maximum base level master node and corner nodes in X and Y
directions for each ground motion. The reference gap distance from ASCE 7-05 is shown by the
dashed line (30 in.). It can be seen that only 5 ground motions induce master node displacements
larger than 30 in. while 8 ground motions induce corner displacement more than the specified
gap distance. The average (median in parentheses) of base level master node displacement is
equal to 18.9 in (16.4 in) and 21.9 in (21.5 in) for X and Y directions, respectively. This
parameter for corner nodes is equal to 21.7 in (19.5 in) and 26.3 in (25.2 in) for X and Y
direction, respectively. It should be noted that master node and corner node average
displacement is less than the estimated value (Dv, Drv) based on static analysis. This analysis
demonstrates that scaling ground motions to a specific target spectrum does not guarantee
producing average displacement in dynamic analysis as it is highly dependent on the ground

motions selected. The difference between code based estimated values propose for required
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minimum gap distance for moat walls, and average maximum displacement of corner nodes
under dynamic analysis to scaled ground motions offers some level of conservatism in an
average sense to base isolated structures. More importantly, there may be a few ground motions

which can exceed this average leading to pounding in isolated structures.
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Figure 7-23 (a) Base level master node displacement and (b) Base level corner node
displacement for IMRF model without moat wall

Installing the moat walls at 30 in gap distance (Dty) and repeating the dynamic analysis leads to
pounding at the base level of the IMRF model to moat walls for those ground motions exceeding
the clearance. The maximum impact force generated at impact is shown in Figure 7-24 for each
earthquake record considered. The impact force reported is the maximum of total impact force

generated on one side of the moat wall to the structure base level.
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Figure 7-24 Maximum impact force generated at IMRF model
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This figure also shows the occurrence of impact for each ground motion. As expected from
Figure 7-23(b), only 8 ground motions induced pounding in the IMRF model considering corner
displacements. The earthquakes with impact force equal to zero did not hit the moat walls at the
base level. Figure 7-25 shows the base level displacement for the case that moat walls are
installed at 30 in gap distance. When compared to Fig 1-17, this figure shows that large
displacement in the isolation level were prevented by pounding to the moat walls, although in
some cases the base level still moved beyond the gap distance by pushing back the wall and soil
backfill. The maximum displacement beyond the gap distance was reduced to 6 in form 22 in for
GMS. This large reduction in displacement correlates to the large impact force shown in Figure

7-24 for GM8.
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Figure 7-25 (a) Base level master node displacement (b) Base level corner node
displacement for IMRF model with wall

Figure 7-26 shows the maximum vector summation acceleration for the master node in each
floor and compares the results of the two cases with and without moat wall. It is obvious that
results would be the same for the ground motions not inducing pounding to the moat wall. The
acceleration is amplified in all levels of the structure due to moat wall pounding. The
amplification factor decreases for higher story levels as observed in the experiments. The
maximum acceleration amplification occurs at the base level, which is approximately equal to 6
for GMS. It should be mentioned that the results are presented for the master node at each floor,

which is distant from location of impact (at the center of the mass in each level). The

176



acceleration presented in this figure represents the average acceleration for each floor.

Acceleration amplification is expected to be higher for the nodes closer to impact region.
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Figure 7-26 Maximum master node acceleration of IMRF model

Story drift ratio was evaluated separately in each direction as the maximum at any of the four
corners of the building and is shown in Figure 7-28. Large SDR is obtained for the two records
of GM8 and GM9 even for the case without moat wall. Defining 5% as SDR collapse criteria as
suggested in (FEMA 1997) indicates that the base isolated structure without moat walls can
potentially collapse under these two ground motions at MCE level. Two ground motions also
induce large displacement at the isolation level resulting in unusual superstructure behavior.
Sayani et al. (2011) examined carefully the behavior of the structure for these two records. This

large displacement demand at the base level could be explained by looking at the average
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displacement spectrum of the 20 ground motions and discrepancy between the SRSS
displacement and these two outlier records at the period of the isolation system (3.1 sec). Figure
7-27 shows 5% damped SRSS x and y-component displacement spectra for the 20 ground
motions. The differences between GM8 and GM9 displacement spectra and the mean 20 ground
motions are obvious in this figure. Also, considering Figure 7-23, one can conclude that records
GMS8 and GM9 are the only ground motions that induce large displacement in both directions,
unlike the other ground motions which have one weak component that compensates the other
strong component. Looking into the time history response for GMS8 reveals that the peak base
displacements in both directions occur approximately at the same time, resulting in large vector
summation of displacement. These results in high shear force simultaneously applied to the

superstructure in both directions, leading to large drift ratios.
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Figure 7-27 SRSS of x and y-component displacement spectra for 20 ground motions

The amplification in SDR is approximately distributed equally in all levels of the frame in each
direction. The SDR was increased for two ground motion GM8 and GM9 in both directions of X
and Y showing that for these two records impact occurred in both directions. Unlike, for two
records of GM2 and GM18, pounding and thus amplification only occurred in the Y direction.
For the other ground motions inducing pounding (GM4, 5, 10, and 17) the increase in drift ratio

is insignificant and not clearly evident in this figure.
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Plastic rotation demands were evaluated as the maximum over all pertinent elements at all levels.
Figure 7-29 shows the maximum plastic rotation of beam and column element in IMRF model.
As was expected from SDR comparison with and without moat wall analysis, the plastic hinge
was not changed significantly. Regardless of the two extreme motions (GM8 and GM9), yielding

is persistent because the IMRF has little reserve capacity.

Sayani et al. (2011) compared the response of the base isolated IMRF without moat wall with
fixed base SMRF. They reported that for the design event, median story drift demands in the
isolated IMRF are reduced on the order of 33—-50% relative to the conventional SMRF, which is
small compared with expectations set by previous studies. Although comparative studies often
assume comparable natural periods, in this study, the IMRF without isolators is substantially
more flexible than the conventional SMRF. Furthermore, the effective isolation period (Tp =
2.77 s) exceeds the superstructure natural period (T = 1.4 s) by less than a factor of 2 at the
design displacement. Although the benefits of seismic isolation are reported in many studies,
story drift reduction is not as significant here compared with ideal applications because of the
moment frame flexibility. Therefore, significant structural participation in the first mode, leading

to moderate story drift demands, is not surprising.

Sayani et al. (2011) compared the base isolated IMRF and fixed base SMRF response under
design event (DBE) ground motions and concluded that although a minimally code-compliant
IMRF design meets typical performance objectives for the design event, a more robust design is
advisable if the response in a stronger earthquake is important. This conclusion becomes more
vital by considering the effect of pounding of base isolated building to a moat wall for large
displacements. Although pounding to a moat wall limits large displacements in the isolators,
impact forces generated at the contact surface leads to increasing story drift ratios and

acceleration in all levels of the structure.
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Figure 7-28 Maximum story drift ratio (SDR) of IMRF model
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model

7.5.3. Base Isolated OCBF Model

The response of base isolated OCBF model under 20 scaled ground motions was investigated in
the presence of moat walls. The response of base isolated OCBF model would be of interest
since unlike the IMRF model the superstructure is very stiff and adding base isolation leads to a
period elongation of approximately 6. To examine the effects of impact to moat walls on OCBF
superstructures, first the behavior of the base isolated OCBF model with no moat wall was
studied under 20 ground motions at MCE level. Figure 7-30 shows the maximum base level
master node and corner nodes in X and Y direction for each ground motion. The average
(median in parentheses) of base level master node displacement is equal to 22.5 in (17.4 in) and
26.2 in (23.7 in) for X and Y direction, respectively. This value for corner node displacement is
equal to 26.4 in (21.1 in) and 32.7 in (26.8 in) for X and Y direction, respectively. Comparing the
base level displacement in OCBF and IMRF models reveals that the average (and also median)
displacement in OCBF model is higher than IMRF building. Although the isolator period in both
frames is very close, the base level displacement in OCBF is closer to those obtained from single
degree of freedom analysis using displacement spectrum. This can be explained by considering
flexibility in IMRF superstructure. The base isolated IMRF has a very flexible superstructure (T
= 1.5 sec) leading to high first mode participation in dynamic analysis, while base isolated OCBF

has a very stiff superstructure (T=0.40 sec) that behaves like a rigid mass on top of the isolation
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system. In other words, the flexibility and deformations in the superstructure reduce the

displacement demands on the isolation system.
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Figure 7-30 (a) Base level master node displacement (b) Base level corner node
displacement for OCBF model without moat wall

Figure 7-30 shows that 11 ground motions lead to moat wall pounding at least in one direction.
The maximum displacement beyond the gap distance for OCBF frame is obtained from EQS8
which is equal to approximately 40 in. Installing the moat wall at 30 in gap distance leads to the

impact force shown in Figure 7-31.
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Figure 7-31 Maximum impact force generated at OCBF model
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Figure 7-32 shows the base level displacement for the case with moat walls installed at 30 in gap
distance. This figure shows that installing moat wall at 30 in gap distance prevents large

displacement at base level and bounds it to maximum 45 in for corner node under EQS.
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Figure 7-32 (a) Base level master node displacement (b) Base level corner node
displacement for OCBF model with wall

The maximum total acceleration for the OCBF model was recorded at each level master node.
The total mass for each floor was assigned to the master node of that level. Figure 7-33 compares
maximum acceleration for each level for the two cases with and without moat wall. As expected
from experimental tests and also results from the IMRF model, the acceleration increased
because of impact to moat walls in all levels, although this amplification decays with distance
from the source of impact (first floor). The average acceleration increased 140% for the base

level of OCBF model while the third floor shows 26% increase for average acceleration.

Figure 7-34 shows the maximum SDR obtained considering corner nodes in both horizontal
directions for OCBF model. The performance of base isolated OCBF without moat walls is good.

The maximum SDR for all levels remain less than 2% except under GMS8 that shows large SDR.

Installing moat walls at 30 in gap distance leads to increase in SDR for all levels of the model.
This amplification in response is more obvious in upper levels. The average SDR increase is
400% in third level as a result of pounding to moat walls. This unacceptable response of the base

isolated OCBF model is verified by investigating the number of braces buckled under each
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ground motion for the two cases with and without moat walls. It should be recalled that there are
16, 8, and 8 braces in the first, second, and third level of OCBF model, respectively. Figure 7-35
shows the number of buckled braces for each level separately. It can be seen that brace buckling
is observed in only 1 of 20 ground motions (GMS8) when the moat wall is not included, but
braces buckle in 6 of 20 ground motions because of pounding to moat walls. Buckling of the

braces results in increasing the SDR at that level.
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Figure 7-33 Maximum master node acceleration of OCBF model.
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Plastic hinge rotation at the end of beams and columns are shown in Figure 7-36. Plastic hinges
were formed only under GM8 without moat walls, while significant plastic hinge rotation was
observed under most of ground motions inducing pounding to moat walls. The average beam and

column plastic rotation increased 900% and 800% because of pounding to moat wall.
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7.5.4. Base Isolated IMRF and OCBF Comparison

Both base isolated IMRF and OCBF models were designed for the same hazard level and
location although the IMRF model was designed for response modification factor of 1.67 and the
OCBF model was designed for R=1. A higher R for IMRF model resulted in a more flexible
superstructure in comparison with the OCBF. The superstructure first mode period for the IMRF
and OCBF models are 1.4 and 0.4 sec. The isolation system was designed for approximately the
same period and damping ratio for both systems (3.1 sec and 15% at MCE level). This leads to
period shifting factor of 2.1 and 7.75 for IMRF and OCBF models, respectively. Larger period
shifting is desirable based on base isolated design philosophy for further reduce seismic design

forces.

The following results were concluded for the case that the moat wall was not modeled in
dynamic analysis under 20 ground motions scaled to MCE level. The R=1 design with
overstrength has been shown to keep the isolated OCBF nearly elastic and prevent buckling of
the braces. Median story drifts remain small and floor accelerations are held within about 0.5g
although PGA is on the order of 1g to 1.5g. Braces do not appear to buckle (except one case),
and only small plastic rotations develop. The observed overstrength of the OCBF helps to

maintain solid performance of the structural system in MCE event.
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On the other hand, the IMRF model was damaged even without moat walls. Although the
isolation system is very effective in limiting total floor accelerations to levels well below the
PGA, large story drift ratios were recorded specially for outlier ground motions. Although the
design objectives for the isolated IMRF have been basically met (Sayani et al. 2011), for the
design event (10/50 year), the flexibility of the moment frame leads to significant structural
participation in the first modes of the isolated IMRF and larger relative story drifts compared
with the idealized (stiff) structural systems at MCE level.

Higher participation of the first mode of the IMRF model resulted in reducing maximum base
level displacement demand in comparison with equivalent single degree analysis. Stiff behavior
of the OCBF model leads to larger displacement at base level resulting in stronger pounding to

moat walls.

Installing the moat wall at 30 in. gap distance (equal to Dry for both models) resulted in
pounding of base level to moat walls in 8 and 11 ground motion for IMRF and OCBF models.
Since the average base level displacement for both models calculated by dynamic analysis under
20 ground motions scaled to MCE spectrum is less than Dpy calculated by static design
procedure, using 30 in gap distance (equal to Dy for both models) is reasonable. The average
impact force generated is equal to 2000 and 3300 kips for ground motions inducing pounding in

IMRF and OCBF, respectively.

Seismic responses, when sampled over many motions, are widely accepted to follow a lognormal

statistical distribution. As such, the median and dispersion of the lognormal data, defined as

lZ?ﬂln xil , = l i=1(Inx; —Inp)? 72 (7-5)
n

H=ep n—1

are generally used to describe the central tendencies and variability of the response quantities for
different ground motion sets. The median plus one standard deviation, or 84 percentile values,

were computed as u. exp ({).
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Median and 84% of story drift ratio and acceleration for both IMRF and OCBF models are

shown in Figure 7-37 and Figure 7-38. Story drift ratio was evaluated as the maximum drift

among the four corners of the building. These parameters are compared for the two cases with

and without moat wall to show the effect of pounding.
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Figure 7-38 Median and 84% of (a) Acceleration (b) SDR for OCBF model under 20
ground motions

Both frames show that the median floor accelerations are held within about 0.5g without moat

walls although median PGA is on the order of 1g. Pounding to moat walls increases the

acceleration in all levels especially in lower levels. The median floor acceleration does not show
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significant increase although 84% value shows 200% increase in base level and approximately
80% increase in floor levels. The average value remains the same because of the fact that in
many ground motions no pounding occurs but 84% value increases a lot since the ground

motions pounding to moat wall contribute a significant deviation from the average.

Large median and 84% SDR in IMRF model for the case without moat wall verifies the effects
of the flexible superstructure. The 84% value SDR in IMRF model is almost 2-3 times larger
than median value showing the effect of outliers (GM8 and GM9). Unlike the IMRF model,
OCBF model shows very stiff behavior. The median SDR value is on the order of 0.5 to 0.9%
with smaller dispersion. Pounding to moat walls increases SDR in all levels especially in upper
floors. The effect of pounding on median SDR is more clear for OCBF model because of the fact
that 11 out of 20 ground motions induce pounding to moat walls in OCBF model while 8 out of
20 ground motions pound in the IMRF model. The flexible superstructure of the IMRF model
leads to large SDR even in cases without moat walls. When the moat walls are added, the SDR
increases only slightly, but as a percentage it is less significant compared to the OCBF. A larger
increase in SDR response for the OCBF frame is obtained that is likely due to the larger number
of ground motions inducing pounding, stiffer and non-ductile superstructure frame. Stiff
superstructure in OCBF frame also results in larger displacement demand at the base level

inducing stronger pounding to moat walls in compare to IMRF model.

As expected, larger dispersions are obtained in both acceleration and SDR for the cases with
pounding in comparison with the case without moat walls. This shows that the response of the
models worsens for the case of pounding to moat walls, inducing sudden increased accelerations

and drifts.

As mentioned earlier two ground motions (GM8 and GM9) induced very large displacement at
the isolation level, resulting in unusual superstructure behavior. This large displacement demand
at the base level, which is more than twice as the median displacement demand in the other 18
ground motions resulted in large uncertainty in the average superstructure response of the 20
ground motions and discrepancy between the median and 84% response. The response of these
two motions was removed from the statistical study to have more reliable median and 84%

response without consideration of these outliers. The median and 84% response of both the
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IMRF and OCBF models are re-plotted in Figure 7-39 and Figure 7-40 removing the response of
2 ground motions GM8 and GM9.
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Figure 7-39 Median and 84% of (a) Acceleration (b) SDR for IMRF model under 18
ground motions
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Figure 7-40 Median and 84% of (a) Acceleration (b) SDR for OCBF model under 18
ground motions

Removing the 2 outlier ground motions from statistical studies results in decreasing the median

and 84% of both acceleration and SDR in both cases with and without moat wall. The

differences between the median and 84% response was also reduced.

In summary, the response of a minimally code-compliant IMRF without considering potential

impact to moat walls is not satisfying at MCE event and pounding to moat walls worsen this

191



situation. A more robust design is advisable for this model if the response in a rarer earthquake is
important. One suggestion in this regard could be designing a stiffer superstructure which leads
to larger period shifting by considering the base isolation system or decreasing R factor to design
for higher base shear. Although the response of the isolated OCBF is favorable compared with
the IMRF for the case without moat walls, wherein the median demands for story drifts are
substantially lower than those of the IMRF, pounding to moat walls make a significant change in
this behavior resulting in large median SDR with huge dispersions. Brace buckling and
significant inelastic response were observed in all the motions inducing pounding to moat walls.
One might conclude that pounding to moat walls worsens the response of both frames in terms of

both acceleration and SDR, although this effect is worse for stiff OCBF frame.
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SECTION 8
COLLAPSE EVALUATION OF SEISMICALLY ISOLATED STRUCTURE
CONSIDERING POUNDING TO A MOAT WALL

8.1. Introduction

The 3D prototype building model described in Section 3 was further investigated under extreme
ground motions considering the potential for impact to a moat wall. The response of the base
isolated model with and without moat wall was compared to evaluate the effects of impact on the
collapse capacity of the structure for ground motions of increasing intensity. However, the
response of the model due to impact to the moat wall is under influence of the ground motions
intensity and moat wall gap distance. A series of collapse studies using the fragility curve

concept was conducted for both prototype models and for various gap distances.

In order to assess the behavior and collapse capacity of base isolated structures considering
pounding to a moat wall, the Methodology proposed in FEMA P695 (FEMA 2009b) was
implemented. This Methodology uses Incremental Dynamic Analysis (IDA) (Vamvatsikos et al.
2002) to estimate the median collapse spectral acceleration and then computes the probability of
collapse at MCE level. The average of this probability should be less than 10% for a set of

archetype models and less than 20% for each archetype model.

The objective of this section is to evaluate the collapse probability of the base isolated models
used in this study and also investigate the effect of moat wall gap distance on the probability of
collapse for base isolated structures. The adequacy of minimum moat wall gap distance required
by ASCE 7-05 is investigated. For this purpose, the numerical models developed in section 7
were used and the ground motion set presented in FEMA P695 was replaced by the ground

motion set described in Section 3.

8.2. Background Study and Objectives

Chapter 10 in FEMA P695 examines the collapse probability of base isolated structures. In this
study, 2D models of 4-story reinforced concrete structures designed for various base shear and
ductility demand and different moat wall gap distance were developed and the collapse capacity

was investigated. Although different archetypes for superstructure models were investigated,
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only one moat wall model type was used consisting of 5 bilinear springs to capture the nonlinear
impact forces. Figure 8-1 shows the moat wall force-displacement model used in the FEMA
P695 (FEMA 2009b) case study. Gap spring properties are defined relative to the strength of the
superstructure such that the moat wall force is equal to the strength of the superstructure, V., at
approximately 4 inches of moat wall displacement. No detailed information on the development
of the proposed moat wall model was reported, but it does include some key features such as
nonlinear behavior for impact and energy loss during pounding. However, the lack of
background, particularly experimental validation, for the proposed moat wall model serves as
motivation to re-examine moat wall impact behavior using the model proposed in this report. An
important aspect to consider in the FEMA P695 model is that no capping force was defined for
the moat wall resistance, which leads to the transfer of increasingly large force to the structure

for increasing earthquake intensities.

Moat Wall Force | O
Moat Wall Gap
VI’IBI

Composite Spring — ®
-40 30 20 10 —
& 10 20 30 40
3 -Energy Loss Isolation System Displacement (in.)

(wall Crushing)
NV
Moat Wall Gap

Figure 8-1 Moat wall force displacement model used in FEMA P695 case study (FEMA
2009b).

Another important issue to mention is that the FEMA P695 case study was conducted on 2D
models. As shown in section 7, many of the ground motions that led to pounding initiate at
corner points of the base level due to torsion. This shows the importance of considering 3D
modeling for improved accuracy. In addition, the moat wall model proposed here considers the

effects of bending failure in moat wall as well as effect of soil backfill.
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In summary, this section is intended to assess the validity of current design requirement for moat
wall gap distance of base isolated structures utilizing the Methodology proposed in FEMA P695
with the moat wall model proposed in this report. It is important to mention that this study is not
intended to modify or propose a new response modification factors for base isolated structures as
is intended in FEMA P695 since only a limited number of buildings models and gap distance

combinations are examined.

8.3. Scope of the Collapse Evaluation Methodology Proposed by FEMA P695

The Methodology proposed in FEMA P695 for collapse evaluation of a single model is
summarized and simplified in this study. Although the Methodology proposed in FEMA P695 is
intended to quantify the building system performance and response parameters for use in seismic
design, it can also be used to evaluate the probability of collapse for a given building model as it

is implemented here.
The Methodology for a given building model includes the following steps:

1- Develop model: In this step, a numerical model for the given building is developed consisting
of a detailed finite element model suitable for nonlinear time history analysis. Numerical models
should directly simulate all significant deterioration modes that can contribute to the collapse
behavior. Typically, this is accomplished through structural component models that simulate
stiffness, strength, and inelastic deformation under reverse cyclic loading. In cases where it is not
possible to directly simulate all significant deterioration modes contributing to collapse, non-
simulated collapse modes can be indirectly evaluated using alternative limit state checks on

structural response quantities measured in the analyses.

2- Analyze model: Collapse assessment can be performed using both nonlinear static (pushover)
and nonlinear dynamic (response history) analysis procedures. The nonlinear response is
evaluated for a set of pre-defined ground motions that are used for collapse assessment of all
systems. The ground motion set includes 22 ground motion record pairs from sites located
greater than or equal to 10 km from fault rupture, referred to as the “Far-Field” record set. It is
important to mention that this Methodology is different from IDA analysis in the sense that there

is no need to conduct full IDA analysis in order to plot fragility curve and the median collapse
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capacity, Scr, is the only parameter needed from IDA analysis. The median collapse capacity,
Scr, is defined as the minimum ground motion intensity that leads to the collapse of the model
under half of the ground motions. These two methods are also different in terms of scaling the
ground motions. While IDA (Vamvatsikos et al. 2002) requires scaling each ground motion pair
with a unique scaling factor to match spectral acceleration at a specific period (i.e. first mode
period) to a target response spectra, the Methodology requires that normalized ground motion set
to be scaled with one scaling factor to match the median of the ground motion set to a target

spectra at the specified period.

3- Evaluate performance: The results from nonlinear static analyses and nonlinear dynamic
analyses are used to evaluate the acceptability of the calculated collapse margin ratio (CMR),
which is the ratio of the ground motion intensity that causes median collapse, Scr, to the MCE
ground motion intensity defined by the building code, Sy;. CMR obtained from numerical
analysis is adjusted by a Spectral Shape Factor (SSF) to include the effect of spectral shape of
the applied ground motions. The SSF depends on fundamental period and period-based ductility,
ur, of the model. Acceptability is measured by comparing the adjusted collapse margin ratio
(ACMR) to acceptable values that depend on the quality of information used to define the

system, total system uncertainty, and established limits on acceptable probabilities of collapse.

In this Methodologys, it is suggested that the probability of collapse due to Maximum Considered
Earthquake (MCE) ground motions be limited to 10%. Each performance group (including
different archetypical of the model) is required to meet this collapse probability limit, on
average, recognizing that some individual archetypes could have collapse probabilities that
exceed this value. A limit of twice that value, or 20%, is suggested as a criterion for evaluating

the acceptability of potential “outliers” within a performance group.

8.4. Approach and Assumptions

The important assumptions and approach to apply the Methodology on the prototype structure is

described in this subsection.
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8.4.1. Ground Motion Set

The ground motion set presented in Section 3 and also used in section 7 is replaced by the Far
Field ground motion set presented in FEMA P695 since many of the adjusting factors proposed
in the FEMA P695 was calculated based on this set. The Far-Field record set includes twenty-
two component pairs of horizontal ground motions from sites located greater than or equal to 10
km from fault rupture (Table 8-1). Actual earthquake records are used, in contrast with artificial
or synthetic records, recognizing that regional variation of ground motions would not be
addressed. The ground motions were selected from the PEER NGA database based on source
magnitude, source type, site conditions, and source distance. Figure 8-2 shows the median of the
2 components for each of the 22 pairs of unscaled and un-normalized ground motion acceleration

spectra and also the overall median of all 44 records.

o
o)

Acceleration Sa (g)

o
o

0.4}

Period (sec)

Figure 8-2 The 22 unscaled ground motions spectra and median spectrum
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Scaling of ground motion records is a necessary for nonlinear dynamic analysis since few, if any,
available unscaled records are strong enough to collapse modern buildings. The scaling process

of the Methodology includes two parts:

1- Normalization of Records: Each individual record is normalized by their respective peak
ground velocity (geometric mean of PGV of the two components). In this step, the two
components of each record are multiplied by a single normalization factor equal to the median
PGV of all records in set divided by the PGV of the each record itself. Normalization by peak
ground velocity is a simple way to remove unwarranted variability between records due to
inherent differences in event magnitude, distance to source, source type and site conditions,
while still maintaining the inherent unpredictable (i.e., record-to-record) variability necessary for

accurately predicting collapse fragility (FEMA 2009b).

Acceleration Sa (g)
— .(J.I

o
o1

Period (sec)

Figure 8-3 Ground motion spectra and median spectrum for 22 normalized records

2- Scaling of Record Set: In this step the whole record set is scaled up or down in amplitude such
that 50 percent of the ground motions lead to collapse. This approach is used to determine the
median collapse capacity, S¢r , of the model. Figure 8-4 shows the normalized ground motion set

scaled to MCE spectrum at fundamental period of the model (i.e. T, = 3.1 sec).
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Figure 8-4 The normalized 22 ground motion spectra scaled to MCE spectrum

8.4.2. MCE Spectrum

The CMR is defined as the ratio of S¢p to Syr where Syr is the MCE spectral acceleration at
fundamental period of the model. This ratio should be adjusted by the Spectral Shape Factor
(SSF) dependent on the properties of the model, characteristics of the ground motions and also
the site and hazard level of interest. As mentioned in section 3 of this report, the prototype model
was designed for occupancy category II and importance factor / = 1.0 according to ASCE 7-
05(ASCE 2005). The building was designed for a Los Angeles, California location (34.50 N,
118.2 W) on stiff soil (site class D with reference shear wave velocity of 180 to 360 m/s). The
mapped spectral accelerations for this location are Sq = 2.2 g for short periods and S; = 0.74 g for
a 1-s period. However, for seismic design loading, the Methodology defines MCE and DBE
ground motions for structures in Seismic Design Categories (SDC) B, C, and D specified by
Section 11.7.2 of ASCE7-05. For these SDCs, maximum and minimum ground motions are
defined based on the respective upper-bound and lower-bound values of MCE and DBE spectral
acceleration, as given in Table 11.6-1 of ASCE7-05, for short-period response, and in Table
11.6-2 of ASCE7-05, for 1-second response. Maximum values of spectral acceleration for SDC
D in FEMA P695 (Ss = 1.5 g and S/ = 0.60 g) are based on the effective boundary between

deterministic (near-source) and probabilistic regions of MCE ground motions, as defined in
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Section 21.2 of ASCE7-05. The Methodology purposely excludes SDC D structures at
deterministic (near-source) sites defined by 1-second spectral acceleration equal to or greater
than 0.60 g, although Section 11.6 of ASCE7-05 defines SDC D structures as having 1-second
spectral acceleration values as high as 0.75 g. Figure 8-5 shows the difference in MCE spectrum
that the prototype model is designed for and SDC Dy, for FEMA P695. The MCE spectrum that
the prototype model is designed for is approximately 1.25 times larger than the MCE SDC Dyax
of FEMA P695.

25 r .
—— MCE Spectrum for Model
—— FEMA SDC Dmax
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Figure 8-5 MCE spectrum for model site location and FEMA SDC Dmax

The MCE spectrum is important in essence of scaling the ground motions and also to calculate
the SSF value in order to adjust the calculated CMR. This factor is calculated from (Equation B-
4, (FEMA 2009b)):

SSF = exp [B1(&o — E(T)recoras)] (3-1)

where & is the expected epsilon dependent on both site and hazard level of interest. Epsilon, ¢, is
defined as the number of logarithmic standard deviations between the observed spectral value
and the median prediction from an attenuation function. Table B-1 in FEMA P695 shows the

value of &, for different seismic design categories and also various hazard levels. The
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Methodology reasons that since the average median collapse capacity is roughly twice the MCE,
therefore the ground motion hazard level that should be used in establishing the &, should have
spectral acceleration demand that is twice (or more) of the 2% in 50 year demand (MCE). The
Methodology proposed the value for & 1.0 for SDC B/C, 1.5 for SDC D, and 1.2 for SDC E

which are the values for hazard level of 0.5% in 50 year demand.

However as mentioned before, the SDC D in FEMA P695 is different from the spectrum that the
prototype model was designed for in this study. In this study, the value for &, was selected equal
to 1.7 which is the average of £,(1) for a hazard level of 0.5% in 50 year demand over 58 zip

codes in area of Los Angeles where the prototype model is located.

In Equation 8-1 &(T),ecoras 18 for the Far-Field record set and is equal to

E(T)recoras = 0.6(1.5 —T) (8-2)

where 0.0 < &(T)ecoras < 0.6 and T is code-defined fundamental period of the structure. 8; in

Equation 8-1 is calculated from Equation B-3 in FEMA P695:

By = 0.14(ur — 1) (8-3)

where pr is period-based ductility and defined as the ratio of the ultimate displacement at roof to

effective yield roof displacement.

8.4.3. Period-based Ductility

Period-based ductility, pur, is an important parameter to calculate adjusting parameters in the
Methodology. As defined before period-based ductility is equal to ratio of the ultimate

displacement at roof to effective yield roof displacement.
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Figure 8-6 Idealized nonlinear static pushover curve (FEMA 2009b)

As shown in Figure 8-6 uy should be calculated from static pushover analysis as the ratio of §,,

to 8, s which the later one can be calculated from Equation 10-6 of FEMA P695 for base

isolated buildings:

Vinax [ 8
5y,eff = COT W] maX(T, Tl)z (8-4)

where C, relates the SDOF displacement to the roof displacement according to ASCE/SEI 41-06
section 3.3.3.3; Vj,.x/W is shown in Figure 8-6 and is equal to maximum base shear normalized
by building weight, T is code defined fundamental period of building and T; is the undamaged

fundamental period of the structural mode computed using eigenvalue analysis.

8.4.4. Total System Collapse Uncertainty

The total system collapse uncertainty is an important factor to evaluate the probability of
collapse at the MCE. The total uncertainty of the collapse system is calculated by combining the
four identified sources including record-to-record, design, test data, and modeling uncertainties

(Equation 7-5 FEMA P695).
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Bror = \/,BRTRZ + Bor” + Brp” + Bup” (8-5)

The total uncertainty influences the shape of the collapse fragility curve. The larger Sror the

flatter the fragility curve obtained. Each part of the total uncertainty factor is described below:

8.4.4.1. Record-to-Record Uncertainty (RTR)

Record-to-record uncertainty is due to variability in the response of model to different ground
motion records. This uncertainty can be shown from IDA curve of the model. Although the value
for this parameter can be calculated from a complete IDA and plotted fragility curve, the
Methodology recommends a range of 0.35 to 0.45 for various building types. The value of RTR

can be calculated from:

ﬁRTR =01+ 01‘LIT <04 (8_6)

8.4.4.2. Design Requirements Uncertainty (DR)

Design requirements uncertainty (Spg) is a parameter to include the uncertainty of completeness
and robustness of the design requirements. The isolated model designed in this study is assigned
(A) superior (fpr = 0.1) for design requirements since it complies with all requirements in

ASCE7-05 chapter 17.

8.4.4.3. Test Data Uncertainty (TD)

Test data-related uncertainty is quantified in terms of the availability and also quality. The
component behavior of the superstructure (plastic hinge behavior and brace buckling behavior)
was calibrated from a wealth of test data (Uriz et al. 2008; Lignos et al. 2011) and is rated (B)
good (Brp = 0.2). ASCE/SEI 7-05 requires prototype testing of isolator units for the purpose of
establishing and validating the design properties of the isolation system and verifying stability

for MCE response. These tests are specific to the isolation system installed in a particular
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building, and follow detailed requirements for force-deflection response outlined in the design
requirements. As a result, there is substantially smaller uncertainty related to the test data in an

isolated system than the superstructure.

8.4.4.4. Modeling Uncertainty (MDL)

The capability of the analysis model in capturing the full range of structural response
characteristics of the model is quantified by modeling uncertainty parameter. The superstructure
modeling is rated A because of effort put in detailed modeling of the beams, columns, braces and
also connections elements, although modeling of the isolation system would be rated as good, B,
due to lack of modeling of changes in properties under cyclic deformation such as softening and
damping loss due to heat effects. Overall, modeling uncertainty is rated good, B, Syp;, = 0.2 for

the sake of conservatism.

8.4.5. 3-Dimensional Analysis

For 3-dimensional models as applied here, the Methodology proposed in FEMA P695 requires to
apply the twenty-two record pairs twice to each model, once with the ground motion records
oriented along one principal direction, and then again with the records rotated 90 degrees. The
case that leads to smaller collapse intensity from each set of analysis of one pair ground motion

should be considered to calculate the median collapse intensity.

The Methodology also recommends the median collapse intensity obtained from 3D analysis
should be multiplied by a factor of 1.2 to achieve parity with the two dimensional analyses. This

procedure was followed in the analysis presented in Section 8.5.

8.4.6. Collapse Criteria

As mentioned earlier, simulated collapse mechanisms were considered explicitly in the
numerical study using material models with capping strength, negative stiffness after reaching
capping strength, and degradation in strength and stiffness at both levels of distributed and
concentrated plastic hinges. Although detailed modeling of structural components was

implemented here, 5% and 2% maximum story drift ratio was selected as collapse criteria for
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IMRF and OCBF models, respectively. These criteria were selected base on Table 2-4 of FEMA
273 (FEMA 1997) in which 5% and 2% drift ratio is recommended as the collapse prevention

limit for moment and braced frames, respectively.

8.5. Collapse Assessment

8.5.1. IMRF Model

The Methodology described earlier in this section was utilized to assess collapse probability of a
base isolated IMRF model. The same 3D finite element numerical model and moat wall element
described in Section 7 was used in this section for purpose of static pushover and also nonlinear
dynamic analysis. Various moat wall gap distances were examined to evaluate the effect of this
design parameter on probability of collapse of base isolated IMRF building pounding a moat

wall.

8.5.1.1. Static Pushover Analysis

A static pushover analysis of the prototype model was conducted to calculate the maximum shear
strength and also period based ductility. The static pushover analysis was conducted on both

fixed base (superstructure) and isolated base model.

Figure 8-7 shows the static nonlinear pushover curve of the IMRF superstructure while the
structure is fixed at its base. Nonlinear static analysis of the fixed-base structure was conducted
using a lateral loads pattern prescribed by Equation 12.8-13 of ASCE 7-05 based on the first
mode shape. These figures show that the maximum shear strength of the IMRF superstructure is
roughly about 0.22% of the weight followed by negative stiffness (i.e. at maximum shear

strength) after approximately 22 in (5% drift ratio) roof displacement.

The effective yielding displacement §,, .- was calculated for both directions of the IMRF model
as roughly equal to 6.0 which leads to a period-base ductility around 11 for IMRF model in both

directions.
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Figure 8-7 Nonlinear static pushover curve for fixed-base IMRF in (a) X direction (b) Y
direction

FEMA P695 suggests calculating the period-base ductility of base-isolated structures from

pushover analysis considering the bearings. Figure 8-8 shows the pushover curve of the base-

isolated IMRF model in X and Y direction.
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Figure 8-8 Nonlinear static pushover curve for base-isolated IMREF in (a) X direction and
(b) Y direction

The effective yield displacement was calculated using Equation 8-4. The fundamental period of

the base-isolated structure is defined as the effective isolation period at MCE level (Tym) which is

equal to 3.1. The yield displacement, &, ., was calculated for both directions as roughly equal

208



to 20 in., which leads to period-base ductility of 4 for the base-isolated model in both directions.
The period-based ductility values obtained in this study are relatively large due to the flexibility
of IMRF superstructure.

It is important to mention that moat walls are not modeled in pushover analysis since a sudden
increase in stiffness associated with the moat wall is inconsistent with the assumptions used in
developing the relationship between py and SSF(FEMA 2009b). Also, Figure 8-8 shows that 5%
roof drift (27 in roof displacement) is slightly larger than the displacement at which the
maximum strength of the building occurs in both directions. This verifies that 5% maximum

story drift ratio considered as collapse criteria for IMRF model is rational.

8.5.1.2. Collapse Assessment Parameters

Once the period-based ductility is calculated, spectral shape factor (SSF) can be calculated using
Equations 8-1 substituting &(T),ecorgs = 0 and B; =0.225 from Equations 8-2 and 8-3,
respectively. Substituting &, = 1.7 in Equation 8-1 leads to SSF 1.47 for the base isolated model.
It should be noted that this value is slightly higher than the value proposed in table 7-1b of
FEMA P695 for corresponding pr and fundamental period, which is equal to 1.4. This difference
is because of the target epsilon used for this table. Table 7-1b of FEMA P695 which is for SDC
Dmax, calculated base on &, = 1.5. The spectral shape factor 1.47 calculated here for this study is
based on target epsilon of 1.7. The calculated SSF will be used to adjust median collapse

intensity from incremental dynamic analysis.

The total uncertainty, Bror, associated with collapse must be assessed in order to compare the
ACMR to the acceptance criteria. The base isolated IMRF model was assigned ratings of (B)
Good for modeling, (B) Good for test data, and (A) Superior for design requirements. Record-to-
record uncertainty, Srrgr, could be calculated using Equation 8-6 equal to 0.4. In total, for the 3-
story base isolated IMRF model examined here, the total collapse uncertainty of 0.5 was

calculated using Equation 8-5.
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8.5.1.3. Nonlinear Dynamic Analysis

In this part, the results of incremental dynamic analysis of the 3D model are shown. Although the
Methodology in FEMA P695 just requires calculation of median collapse intensity, a full IDA
was conducted here to produce fragility curve for other response quantities such as floor
acceleration. The Far-Field ground motion set described earlier was scaled to match the median
spectral acceleration to various acceleration intensities. Although the probability of collapse at
acceleration intensities less than MCE level is negligible, the starting intensity was set to less
than 0.1 of MCE level in order to investigate the behavior of the base-isolated system at different
hazard levels. As mentioned earlier, IDA was conducted twice for each ground motion to find
the minimum collapse probability for 2 directions of each ground motion pair. First, all of the
ground motions component 1 and 2 were applied in x- and y-direction respectively. The ground
motion components were switched in the next step. The minimum collapse intensity obtained

from two sets of analysis was considered in IDA curve.

IDA curves are plotted for maximum direction of IMRF model in Figure 8-9 for different moat
wall gap distances. The y-axis in this figure and for other IDA curves in this section is a scale
factor relative to the MCE spectrum intensity at period Tm (S, = 0.36), such that an intensity

scale factor of 1 represents the MCE intensity at the fundamental period of the model.

The IDA curves presented correspond to the direction of each ground motion pair resulting in
smaller collapse intensity. It can be observed that by including the effects of moat wall impact
and decreasing the moat wall gap distance leads to larger drift ratios at lower intensity scale
factors, particularly for the ground motions with the larger scale factors. These figures shows that
median collapse intensity should decreased by decreasing the moat wall gap distance for the

IMRF model.

For each case, the collapse fragility curve was developed by calculating the probability of
exceeding 5% SDR for a given intensity scale factor. Figure 8-10 shows the fragility curves for
the IMRF model with different moat wall configurations. It should be mentioned that these
fragility curves are obtained from IDA results not from procedures proposed in FEMA P695. For
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the FEMA P695 Methodology, only median collapse intensity is needed which is equal to

intensity scale factor corresponding to probability of collapse of 0.5.
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Figure 8-9 IDA curve for maximum direction of IMRF model and different moat wall
situations

In collapse fragility curves, the probability at intensity scale factor equal to 1 shows the
probability of collapse at MCE level, although the Methodology in FEMA P695 justifies this
number by adjusting the median collapse intensity and considering uncertainty of design and

modeling.

It should be noted that since the fragility curves were plotted based on MCE intensity scale
factor, there is no need to divide the intensity at probability of 0.5 by intensity at MCE to
calculate the CMR. The CMR was calculated for each case and reported in Table §-2.
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The CMR calculated for each case should be multiplied by adjusting factors to include the effect
of 3D analysis (1.2) and also spectral shape of ground motions (1.47) previously described. The
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adjusted CMR (ACMR) is calculated and modified fragility curves were plotted with corrected

median and Sror equal to 0.5.
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Figure 8-11 Adjusted collapse fragility curve for 3D IMRF model

Figure 8-11 shows the adjusted fragility curve for base-isolated IMRF model for different moat
wall configurations in the maximum direction. The probability of collapse at intensity scale
factor of 1 (corresponding to MCE level) is considered as the criterion for collapse assessment.
The acceptable probability of collapse at MCE intensity is equal to 10% for average of a set of
archetypes with maximum of 20% for individual models (outliers). The probability of collapse
for the base-isolated model without moat wall examined in this study turned out 8.1%, which is

slightly less than the acceptable value for average of archetypes.

Considering pounding to moat walls in base isolated buildings can lead to an increase in the
probability of collapse at MCE level shaking. The probability of collapse for different moat wall
configurations is listed in Table 8-3. Decreasing the moat wall gap distance resulted in increasing
the adjusted collapse probability at the MCE event. The probability of collapse for the case that
the moat wall is installed at 20 in. gap (65% of required displacement by ASCE7-05) distance is
twice as the probability of collapse for the case without moat wall, although both of them are
below the 20% limit for outliers. The results obtained here for the IMRF model are in agreement

with findings in Section 11 of FEMA P695 in which the probability of collapse for base isolated
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moment frame buildings with sufficient strength and ductility were observed to be relatively

insensitive to the size of the gap distance.

Table 8-3 Adjusted collapse margin ratio for IMRF models

Gap Size (in) Adjusted Collapse Collapse probability

Margin Ratio (ACMR) at MCE (%)
Without wall 2.01 8.1
30 1.91 9.7
25 1.76 12.9
20 1.60 17.4

8.5.2. OCBF Model

The procedure described for the IMRF model was repeated for the OCBF model to investigate
the behavior of base isolated structure with stiff braced frame as superstructure. As stated in
Section 7, OSBF and IMRF models are different in terms of superstructure flexibility and this
resulted in different behavior under extreme ground motions. In this section the probability of

collapse of a stiftf OCBF frame is investigated for different moat wall configurations.

8.5.2.1. Static Pushover Analysis

A static pushover analysis of the prototype model was conducted to calculate the maximum shear
strength and also period based ductility. The static pushover analysis was conducted on both
fixed base (superstructure) and isolated base models. The pushover analysis resulted in identical
response for both directions of the OCBF model since the lateral resistant system in both
directions is exactly the same in this model. The pushover curve for fixed base and base isolated

models are shown in Figure 8-12.

The fixed base OCBF frame shows very stiff behavior at the beginning up to the point that
braces in the second floor buckle under compression forces when the base shear is equal to 40%
of the total mass of the frame (including mass of base level, 7087 kips). The braces in third floor
buckle right after the second floor, resulting in a drop in base shear to 25% of total mass. After
this point, increasing the lateral forces leads to increasing the drift in two upper floors and results

in forming plastic hinges in columns and beams of these levels. Braces in the first floor did not
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buckle even for large roof displacement. The maximum base shear was achieved before buckling

in the second floor at roof displacement equal to 1 in.

The approximate equation for fundamental period of OCBF frames given in Equation 12.8-7 of
ASCE 7-05 leads to a larger period (0.48 sec) in comparison to the actual fundamental period of
the frame obtained from eigenvalue analysis (0.39 sec). Using a larger period (0.48 sec) in
Equation 8-4 leads to an effective yield displacement of 1.0 in. The ultimate displacement for the
fixed base frame was selected base on 20% base shear drop after maximum base shear which is
equal to 2.9 in. roof displacement. The period base ductility for fixed base OCBF frame is
calculated equal to 2.9, which is substantially smaller than the period base ductility of the IMRF

model.
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Figure 8-12 Nonlinear static pushover curve for (a) Fixed base (b) Base isolated OCBF
model

The effective yield displacement for the base isolated OCBF model was calculated as 38 in.
using Equation 8-4. The fundamental period for base-isolated structure is defined as effective
isolation period at MCE level (Ty) which is equal to 3.1. The period-base ductility was
calculated as 1.15 for base-isolated OCBF model. The period-based ductility values obtained for
OCBF model are relatively small due to the brittle behavior of the superstructure after brace

buckling.

215



8.5.2.2. Collapse Assessment Parameters

Once the period-based ductility is calculated, spectral shape factor (SSF) can be calculated using
Equations 8-1 substituting &(T);ecoras = 0 and By =0.063 from Equations 8-2 and 8-3,
respectively. Substituting & = 1.7 and these parameters in Equation 8-1 leads to SSF 1.12 for
base isolated OCBF model. The calculated SSF will be used to adjust median collapse intensity

from incremental dynamic analysis.

The total uncertainty, o1, was calculated using associated uncertainties for: modeling rating of
(B) Good, test data of (B) Good, design requirements of (A) Superior. Record-to-record
uncertainty, Srrr, could be calculated using Equation 8-6 equal to 0.22. In total, for the 3-story
base isolated OCBF model examined in this report, the total collapse uncertainty of 0.37 was

calculated using Equation 8-5.

8.5.2.3. Nonlinear Dynamic Analysis

In this part, the results of incremental dynamic analysis of the 3D base isolated OCBF model are
shown. Full IDA was conducted on base isolated OCBF model with different moat wall
configurations (No moat wall and also with moat wall installed at 20, 25, 30, and 35 in gap
distance) to produce fragility curve for this stiff brittle braced frame. The same far-field ground
motion set used for IMRF model was scaled to match the median spectral acceleration to various
acceleration intensities. IDA curves are plotted in Figure 8-13 for maximum direction of OCBF

model for different moat wall gap distances.
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Figure 8-13 IDA curve for maximum direction of OCBF model and different moat wall
situations
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The IDA curve was developed for maximum direction considering the direction of each ground
motion pair leading to smaller collapse intensity. It can be seen that by adding moat wall and
decreasing the moat wall gap distance leads to flattening the IDA curve showing the fact that
larger drift ratios are obtained at lower intensity scale factors. This figure shows that by
decreasing the moat wall gap distance, more ground motions induce pounding to moat wall at

lower intensities.

For each case, the collapse fragility curve was developed by calculating probability of
exceedance to 2% SDR for a given intensity scale factor. Figure 8-14 shows the fragility curves
for OCBF model for different moat wall configurations. It should be mentioned that these
fragility curves are obtained from IDA results not from procedure proposed in FEMA P695. For
the FEMA P695 Methodology, only median collapse intensity is needed.

It should be noted that since the fragility curves were plotted based on MCE intensity scale
factor, there is no need to divide the intensity at probability of 0.5 by intensity at MCE to
calculate the CMR. The CMR was calculated for each case and reported in Table 8-4.

Table 8-4 Collapse margin ratio for OCBF models

Gap Size (in) Cgiﬁfi Cl}l/\I;}r?g)ln Variance (f3) COH:?;Z@EO?,Z?IMY
Without wall 1.56 0.47 17

35 1.20 0.47 35

30 1.13 0.43 38

25 1.05 0.41 44

20 0.96 0.35 54

The CMR calculated for each case should be multiplied by adjusting factors to include the effect
of 3D analysis (1.2) and also spectral shape of ground motions (1.12) described before. The
adjusted CMR (ACMR) is calculated and modified fragility curves were plotted with corrected

median and Sror equal to 0.37.
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Figure 8-14 Collapse fragility curve for OCBF model from IDA
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Figure 8-15 Adjusted collapse fragility curve for base isolated OCBF model

Figure 8-15 shows the adjusted fragility curve for the base-isolated OCBF model for different
moat wall configurations in the maximum response direction. The probability of collapse at
intensity scale factor of 1 (corresponding to MCE level) is considered as the criterion for
collapse assessment. The acceptable probability of collapse at MCE intensity is equal to 10% for
average of a set of archetypes with maximum of 20% for individual models (outliers). The
probability of collapse for base-isolated OCBF model without moat wall in this study turned out
to be 2.2% which is substantially less than accepted value for average of archetypes. This
verifies the results obtained in Section 7 for OCBF frame, which suggested that the response of

base isolated stiff OCBF frames without moat wall is promising.

Considering pounding to moat wall in base isolated model leads to increasing the probability of
collapse at MCE event. The probability of collapse for different moat wall configuration is listed
in Table 8-5. Decreasing the moat wall gap distance also resulted in increasing the adjusted
collapse probability at MCE event. The probability of collapse for the case that moat wall is
installed at 20 in gap (65% of required displacement by ASCE7-05) distance is ten times as the
probability of collapse for the case without moat wall. The results obtained here for OCBF model
show that the probability of collapse for base isolated OCBF frame with moat wall installed at
required displacement by ASCE 7-05 (30 in gap distance) is greater than the acceptable criterion

of 10%. Increasing the moat wall gap distance to 35 in gap distance (approximately 16%
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increase) resulted in dropping the probability of collapse to 9.6% which is only slightly better
than the acceptable criterion by FEMA P695.

Table 8-5 Adjusted collapse margin ratio for OCBF models

Gap Size (in) Adjusted Collapse Collapse probability

Margin Ratio (ACMR) at MCE (%)
Without wall 2.10 2.2
35 1.62 9.6
30 1.52 12.9
25 1.41 17.6
20 1.29 24.6

8.6. Base Isolated IMRF and OCBF Models Comparison

The Methodology proposed in FEMA P695 was utilized to assess collapse probability of the two
prototype base isolated IMRF and OCBF models. Although both models were designed for the
same location and hazard level, the dynamic properties of the superstructures are significantly
different. The fixed base fundamental period of OCBF frame is 0.39 sec while IMRF model
shows flexible behavior with period of 1.4 sec. The isolation system was designed for
approximately the same period and damping ratio for both systems (3.1 sec and 15% at MCE
level). This leads to period shifting factor of 2.1 and 7.75 for IMRF and OCBF models,
respectively. Larger period shifting is desirable based on base isolated design philosophy.

The IMRF model was designed for a response modification factor of R=/.67 while the OCBF
frame was designed for R=1. This results in maximum base shear coefficient of 0.41 and 0.22 for
IMRF and OCBF model in pushover analysis, respectively. Period based ductility, which is a
parameter representing period elongation in frame at collapse, was calculated to 4.0 and 1.15 for
IMRF and OCBF models, respectively. In general, it can be concluded that OCBF frame shows

stiffer and more brittle behavior in comparison with the IMRF model.

Figure 8-16 shows the ratio of ACMR to acceptable ACMR for 10% probability of collapse for
both models. It can be seen that OCBF model without moat walls shows more conservative
margins in comparison to IMRF model which is slightly higher than accepted ratio. However,
considering moat walls in collapse evaluation analysis changes these margin ratios. Installing the

moat wall at 30 in. gap distance equal to total maximum displacement of base isolated model and
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is minimum required gap distance by ASCE7-05 results in dropping the ACMR for OCBF frame
below the accepted ratio, but it is still slightly over the accepted value for IMRF model. This
verifies that pounding to moat wall at required gap distance by ASCE7-05 results in acceptable
probability of collapse (less than 10%) for flexible and ductile IMRF model. Unlike the IMRF
model, the OCBF frame shows a notable drop in collapse margin ratio because of pounding to
moat wall at 30 in gap distance and requires increasing gap distance to 35 in to have acceptable
collapse probability. Increasing the minimum gap distance for the OCBF model requires extra
caution regarding design of base isolation devices to make sure that isolators can reach to this

displacement without any local failure.

The gap distances below the 30 in. leads to decreasing the collapse margin ratio below the
accepted number. The trend for decreasing of ACMR is similar for both models and shows 20%
drop because of reducing the gap distance to 20 in gap distance (67% of required gap distance by
ASCET7-05).
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Figure 8-16 Ratio of adjusted collapse margin ratio (ACMR) to accepted ACMR for 10%
probability of collapse
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SECTION 9
SUMMARY AND CONCLUSION

A typical base isolated building design requires a clear space in the basement in which the
building is free to move sideways without hitting the surrounding walls. This space is commonly
referred to as the "moat". Structural design codes such as the International Building Code (ICC
2006) and ASCE 7-05 (ASCE 2005) require the minimum moat wall distance equal to maximum
displacement of the base isolated structure under maximum considerable earthquake (Dyu)
although the superstructure is designed for design basis earthquake (DBE). Despite the cautious
regulation for moat wall gap distance, pounding of base isolated building to moat wall has been

reported in previous earthquakes and can be expected for future extreme earthquakes.

The pounding problem between adjacent buildings structures and highway bridge segments has
been a major cause of seismic damage, even collapse, of civil infrastructures during earthquakes
in the past several decades. Pounding incidences between fixed-supported buildings due to
strong earthquakes motivated relevant research, which led to seismic-code reforms in order to
mitigate the risks from poundings of adjacent fixed base structures. However, very limited
research work has been carried out for poundings of seismically isolated buildings, which exhibit

quite different dynamic characteristics from fixed base buildings.

This study investigated the pounding phenomenon in base isolated buildings from both
experimental and analytical perspectives by conducting shake table pounding experiments,
determining effective ways to model impact to moat walls and evaluating the adequacy of code
specified gap distance of moat walls. The goal of this study was to determine the effect of
pounding on the global response of base isolated buildings through conducting realistic
experimental testing and the development of reliable analytical models for moat wall pounding.
For the first time, a series of shake table experiments were conducted on base isolated buildings
against moat walls of various stiffness and set at various distance in order to investigate the
effects on superstructure response. The experimental results led to the development of a new
impact element for moat walls and a comprehensive comparative study of base isolated building

considering pounding to moat walls.
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Two 3-stroy base isolated buildings were designed by professional engineers for studies carried
out as part of the NEES TIPS project. The intermediate moment resistant frame (IMRF) structure
has a fundamental period of 1.4 sec while ordinary concentric braced (OCBF) model is much
stiffer with fundamental period of 0.39 sec under fixed base conditions. By implementing the
seismic isolation system both structural systems experience an increasing of the fundamental
period to 3.1 sec. The total maximum displacement for both base isolated models which are

located at highest seismic zone in the United States, are approximately equal to 30 in.

The base isolated IMRF model was selected for the experimental program due to availability of
scaled members and simplicity in fabrication. The test program consists of shake table testing of
a quarter-scale model representative of the three-story IMRF using the NEES equipment site at
the Structural Engineering and Earthquake Simulation Laboratory (SEESL) at the University at
Buffalo. The principal objective of these experiments was to generate experimental data for base
isolated building pounding a moat wall, specifically the impact force and the superstructure
response. This data is subsequently used to validate the numerical models of structural pounding.
These experiments generated a unique data set on structural pounding including the behavior of a

base isolated building impacting different types of moat wall installed at different gap distance.

The shake table testing occurred in three phases. The first stage examined the response of fixed-
base three-story IMRF model. The data generated in this phase was used to validate a numerical
model of the IMRF and also examined the response of superstructure in the inelastic range. In
the second phase, isolation devices were installed at the base level of the IMRF model and the
response of base isolated model was examined under different levels of ground motion. The third
and last phase of the testing examine the response of the base isolated three-story IMRF
including pounding to a moat wall. For this purpose, different types of moat walls were installed
at various gap distances relative to base level of isolated model and different ground motions
were applied to capture the variation in response with moat wall stiffness and impact velocity.

The conclusions based on experimental observations are as follows:

1. The pounding experiments indicate that the contact forces generated during pounding can

induce yielding in the superstructure and amplify the response acceleration at all stories
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of the building. The response amplification and damage depends on the gap distance,

moat wall properties, and impact velocity.

Acceleration response in the superstructure increased almost uniformly at all stories,
except for the larger amplification at the base level where pounding occurred. The
acceleration amplification captured by instrumentation consisted of rigid body motion
and also internal wave propagation in the steel plates, in addition to potential excitation

of the instrument itself.

Peak story drift ratios increased uniformly at all stories for softer pounding experiments
with more flexible walls or lower impact velocities. As the pounding forces increased,
increased drifts were observed throughout the structure with substantially larger
amplifications in upper floors. Although peak story drift ratios obtained in pounding
experiments shows moderate yielding in the superstructure, larger drifts were observed

for the same structure under fixed base condition.

In a collision between the base level of an isolated structure and a moat wall as observed
in the experiments, contact between two objects consists of two phases: the first local
material indentation phase followed by the second global dynamic response phase. The
contact forces generated are dependent on geometry and material properties at the point
of contact for the first phase and global dynamic characteristic of two objects in the
second phase. Test results show that the response of the isolated superstructure is more
sensitive to the longer duration dynamic global phase, dependent on the properties of the

wall.

To better understand the consequences of impact on the superstructure, a 2 dimensional (2D)

impact element considering moat wall flexibility was proposed based on impact theory and

observations during experimental simulations. It was demonstrated that numerical simulations

using the proposed impact element can capture the dominant characteristics of the contact force

observed in experiments of base isolated buildings impacting various moat wall configurations

including concrete walls with soil backfill and rigid steel walls. The contact force is dependent

on impact velocity, geometry and material properties at the contact surface, as well as the global

dynamic characteristic of the moat wall. The required parameters in this impact element are
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derived based on mechanics-based models considering material properties and geometric
measurements of the experimental setup. The conclusions based on proposed impact element and

comparisons with experimental results are as follows:

5. A new impact element was proposed to simulate the effects of the two impact phases.
The required equations to determine model parameters were derived for a generic moat
wall considering nonlinear response in the moat wall and soil backfill. The numerical
simulation of impact force was validated by comparison to experimental results for

different wall types and gap distances.

6. The experimental and numerical simulation of impact force for different moat wall types
show that soil backfill and formation of a plastic hinge at the moat wall base contribute

significantly towards damping the impact energy.

7. Sensitivity analysis conducted show that the maximum change in superstructure response
is less than 7% due to a 50% change in impact model parameters. These studies
demonstrate that the simplified impact model can provide reasonable results considering

uncertainty in assigning model parameters.

The proposed 2D impact element was extended to a 3D impact element to capture the collision
between the base level of a 3D base isolated building to a moat wall. The response of 3-story
IMRF and OCBF prototype models were examined considering impact to a surrounding moat
wall at the base level by implementing the proposed impact element to finite element models of
the buildings. The effect of pounding to moat wall in both prototype buildings were investigated
by comparing the superstructure response with and without presence of the moat wall under 20
ground motions from the NEES TIPS project scaled to MCE event. This study provided critical
information for the design of base isolated buildings, particularly the moat wall clearance and its

potential effect on the superstructure response.

8. Response of a minimally code-compliant IMRF based isolated structure without
considering pounding to moat walls does not satisfying at MCE event. Large story drift
ratio and yielding occurs in the building at this level of shaking. Pounding to moat walls

worsen this situation for the IMRF model. A more robust design is necessary for this
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10.

model to improve its performance in a rare earthquake. One suggestion in this regard
could be designing a stiffer superstructure which leads to larger period shifting by
considering the base isolation system or decreasing R factor to design for higher base

shear.

Although the response of the isolated OCBF is better compared with the IMRF for the
case without moat walls, wherein the median demands for story drifts are substantially
lower than those of the IMRF, pounding to moat walls makes a significant change in this
behavior resulting in large median SDR with huge dispersions. Brace buckling and
significant inelastic response were observed in all the motions inducing pounding to moat

walls.

It can be concluded that pounding to moat walls worsens the response of both frames in

terms of both acceleration and SDR, although this effect is worse for stift OCBF frame.

A series of collapse studies using the fragility curve concept was conducted for both prototype

models and for various gap distances. The objective of this study was to evaluate the collapse

probability of the base isolated models used in this study and also investigate the effect of moat

wall gap distance on the probability of collapse for base isolated structures. For this purpose the

Methodology presented in FEMA P695 was utilized resulting in following conclusion:

1.

12.

The OCBF model without moat wall shows more conservative collapse probability (2%)
in comparison to the IMRF model (8.1%) which is slightly below the accepted ratio
(10%). Considering moat wall in collapse evaluation analysis changes these margin
ratios. Installing moat wall at 30 in gap distance which is equal to total maximum
displacement of base isolated model and is minimum required gap distance by ASCE7-05
results in increasing the probability of collapse for OCBF frame to 12.9% but it is still
slightly less than the accepted value for the IMRF model (9.7%).

These studies verify that pounding to moat wall at required gap distance by ASCE7-05
result in acceptable probability of collapse for flexible and ductile IMRF model.
However, the OCBF frame shows a notable drop in collapse margin ratio because of
pounding to moat wall at 30 in gap distance and requires a gap distance of 35 in. to have

acceptable collapse probability.
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13. The gap distances below the 30 in lead to decreasing the collapse margin ratio below the
accepted number for both models. The trend for increasing of collapse probability is
similar for both models and shows 20% increase for reducing the gap distance to 20 in

(67% of required gap distance by ASCE7-05).

The present study could be complemented with additional research in the following areas:

e Large scale experimental shake table testing of 3D base isolated buildings to study the
effects of pounding. This testing program should include moat walls in all directions and

at least two horizontal components of ground motion should be applied simultaneously.

e More base isolated archetypes should be examined for pounding to moat walls and
evaluated based on the reference gap distance by ASCE 7-05 and the requirement for
minimum moat wall distance should be modified based on the results obtained in this

study, if necessary.

e The efficacy of pounding reduction devices such as shock absorbers and additional
dampers between superstructure segments needs to be examined using analytical methods

and validated using experimental techniques.
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