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PREFACE

The National Center for Earthquake Engineering Research (NCEER) was established 1o expand
and disseminate knowledge about earthquakes, improve earthquake-resistant design, and imple-
ment seismic hazard mitigation procedures to minimize loss of lives and property. The emphasis
is on structures in the eastern and central United States and lifelines throughout the country that
are found in zones of low, moderate, and high seismicity.

NCEER’s research and implementation plan in years six through ten (1991-1996) comprises four
interlocked elements, as shown in the figure below. Element I, Basic Research, is carried out to
support projects in the Applied Research area. Element 11, Applied Research, is the major focus
of work for years six through ten. Element III, Demonstration Projects, have been planned to
support Applied Research projects, and will be either case studies or regional studies. Element

IV, Implementation, will result from activity in the four Applied Research projects, and from
Demonstration Projects.

ELEMENTI ELEMENT NI ELEMENT i
BASIC RESEARCH APPLIED RESEARCH DEMONSTRATION PROJECTS
+ Selsmic hazard and - The Buliding Project Case Studies
ground motion - Active and hybrid control
« The Nonstructural » Hospital and data processing
+ Solls and geotechnical Componenis Project faciities
engineering - Short and medium span
- The Lifelines Project bridges
+ Structuras and systems o . Waler :I.w'?d 'g.”;"' hl
. + The Bridge Project Memphis a n Franclisco
Risk and reliabliity Ragional Studies
s New York City
- Protective and
Intelligent systems +» Mississippl Valley

- San Francisco Bay Area
« Sociletal and economic

s o1l g

IMPLEMENTATION

+ Conferences/Workshope

+ Education/Training courees
« Publications

+ Public Awarensss

Research in the Building Project focuses on the evaluation and retrofit of buildings in regions of
moderate seismicity. Emphasis is on lightly reinforced concrete buildings, steel semi-ngid
frames, and masonry walls or infills. The rescarch involves small- and medium-scale shake table
tests and full-scale component tests at several institutions. In a parallel effort, analytical models
and computer programs are being developed to aid in the prediction of the response of these
buildings to various types of ground motion.



Two of the short-term products of the Building Project will be a monograph on the evaluation of
lightly reinforced concrete buildings and a state-of-the-art report on unreinforced masonry.

The structures and systems program constitutes one of the important areas of research in the
Building Project. Current tasks include the following:

1. Continued testing of lightly reinforced concrete external joints.

2. Continued development of analytical tools, such as sysiem identification, idealization,

and computer programs.

Perform parametric studies of building response.

Rewrofit of lightly reinforced concrete frames, flat plates and unreinforced masonry.

Enhancement of the IDARC (inclastic damage analysis of reinforced concrete) computer

program.

6. Research infilled frames, including the development of an experimental program, devel-
opment of analytical models and response simulation.

7. Investigate the torsional response of symmetrical buildings.

“ohw

One of the key accomplishments in the development of evaluation methods for existing buildings
was the design and shake-table testing of three-story gravity-load designed buildings at the
University at Buffalo and at Cornell University. These tests followed extensive preparatory full
and reduced-scale componeni tests and the development of computer models.

This is the third in a series of three reports summarizing the test program at the University at
Buffalo. The results of the shaking table tests of the building model and extensive analytical
studies are reported. The behavior of the building mode! under a series of increasingly higher
level ground motions is described. Particular attention is paid to the damage levels and the drif
levels for a building not designed for lateral loads.
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ABSTRACT

This report is Part III of a three-part series prepared for a comprehensive Evaluation of typical
gravity load designed low-rise reinforced concrete frame buildings (lightly reinforced concrete
structures) for seismic adequacy. The study was done at State University of New York at Buffalo
- Earthquake Simulation Laboratory on a 1:3 scale building model designed for gravity loads
only. No considerations were made for seismic resistance and the general non-seismic detailing
provisions of ACI-318-89 were used for the design. The one-third scale three story model,
one-bay by three-bay, of atypical office building was constructed to represent the critical interior
bay of a prototype structure.

Part ! of the Evaluation Series presented the design objectives, geometric dimensions, material
strengths and initial dynamic properties of the model building, along with the simulated base
motions, so that analytical models could be developed and used to predict the inelastic response
of the model building during more severe earthquakes. The initial vibration tcsts and the respouise
from aminor earthquake were presented to enable analytical structural modeling and verification
of elastic response.

Components of structure, ie., structural subassemblages of columns, column-to- beam joints
and column-beam-slabs models were constructed from the same materials as the structural
model and at same scale. These components were tested with cyclic loading to failure to
determine their structural parameters and vltimate limits. The results of components study were
the subject of Part II of the Evaluation Series.

A series of varying intensity simulated ground motion tests were performed on the one-third
scale building model using scaled accelerograris on the shaking table to represent minor,
moderate, and severe carthquakes. The dynamic characteristics of the model after cach seismic
event were identified from white noise shaking table tests. The results of this experimental
investigation are presented in this report (Part IT1 of the Evaluation series).

Analytical models were developed to predict and interpret seismic respense of the building
model based on identified member propertics from enginecring approximations, component
tests, and an experimental response fit. It is shown in this report that the response predictions
based on integrating the behavior from component tests (presented in Part IT of these report
series) provide adequate correlation of the seismic structural response behavior, emphasizing
the importance of such component testing. A damage evaluation of the building model was

v



performed anaytically to assess structural integrity after the induced ground motions in terms
of damage states. A modificd damage modei was proposed to incorporate the additional damage
from P-delta effects in columns. The results of the analytical evaluations are presented in this
report.

Itis shown in this report series that gravity load designed structures have some inherent strength
for resisting seismic forces. However a weak column - strong beam behavior was evident in
the experimental response and large story drifts, beyond 2% of the story height (exceeding
current code recommended limits), may develop during strong carthquakes.
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SECTION 1

INTRODUCTION

1.1 Background

The study presented herein is part of a comprehensive research program sponsored by the
National Center for Earthquake Engineering Research (NCEER) on the seismic damage
assessment and performance evaluation of buildings in zones of low seismicity, such as in the
Eastern and Central United States. Buildings in such zones are typically designed only for
gravity loads (U =1 4D+ 1.7L, herein referred to as GLD) according to the non-seismic detailing
provisions of the code. These building are also termed lightly reinforced concrete (LRC)
structures throughout this study. Although such structures are designed without consideration
of lateral loads, they still possess an inherent lateral strength which may be capable of resisting
some minor and moderate earthquakes. However the deficient detailing of members can lead
to inadequate structural performance during seismic activity.

Two main parts from the current study (i) a seismic performance Evaluation of gravity load
designed R/C Frame Buildings and (ii) an evaluation of seismic Retrofit of R/C frame s.ructures.
The first part will be mentioned as Evaluation and the second as Retrofit.

A research program on the Evaluation of the seismic performance of gravity load designed
R/C frame buildings was developed and carried out according to the plan outlined in Fig. 1-1.

Based on a survey of typical building construction practices in the Eastern and Central United
States (Lao, 1990 and El-Antar et al., 1991a and 1991b), a one-third scale model was constructed
and tested on the shaking table in the State University of New York (SUNY) at Buffalo
Earthquake Simulation Laboratory. The prototype design, model construction and similitude,
initial dynamic characteristics, shaking table testing program along with the simulated ground
motions, and the elastic response of the model from minor base motions are presented in Part
I of the Evaluation Report Series (Bracci et al 1992a). Based on this report, analytical models

can be developed and used to predict the inelastic response of the model building during more
severe carthquakes.
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Companion reduced scale slat-heam-column subassemblages were also constructed with the
same materials in conjunction with the construction of the one-third scale model building are
presented in Pari I1 of the Evaluation Report Series (Aycardi et al., 1992). The components
were tested under guasi-static reversed cyclic loading and conducted prior to the testing of the
model building. The results of the component tests were used to identify the behavior of localized
members and subassemblages of the structure and the member properties for predicting the
overall rexpanse of the model building with analytical tools.

The experimental and analytical performance of the model building during moderate and severe
shaking 1s presented in Part 111 of the Evaluation Report Series (this report). The analytical
predictions of the model huilding during these earthquakes are presented based on member
cchavior developed from engineering approximations and component tests. Some of the
conclusions of the evaluaticn study are that the response of the model is governed by weak
column - strong beam behavior and large story drifts develop under moderate and severe
earthyuakes. A one-eighth scale model of the same prototype building was also constructed
and tested at Cornell University by El-Attar et al. (1991h) as part of a callaborative study with
SUNY/Buffalo. A comparison of the response behavior between the two scale models is also
presenied.

A second part of this research program was conducted to evaluate various seismic retrofit
techniques for R/C frame structures typically constructed in low seismicity zones (see
Fig. 1-1). Based on the seismic behavior of the one-third scale model from the previous study,
a series of retrofit schemes were proposed for improved seismic resistance and presented in Part
11 of the Retrofit Report Series (Bracci et al, 1992b).

In Part [ of the Retrofit Report Series (Choudhuri et al., 1992) of this research program, acapacity
analysis and redesign method for seismic retrofitting of R/C structures is developed and tested.
Retrofit using an improved concrete jacketing technique was selected and first performed on
companion components. The retrofitted components were then tested under quasi-static
reversed cyclic loading and used to identify the behavior of the individual members. Retrofit
of the components was also performed to verify the constructability of the retrofit technique for
the model building.

The work done in Part | of the Retrofit Report Series is used as base to evaluate and model the
member properties of the beam column components with the concrete jacketing technique and
is used further for predicting the response of the overall retrofitted model building with analyses
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presented in Part II of the Retrofit Report Series (Bracci et al, 1992b). Based on analytical
estimates, a global seismic retrofit for the one-third scale model building was proposed and
constructed. Anexperimental and analytical shaking table study of the retrofitted model building
was then conducted and the response behavior is presented. The main conclusions from this
study are that seismic retrofit of gravity load designed R/C frame buildings: (i) can be designed
to successfully enforce a strong column - weak beamn behavior; and (ii) is a viable economic

and structural alternative as compared to demolition and reconstruction of another.
1.2 Overall Objectives of Research Program

The cbjectives of the overall research program are sumrarized below along with the corre-
sponding NCEER publications from Table 1-1:

1. Investigate the performance and principal deficiencies of typical LRC frame
buildings during earthquakes through shaking table testing of a one-third scale
model under minor, moderate, and severe earthquakes. (Seismic Resistance of R/C
Frame Structures Designed only for Gravity Loads: Parts [ and lli, Evaluation
report series, by J.M. Bracci, A.M. Reinhom. and J.B. Mander)

2. Identfy the potential collapse mechanisms for typical LRC frame buildings.
(Seismic Resistance of R/C Frame Structures Designed only for Gravity Loads:
Part 11, Evaluation report series, by J.M. Bracci, A.M. Reinhorn, and J.B. Mander)

3. Determine the behavior and material properties of individual members and sub-
assemblages of the structure. (Seismic Resistance of R/C Frame Structures
Designed only for Gravity Loads: Partll, Evaluation report series, by L.E. Aycardi,
J.B. Mander, and A.M. Reinhomn)

4. Determine the contribution of components in the overall response of the structure
near collapse. (Seismic Resistance of R/C Frame Structures Designed only for
Gravity Loads: Parts Il and T, Evaluation report serics, by J.M. Bracci, L.E.
Aycardi, A M. Reinhomn, and J.B. Mander)

5. Compare the measured response of the model building with that predicted by
analytical models developed from engineering approximations or from component
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10.

tests using a non-linear time history dynamic analysis. (Seismic Resistance of R/C
Frame Structures Designed only for Gravity Loads: Part 111, Evaluation report
series, by .M. Bracci, A.M. Reinhom, and J.B. Mander)

Investigate appropriate local and global retrofit techniques for improving the
seismic performance of LRC buildings. (Evaluation of Seismic Retrofit of R/C
Frame Structures: Part 1, Retrofit report series, by J.M. Bracci, A M. Reinhomn,
and J.B. Mander)

. Investigate the seismic performance of the retrofitted model building and compare

the measured response with the response of the original (unretrofitted) model from
the same earthquakes. (Evaluation of Seismic Retrofit of R/C Frame Structures:
Part I1, Retrofit report series, by J.M. Bracci, A.M. Reinhorn, and J.B. Mander)

Determine the behavior and material properties of the retrofitted members and
subassemblages of the structure. (Evaluation of Seismic Retrofit of R/C Frame
Structures: Part I, Retrofit report series, by D. Choudhun, J.B. Mander, and A. M.
Reinhom)

Determine the contribution of retrofitted and unretrofitted components in the
overall response of the structure near collapse. (Evaluation of Seismic Retrofit of
R/C Frame Structures: Part I, Retrofit report series, by D. Choudhuri, J.B. Mander,
and A.M. Reinhom)

Compare the measured response of the retrofitted model building with that pre-
dicted by analytical models developed from engineering approximations or from
component tests using a non-linear time history dynamic analysis. (Evaluation of
Seismic Retrofit of R/C Frame Structures: Part II, Retrofit report series, by J.M.
Bracci, A.M. Reinhorn, and J.B. Mander)
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TABLE 1-1 NCEER Publicaiions Summarizing Current Study

EVALUATION SERIES: I

Seismic Resistance of R/C Frame Structures Designed only for Gravity Loads

Part I: Design and Properties of a One-Third Scale Model Structure
(by 1. M. Bracci, A.M. Reinhorn, and J.B. Mander), NCEER-92-0027

(17 Identificauon of deficiencies of current engineering practice.
(11} Scale modeling.
(it} Experimental identfication of structural characterisucs.
(tivl Ground motions for structural evaluation and experimental program
Note: This report serves as bare material for evaluation of analytical tools.

Part II: Experimenta!l Performance of Subassemblages
{(by L.E. Aycardi, J.B. Mander. and A.M. Reinhorn), NCEER-92-0028

{1} ldenufy behavior and deficiencies of vanous components in structures.
(ii) Identify member characteristics for developing analytical models to predict the seismic response
of the one-third scale model structure
Note: This report serves as evaluation of structural characteristics to be incorporated in the evaluation
of the entire structural system.

Part 111: Experimental Performance and Analytical Study of Structural Model
(by J.M. Bracci. A.M. Reinhor. and J.B. Mander), NCEER-92-0029

(1) Investigate the performance and principal deficiencies of typical gravity load designed frame
buildings during earthquakes through shaking table testing of a one-third scale model under
minor, moderate and severe earthquakes.

(ii) Identify the potential collapse mechanisms for such typical frame buildings.

(iii) Compare the measured response of the model building with that predicted by analytical models
developed from (1) engineering approximations. (2) component tests. and (3) an experimental
fit using a non-lincar ttme history dynamic analysis.

Note: This report emphasizes the structural behavior. collapse margins via damage. and efficiency of
predictions using component properties evaluated from tests.

RETROFIT SERIES:
Evaluation of Seismic Retrofit of R/C Frame Structures

Part I: Experimental Performance of Retrofitted Subassemblages
{by D. Choudhun, J.B. Mander, and A.M. Reinhom), NCEER-92-0030

(i) Presentation of retrofit techniques.
{it) ldentify constructability and behavior of retrofitted components.
(iii) Identify retrofitted member characteristics for developing analytical models to predict seismic
response of the retrofitted model building.

Part I1: Experimental Performance and Analytical Study of Retrofitted Structural Model
(by J.M. Bracci, A.M. Reinhomn, and J.B. Mander), NCEER-92-0031

(1) An analytical seismic evaluation of retrofitted gravity load designed frame buildings using
vanous local and global retrofit techniques.

(1) Shaking table testing of one of the proposed retrofit techniques on the 1/3 scale model under
minor, moderate, and severe earthquakes.

(iii) Verify a change in formation of the potential collapse mechanism under ultimate load from an

undesirable column-sidesway/soft-story mechanism to a more desirable beam-sidesway
mechanism.

(iv} Compare the measured response of the retrofitied model building with that predicred by analytical
models developed from enginecring approximations and component tests using a non-lincar

time histoz dznamic analzsis‘ ]
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1.3 Scope of this Report

The intentions of this report are to identify: (i) the structural behavior during seismic activity:
(1) the safety margin betore collapse based on damage evaluation and (iii) the adequacy of
predictions of response using component properties evaluated from tests.

Section 2 details the response of the model from tests with moderate and severe earthquake
motions. A corresponding damage evaluation and identification of the ensuing dynamic
characteristics of the model is provided. The maximum story response and dynamic charac-
teristic history of the model from the minor, moderate, and severe earthquakes is summarized.
Finally, the concluding remarks on the seismic excitation of typical LRC buildings are outlined.

Section 3 presents the analytical models developed for predicting the seismic response of the
model and the comparison with the experimentally measured response. The member and overall
structural damage from the earthquakes is analytically quantified in terms of damage indices.
Identification of the critical earthquake and collapse patterns for the model are also made
analytically. A modified damage index is proposed to incorporate the additional damage from
the P-delta effect in columns. Finally, an clastic analysis is used to help identify the response
reduction factors of the inelastic response.

Section 4 presents a summary and conclusions of the third and final phase of the evaluation
study.

1.4 Summary of Structural Behavior During Minor Base Motions

The global and local response of the model building during the minor carthquake (Taft N21E,
PGA 0.05g) was presented in Part | of the Evaluation report series (Bracci et al, 1992a). It was
shown that the response of the model was primarily governed by clastic deformations. However
some slight cracking was observed in some of the columns. The white noise identification test
showed that only slight changes of natural frequencies and story stiffnesses resulted form the
minor base motion. Therefore, it was concluded that aithough the gravity load designed buildings
are not designed for lateral forces, the inherent lateral strength and flexibility of such buildings
are sufficient to resist the forces of very minor earthquakes.
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SECTION 2

INELASTIC RESPONSE DURING MODERATE AND
SEVERE SHAKING

2.1 Introduction

The structural response for the one-third scale three story model tested on the shaking table for
dynamic characteristic identifications and under a minor (low level carthquake) base excitation
(TFT_05) was presented by Bracci et al. (1992a). It was shown that the response was primarily
governed by clastic deformations with little energy dissipated by each story.

In this section, 2 moderate base motion, the Taft N21E accelerogram with the peak ground
acceleration (PGA) scaled to 0.20 g, is first used for expected large story drifts and inelastic
deformations inthe model. The structural response, the damage evaluation, and the identification
of the cnsuing dynamic characteristics of the model are preseated.

A more severe shaking is subsequently used (Taft N21E accelerogram with the PGA scaled to
0.30 g) to create further inelastic structural behavior and to identify the potential dynamic
collapse mechanism for the model. Likewise, the response results, damage evaluation, and
ensuing dynamic characteristics of the model are presented.

2.2 Response to Moderate Earthquake

Following the identification tests for determining the current dynamic properties and stiffness
matrix of the model (WHN_C and WHN_D), a moderate table motion, the Taft N21E accel-
erogram component normalized for a PGA of 0.20 g, was used to excite the model (herein
referred to as TFT_20). Figs. 2-1a and 2-1b show the desired and achieved shaking table
acceleration motions for TFT_20. Fig. 2-1c shows a short segment of the desired and achieved
shaking table motions, from which a high degree of similarity exists.

2.2.1 Global Response

Fig. 2-2 shows the story displacement time histories of the model for shaking table test TFT_20.
Figs. 2-3¢ and 2-3b show the shear force time histories identified from the load cells in the first
and sccond story columns. Since load cells are not installed in the third story columns, the third



maximum response magnitudes exist between the tests. Scme explanations arc due to: (i) the
different inertial mass and natural frequencies; (ii) the different Taft component of base motion;
and {iii) the different material properties.

TABLE 2-1 Maximum Response for Moderate Earthquake TFT_20

Story Max. Story Max. Inter- Max. Story Max. Story Peak Story
Displacement | Story Drift Shear Load Acceieration
(in.) (%) (kips) (kips) (g)
Third 1.32 0.54 56 5.6 0.20
Second 1.14 1.07 93 57 0.20
First 0.64 1.33 12.3 (15.2%W) 7.8 0.25

Fig. 2-6 shows the story shear force versus inter-story drift histories for cach floor of the model
for TFT_20, along with the low amplitude initial stiffnesses from the previous white noise
excitation (WHN_D). The post-cracking/-yielding story stiffness ‘herein referred to as the
secondary stiffness) is also identified for TFT_20 as 16.5 kip/in and 15.6 kip/in for first and
second floors, respectively. Since the third story remains primarily elastic, the third story
secondary stiffness can not be identified from this intensity motion. A comparison of the
resulting secondary stiffnesses from the severe ground motion will be pursued to detect any
changes due to continued inelastic deformation and strength deterioration in the members of
that story. It can be observed from Fig. 2-6 that considerable inelastic behavior and
corresponding stiffness reductions has primarily occurred to the first and second stories from
TFT_20. It should be noted that story shear force versus inter-story drift histories corresponds
to the response of the story as a whole. Therefore, although inelastic deformations can be
observed, the location of such damage can not be distinguished, but will be identified later
through the local response.

Fig. 2-7 shows the energy time histories for TFT_20. The total input energy to the structural
system is 24.0 kip-in, which is about 14 times greater than the input energy from TFT_05 (1.7
kip-in). The percentage ratio of the dissipated hysteretic and viscous damped energies by each
floor with respect to the total structural energy dissipation is 53.2% :33.2% : 13.6%, respectively
for the first, second, and third stories. It should be noted that although the hysteretic and viscons
damped energies can not be identified separately since damping is included in the experimental
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recordings of the story shears, a majority of the dissipated energics occurs due to inelastic
deformations or hysteresis in the stories. This is speculated based on the small equivalent viscous
damping present and the large quantity of dissipated energies.

2.2.2 Local Response

The internal forces in the column and beams, member sections designated in Fig 2-8, ware
measured during the moderate shaking and are presented in the following discussions.

Fig. 2-9 shows the inc"iced shear forces on the exterior and interior first story columns (base
shear) for table motion TFT_20. It can be observed that the shear force demands in the interior
columns are similar and are larger than the exterior columns. Also note that the exterior columns
attract higher shear forces when the axial force increases. Thus the resulting shear force demands
in the exterior columns with greater axial force are about 75% of interior column shear force
demands, while the exterior columns with less axial force are about 50%.

Fig. 2-10 shows the bending moment versus axial load interaction histories for the columns of
the first and second stories. The cracking, nominal ultimate, and projected dynamic ultimate
surfaces were presented in Pan I of the Evaluation series (Bracci et al, 1992a). It can be observed
that the bending moment versus axial load interaction histories in the columns extend well
beyondthe cracking surface and in some cases beyond the nominal ultimate bounds. Forcolumns
#3 and #4 (first floor south-east columns}), the moment-axial load interaction extends to the
projected dynamic ultimate surface. This extension occurs on the "large pulse" and then remains
within the nominal ultimate bounds. Therefore, it is concluded that large inelastic deformations
and yielding of first and second story column members has occurred for TFT_20, especially
during the "large pulse”. Also axial loads variations exist in the exterior columns (observed by
the slope in the interaction history) with very little fluctuation occurring in the interior columns.

Figs. 2-11a and 2-11b show the first story beam bending moment time histories in the south
and north sides of the model at the column face along with the ultimate moment surfaces. The
ultimate surfaces for the beams were presented in Part I of the Evaluation series (Bracci et al,
(1992a) and considered strength contributions from the slab reinforcement within the flange
width from the ACI Code (18 in.) and also within the full slab width (60 in.). It can be observed
that the positive moment demand (plotied negative) in exterior beam section Exbm151 exceeds
the nominal ultimate bounds which considers the pull-out effect of the positive longitudinal
reinforcement, while ‘he others remain within this surface. Note that the positive nominal
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ultimate surfaces without pull-out considerations are shown for representation but can be dis-
carded since the required dev  >ment lengths of the bottom rebars are not provided for full
strength. Also the negative moment demands (plotted positive) in several of the beams exceed
the nominal uitimate surface which considers the slab steel within the ACI flange width. But
since larger contributions of slab steel remain throughout the slab, the members are well within
the ultimate bounds.

Fig. 2-12 shows the bending moment versus cortected curvatures for the instrumented members
of the first floor north-east exterior and interior joints at the column and beam faces along with
the member moment capacities. Yielding and inelastic behavior can be observed in the columns
and in exterior beam section Exbm151 (positive pull-out moment direction}. The full positive
moment capacity, considering the pull-out effect, is achieved and yielding has occurred.
However, pull-out of the bottom beam reinforcement is not evident since the bending moment
strength has not deteriorated and large curvatures do not develop. Note that the inelastic behavior
in the columns would be more appreciable on the south-east side of the model. This can be
observed in Fig. 2-10a where the interaction histories for columns #3 and #4 extend to the
projected dynamic ultimate surface, whereas the interaction histories for columns #1 and #2
remain within the projected dynamic ultimate surface. The interior beam sections, Exbm152
and Exbm153, remain primarily elastic. Therefore as expected, the slab steel from the full slab
width has significant contribution to the beam moment capacity. In conclusion, yieiding has
occurred in the columns and in section Exbm151.

The bending moment diagrams for the model when the first story drift was maximum in each
direction, along with the corresponding story displacements and nominal moment capacities,
are shown in Fig. 2-13. It can be observed that most of the column moments in the first and
second stories have reached the nominal ultimate capacities. Only the exterior columns away
from the direction in which the structure was moving (at that instant in time) remain below
nominal capacity. Thus a complete column-sidesway or soft-story failure mechanism did not
develop at this instant in time.

The observed visual structural damage to the scaled model due to the TFT_20 shaking table
test is shown in Fig. 2-14. The following points highlight the observed structural damage which
are typical for the east and west frames of the model:
(a) flexural cracks appeared in the splice zone of the first and second story, interior
and exterior columns near the location of the transverse hoop reinforcement;
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(b) flexural cracks appeared in the columns at the underside of the first and second
story longitudinal beams and above the first story slab;

(c) vertical flexural cracks appeared in the web of the exterior longitudinal beams
(sections Exom151 and Exbm481 of the first and second stories) near the location
of the transverse beam reinforcement;

(d) exterior columns cracked at the construction joint fully aroend the columus and at
the beam-column joint intersections.

Fig. 2-15 shows the damage state (potential dynamic collapse mechanism) of the model after
TFT_20. It can be observed that yielding has occurred in the first and second story celumns.
Some yielding in the beams alsc occurs during the "large pulse”, especially in the pull-out
moment direction forbeam section Exbm151. Therefore, the development of acolumn-sidesway
or soft-story collapse mechanism is expected to occur under ultimate loading.

2.3 Dynamic Properties after Moderate Shaking

The identification of the ensuing dynamic properties after TFT_20 are determined from the
white noise excitation label as WHN_E. Fig. 2-16 shows the story transfer functions for each
floor of the model. Inelastic response from a stick-slip type condition can be observed by the
excitation of many frequencies near the medes of vibration. To filter these high frequencies,
the signal of the story transfer functions are smoothed using a moving average of three digital
points and are shown in Fig. 2-17. Since small damping and well separated modes can be
observed, the average natural frequencies after TFT_20 are identified as follows and tabulated
in Table 2-2:

1.42
f =|437| Hz. (2.1)
6.18

It can be observed from Table 2-2 that the modal natural frequency reductions of 17.0%, 16.3%,

and 15.6%, respectively occurred due to the TFT_20 test. These reductions correspond to
inelastic deterioration and are considerably larger than that after TFT_05.
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The modal shapes and participation factors after test TFT_20 are also identified from the story
transfer functions of test WHN_E and tabulated in Table 2-2. Slightly varying modal shapes
and participation factors can be observed before (WHN_D) and after (WHN_E) test TFT_ 20.
This can be attributed to the inelastic behavior of the mode! from the moderate excitation.

The equivalent viscous damping factors are determined from the transfer functions (see Part I,
Bracci et al., 1992a) as 6.6%, 5.6%, and 2.8%, respectively. A large variation can be observed
in comparing the damping factors before and after TFT_20 from Table 2-2. Again since the
model experienced inelastic deformations from test TFT_20, large equivalent viscous damping
has occurred due to the contributions from hysteretic damping. Therefore, non-linear damping

charactenstics occur from the inelastic deformations.

The updated stiffness matnx of the model is developed using the dynamic characteristics of
white noise excitation WHN_E (see Part I, Bracci et al., 1992a) and shown in Table 2-2. Itcan
be observed that the sum of the diagonal terms of the stiffiiess matrix is reduced by an additional
29.2% after the TFT_20 test or 36.7% of the undamaged model (WHN_B). Stury stiffness
reductions of 41.7%, 30.5%, and 20.7%, respectively for the first, second, and third stories,
have resulted from TFT_20.

Fig. 2- 18 shows the story sheur versus inter-story drift histories for WHN_E. The low amplitude
initial stiffnesses after TFT_20 (WHN_E) are tabulated in Table 2-3 along with the results of
WHN_B and WHN_D. It can be observed that the stiffnesses are reduced by an additional
30.6%, 33.2%, and 29.0% or 33.6%. 38.0%, and 40.0% of the original stiffnesses from WHN_B,
respectively for the first, second, and third floors. Notc that the average of iese reductions is
similar to the reductions found in the stiffness matrix in Table 2-2.

To obtain the first mode natural frequency identified from WHN_E arter the TFT_20 base
motion (1.42 Hz.), by analysis, the member stiffness properties used in STAAD™ were:

(EDpemsee = 0.358 (EI), 2.2)
where (ED memne: is the reduced beam or column member stiffness based on the respective
gross member area.
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Note these reduced member stiffnesses are 31.2% less than the stiffnesses used after TFT_05
and 37.6% less than the undamaged state. The analytical prediction of the natural frequencies,
modal shapes, and stiffness matrix of the model after TFT_20based on input member properties
in STAAD [Eq. (2.2)] are shown in Table 2-4 along with the results from WHN_E. It can be
observed that the first mode natural frequency and modal shape matrices are comparable with
the identified results from WHN_E. But note that slight deviations occur in the second and
third mode natural frequencies. Also a 0.3% deviation is observed in the sum of the diagonal
terms of the identified stiffness matrix and comparable story stiffnesses are observed. Therefore
an accurate prediction of the stiffness matrix is achieved when the first mode natural frequency
15 duplicated in STAAD.

TABLE 2-2 Dynamic Properties and Stiffness Matrix before and after Moderate Shaking

WHN_D (before) WHN_E (after)
Natural 1.71 (1.42
Frequencies f, =522 f =(4.37
(Hz.) 7.32 6.18
Modal (100 -088 —040 100 -095 -045
Shapes ®,=1079 038 1.00 ¢, =|083 055 1.00
041 100 -086 043 1.00 -0.78
Modal 0.43 044
Participation r = 013 r=| 011
Faclors - 005 - 005
Damping 4.0 6.6 '
Ratios £ =(29 E =561
(%) 1.3 2.3/
Stiffness 46 -458 -27 364 -363 -10
Matrix K, =|-458 928 -449 K, =|-363 676 -31.2
(kip/in) -27 -449 94 -1.0 =312 599
Story 458 36.3
Stiffnesses k =449 k =|312
(kip/in) 49.2 287
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TABLE 2-3 Low Amplitude Initial Stiftnesses from the Shear versus Inter-Story Drift

Histories
| Story WHN_B WHN_D WHN_E
(kip/in) (kip/in) (kipfin)
Third 40.0 338 240
Second 424 394 26.3
First 51.2 490 340

TABLE 2-4 Analytical and Experimental Comparison of the Dynamic Properties

Experimental (WHN_E) Analytical [STAAD (0.358 (EI),)]
Natural 1.42 1.42
Frequencies f =437 f =414
(Hz.) 6.18 6.32
Modal 106 -095 -045 1.00 -081 -043
Shapes ®,={083 055 1.00 ®, =078 053 1.00
043 100 -0.78 040 100 -088
Stiffness 364 -363 =10 296 -323 28
Matrix K,=|-363 616 -313 K, ={-323 651 -356
(kip/in) -1.0 -313 599 28 —356 686
Story 36.3 323
Stiffnesses k, =|31.2 k, =|35.6
(kip/in) 28.7 33.0
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FIG. 2-18 Story Shear versus Inter-Story Drift Histories for WHN_E
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2.4 Response to Severe Earthquake

A severe table motion, the Taft N21E accelerogram scaled for a peak ground acceleration PGA
of 0.30 g, was used subsequently to excite the model (herein referred to as TFT_30). Figs. 2-19a
and 2-19b show the desired and achieved shaking table acceleration motions for TFT_30. Fig.
2-19¢ shows a short segment of the desired and achieved shaking table motions, which indicate
good reproduction of the original earthquake.

2.4.1 Global Response

Fig. 2-20 shows the story displacement time histories of the model for test TFT_20. Fig. 2-21
shows the story shear force time histories identified from the load cells and the third story level
accelerometers. Figs. 2-22a and 2-22b show a magnified overlayed portion of the story dis-
placements and shear forces, respectively. Initially, both the story displacements and shear
forces are observed to be moving primarily in phase, including the “large pulse". Then
out-of-phase actions, resembling the second mode of vibration, can be observed. Figs. 2-23a
and 2-23b show the story displacements and shear forces when the maximum first story dnft
occurred. The shape of the magnitudes of the story displacements at this point in time resembles
the shape caused by the first mode cf vibration of the model. However, the magnitude of the
second story shear force is comparable withthe first story shear at this instant of time. Therefore,
it is concluded that the structural response 1s initially governed by the first mode of vibration
for the TFT_ 30 test, followed by contributions from the higher modes (mostly the second mode).

From Fig. 2-20, it can also be observed that a slight permanent second story displacement has
occurred due to the TFT_30 test. The displacement of the third story is an offset caused by the
permanent displacement of the second floor.

Table 2-5 summarizes the maximum story displacements, inter-story drifts, story shear forces,
story loads, and peak story accelerations for each floor of the model for TFT_30. It can be
observed that the maximum inter-story drifts for the first and second stories are 2.03% and
2.24%, with the larger drift occurring at the second floor. The base shear force demand (12.4
kips}is 15.3% of the total structural weight and is only increased slightly as compared to TFT_20
(12.3 kips). Therefore a response reduction occurred due to inelastic behavior (quantified in
Section 3). Also the maximum story shear force for the second floor is comparable with that
of the first floor and is increased by about 25% as compared to TFT_20 (9.3 kips). Therefore,
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from larger inter-story drifts and shear force demands, severe damage is expected on the second
floor for this base motion. Also note from Table 2-5 that there are little story level acceleration
reductions. This 15 due to the inelastic behavior of the model under such table motions.

El-Attar et al. (1991), for the Taft S69E motion at a PGA of 0.35 g, observed maximum first
and second story drifts of 2.63% and 1.94% of the story height and a base shear demand of 9.4%
of the total structural weight [or 12.11% based on the weight proportions with this study (see
Section 2.2.1)]. Some deviations in the response magnitudes can be obscrved and also note that

the first story was critical in his test.

TABLE 2-5 Maximum Response for Severe Earthquake TFT_30

Pt
Story Max. Story Max. Inter- Max. Story Max. Story Peak Story
Displacement | Story Drift Shear Load Acceleration
(in.) (%} (kips) (kips) (8)
Third 235 0.89 7.1 7.1 0.25
Second 2.05 2.24 11.6 74 0.22
First 0.97 203 12.4 (15.3%W) 94 0.29

Fig. 2-24 shows the story shear force versus the inter-story drift histories for each floor of the
model for test TFT_30. It can be observed that a considerable amount of inelastic deformations
occurs in all stories from the severe table motion TFT_30, especially on the first and second
stories during the "large pulse”. The secondary stiffnesses are identified on the first and second
stories as 11.3 kip/in and 10.2 kip/in, respectively. This corrcsponds to secondary stiffness
degradations of 31.5% and 34.6%, respectively for the first and second stories as compared to
TFT_20. Therefore, the inelastic properties of the R/C members degrade as a result of continued
inelastic deformations (history dependent), as expected.

Fig. 2-25 shows the energy time histories for TFT_30. The total input energy to the model is
34.4 kip-in, which is about 20 times and 1.4 times greater than the input energy from TFT_05
and TFT_20, respectively. The percentage ratio of the dissipated energies by each floor with
respect to the total structural energy dissipation is 41.5% : 42.6% : 15.9%, respectively for the
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first, second, and third stories. In comparison with TFT_20, the percentage ratio was 53.2% :

33.2% : 13.6%, respectively. Therefore, a larger amount of dissipated energy is absorbed by
the second floor from TFT_30.

2.4.2 Local Response

Fig. 2-26 shows the induced shear forces on the exterior and interior first story columns (base
shear) for table motion TFT_30. It can be observed that the shears in the interior columns are
larger than the exterior columns. However, at the "large pulse”, the shear force demand in the
extetior columin in the direction of motion (colurnn #4 with greater axial force) is comparable
with the interior columns. This implies that the interior columns have reached capacity and the
additional shear is absorbed by the exterior columns. However the shear in the exterior columns
with less axial force are about 50% of the interior column shears. Note that the exterior columns
also attract higher shear forces throughout the time history when the axial force increases.

Fig. 2-27 shows the bending moment versus axial load interaction diagrams for the columns of
the first and second stories. It can be observed that the actual interaction histories in the columns
during the test extend beyond the nominal ultimate bounds. For columns #3, #4, #7, and #8
{first and second floor south-east columns), the moment-axial interactions extend beyond the
projected dynamic ultimate surface. This extension occurs on the first "large pulse” and then
remains within the projected dynamic ultimate bounds. Therefore large damage develops in
the columns of the first and second floors. Since this extension is beyond the projected dynamic
ultimate surface and the mode! did not collapse, it can be also assumed that the material strengths
considering strain rate effects and hardening were slightly underestimated.

Figs. 2-28a and 2-28b show the first story beam bending moment time histories at the column
face. The ultimate moment surfaces are also specified for comparison. It can be observed that
the positive moment demand (plotted negative) in exterior beam Exbm151 exceeds the nominal
ultimate bounds which considers the pull-out effect of the positive longitudinal reinforcement.
Therefore, a 50% reduction in rebar area (based on the ratio of the provided and required pro-
totype embedments lengths) for calculating beam moment capacity with insufficient anchorage
was overconservative. Also, this surface was developed with slab steel contributions only within
the ACI-318 flange width. Therefore, slab steel contributions within the full slab width may
have influenced the additional positive beam moment capacities. The negative momeat demands
(plotted positive), in general, exceed the nominal ultimate surface which considers the slab steel
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within the ACI flange width (18"). However, the demand is well within the ultimate bounds
when the slab stcel within the full slab width is considered. Therefore, it is concluded that the
beams remain primarily undamaged (with exception of the exterior beams) and that the capacity
of the beams are influenced by the full slab reinforcement (not only within ACI-318 specified
width), which diverts damage from the beams.

Fig. 2-29 shows the moment versus curvature for the instrumented members of a first floor
{north-east « xlerior and interior joints). Strong inelastic behavior canbe observed inthe columns
with moment demands near capacities. Inelastic behavior also occurs in beam section Exbm151
with full positive moment capacity based on partial unbonded reinforcement being achieved.
Some pull-out of the positive beam reinforcement, associated with reinforcement slip, develops
at this section as observed by the pinching in Fig. 2-29a. The interior beams sections suffer
only slight inelastic deformations and are well within their ultimate strengths (full slab steel
contributions to beam moment capacity are attributed). Reinforcement slip has not occurred in
the interior beam-column joints (Fig. 2-29b). Note that the inelastic behavior is more appreciable
in the columns of the south-east side of the model. This can be observed in Fig. 2-27a for

columns #3, #4, #7, and #8, in which the actual moments extend beyond the projected dynamic
ultimate surface.

The bending moment diagrams for the model when the first story drift was maximum in each
direction, along with the corresponding story displacements and nominal moment capacities,
are shown in Fig. 2-30. It can be observed that most of the moment demands in the first and
second stories column have reached the nominal ultimate capacities. Only the exterior columns
away from the direction in which the structure was moving (at that instant in time) remain below
nominal capacity (a similar observation was previously made with the column base shears).
Thus, a complete failure mechanism did not develop at this instant in time, but the structure is
very close to failure on the second floor.

The observed visual structural damage to the model due to the TFT_30 shaking table test is
shown in Fig. 2-31. The following points highlight the observed structural damage:

(a) cracking in the splice zone near the location of the transverse hoop reinforcement
in the lower interior and exterior columns;
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(b) cracking in the upper columns at the underside of the first and second story
longitudinal beams and near the transverse hoop reinforcement;

(c) columns cracked at construction joints fully around the columns and in the
beam-column joints;

(d) vertical cracks in the web of the exterior longitudinal beams near the location of
the transverse beam reinforcement;

(e) large vertical cracks at the column face in the second story exterior beams. Since
large response were observed on the second story, pull-out of the discontinuous
rebars probably occurred;

(f) some slab cracks were observed along the transverse beams.

Fig. 2-32 shows the damage state of the model after TFT_30. It can be observed that yielding
has occurred in the first and second story columns. Some vielding in the beams also occurred
during the "large pulse”, especially in the exterior beams. It is evident that a column-sidesway
or soft-story collapse mechanism is in development. El-Attar et al. (1991) also observed the
same incipient cellapse mechanisms.

2.5 Dynamic Properties after Severe Shaking

The identification of the ensuing dynamic properties after TFT_30 are determined from the
white noise excitation label as WHN_F. Figs. 2-33 and 2-34 show the transfer functions and
smoothed transfer functions for each floor of the model, respectively. Many frequencies arc
excited in the vicinity of the modes of vibration due to the stick-slip type conditions caused by
member cracking, which actually signifies inelastic response in the structure. Since small
damping and well separated modes can be observed, the average natural frequencies arc obtained
as follows (see also Table 2-6):

1.20
f,=|3.76| Hz. (2.3)
5.27
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It can be observed that the three natural frequencies (see Table 2-6) are reduced by an additional
15.5%, 14.0%, and 14.7%, respectively. The modal shapes and modal participation factors are
also calculated from the story transfer functions and are shown in Table 2-6. Deviations can

be observed among the various tests, especially note the variation in the first mode.

The equivalent viscous damping factors are determined from the smoothed transfer functions
as 7.0%, 2.3%, and 1.8%, respectively. Since the model experiences inelastic deformations
during test TFT_30, a larger first mode damping factor is observed due to contributions from
hysteretic dumping. Also note that the second and third mode damping factors have decreased,
inevitably due to smoothing of the transfer functions.

The updated stiffness matrix of the model, developed from the smoothed transfer functions, is
shown in Table 2-6. It can be observed that the sum of the diagonal terms of the stiffness matrix
after the TFT_30 test 1s reduced by an additional 26.9% as compared to WHIN_E or 53.7% of
the undamaged model (WHN_B). Additional story stiffness reductions of 28.2% and 31.7%
have resulted on second and third stories, respectively from TFT_30. This is evident from the
response from TFT_30 where large demands occur in the second floor. The first story suffers
only slight deterioration. Therefore. large stiffness deteriorations occur in the second and third
floors from TFT_30. Total story stiffness reductions from the shaking table motions are 43.3%,
58.8%, and 53.6%, respectively as compared to WHN_B.

Fig. 2-35 shows the story shear versus inter-story drift histories for WHN_F. The low amplitude
tnitial stiffnesses after TFT_30 (WHN_F) are tabulated in Table 2-7 along with the results of
WHN_B and WHN_E. It can be observed that the story stiffnesses are reduced by an additional
18.2%, 45.6%, and 40.4% from WHN_E (after strong shaking) or 45.7%, 66.3%, and 64.3%
of the original stiffnesses from WHN_B. Note the large reductions of the upper floors. Also,
the averages of these reductions are similar to the reductions found in the stiffness matrix in
Table 2-6.

The analysis using STAAD is used to verify the calculation of the first natural frequency from
WHN _F after the TFT_30 base motion (1.20 Hz.). The analytical model is used with reduced
member stiffnesses of 0.255 EL,. The analytical results for the natural frequencics, modal shapes,
and stiffness matrix of the model are shown in Table 2-8 along with the results from WHN_F.
It can be observed that the natural frequencies, modal shapes, and suffness matrix (2.9% error)
are comparable with the identified results from WHN_F. Therefore, by using a reduced stiffness
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that fits the first natural frequency, the analytical mode!l used in STAAD can produce accurate
values for all dynamic properties. For comparison, the original "undamaged" analytical model
(WHN_B) used reduced member stiffnesses of 0.565 EI, (total reduction of 54.9%).

TABLE 2-6 Dynamic Properties and Stiffness Matrix before and after Severe Shaking

WHN_E (before) WHN _F (after)
Natural 1.42 1.20
Frequencies f =(437 f =([376
(Hz.) 6.18 5.27
Modal 1.00 -095 -045 100 -086 -046
Shapes o, =083 055 1.00 © =1075 064 1.00
043 100 -0.78 033 1.00 -094
Modal 044 0.43
Participation [, =4 0.11 I=¢ 014
Factors - 0.05 - 007
Damping 6.6 7.0
Ratios € =:56 § =423
(%) 2.8 1.8
Stiffness 364 =363 -10 233 -248 07
Matrix K,={ -363 676 -312 K,={-248 456 -224
(kip/in) -1.0 -312 599 0.7 -224 509
Story 36.3 248
Stiffnesses k, =|31.2 k, =224
(kip/in) 28.7 28.5
A ————
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TABLE 2-7 Low Amplitude Initial Stiffnesses from the Shear versus Inter-Story Drift

Histories
| Story WHN_B WHN_E WHN_F
{kip/in) (kip/in) (kip/in)
Third 400 240 14.3
Second 424 203 14.3
First 512 340 27.8

TABLE 2-8 Analytical and Experimental Comparison of the Dynamic Properties

Experimental (WHN_F) Analytical [STAAD (0.255 (EI)p)}
Natural 1.20 1.20
Frequencies f =376 f ={350
(Hz.) 5.27 5.33
Modal 1.00 -086 -046 100 -081 -043
Shapes ¢, =(075 064 100 ® =(078 053 1.00
033 100 -09%4 040 100 -0.88
Stiffness 233 -248 07 201 =230 19
Matrix K, =| -248 456 -224 K, =|-230 464 -253
(kip/in) 0.7 -224 509 19 —-253 489
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FIG. 2-19 Shaking Table Motion for the Taft N21E Base Motion, PGA 0.30 g

(c) Short Segment Comparison of the Desired and Achicved Base Motions
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FIG. 2-28b First Story Beam Bending Moment Time Histories for TFT_30 - North Side
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2.6 Summary Discussions

The local and global response of the model from the moderate and severe shaking table motions
(Taft N21E. PGA 0.20 g and 0.30 g, respectively) are presented in this section. The following
summarize the maximum response of the model from the earthquake tests, the dynamic char-
actenistic history throughout the testing, and the resulting conclusions.

2.6.1 Maximum Story Response from Shaking Table Tests

The maximum global story response of the one-third scale LRC framed model for the minor,
moderate, and severe shaking table motions are presented in a Table 2-9 for comparison.

TABLE 2-9 Maximum Response from Shaking Table Testing

Test Story Max. Story | Max. Inter- | Max. Story | Peak Story
Displacement| Story Drift Shear Acceleration
(in.) (%) (kips) (8)

Minor Shaking Third 0.30 0.23 34 0.12
Taft N21E Second 0.22 0.24 4.2 0.09
PGA 0.05 ¢ First 0.14 0.28 53(6.5%) 0.09
Moderate Shaking | Third 1.32 0.54 5.6 0.20
Taft N21E Second 1.14 1.07 9.3 0.20
PGA 0.20 g First 0.64 133 12.3(15.2%) 0.25
Severe Shaking Third 235 0.89 7.1 0.25
Taft N21E Second 2.05 224 11.6 0.22
PGA030g First 0.97 2.03 124 (15.3%) 0.29

It can be observed that: (i) the large story drifts occur on the first and second stories (2.03%
and 2.24% of the story height, respectively for the severe shaking). The increase in drift is
almost proportional to the level of excitation, except for the second fioor during the severe
shaking; (ii) the top story displacement for the severe shaking is 2.35 in., which corresponds to
7.05 in. in the prototype building; (iii) the base shear is 6.5% of the total weight for the minor
("elastic") shaking (PGA 0.05 g) and increases to 15.2% for the moderate shaking (PGA 0.20
g). However, for the severe shaking (PGA 0.30 g), the base shear remains almost the same
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(15.3%). Therefore, a relative reduction in base shear demand cccurs in the moderate and severe
shaking as a result of inclastic behavior (quantificd in Section 3); (iv) the peak story accelerations
show amplifications for the minor shaking, no amplification for the moderate shaking, and some
reductions for the severe shaking.

2.6.2 Summary of Dynamic Characteristics of Model

The natural frequencies, modal shapes, stiffness matrix, and damping characteristics of the
model throughout the shaking testing program are summarized in Table 2-10.

Table 2-10 Dynamic Characteristic History of the Model

—*
Test | Frequency Modal Shapes Stiffness Matrix Story Equivalent
StiffnessEs Viscous
Damping
1 @, K, k, g
{(Hz.) (kip/in} \KIp/in) (%)
1.78 100 -082 -046 519 -534 25 534 20
WHN_B 5.32 080 046 100 -534 1024 -544 S4.4 24
7.89 042 100 -083 25  —544 1047 50.3 20 4
Taft N21E PGA0.0S g
1.7 100 —084 -042) | 445 -468 -02 (468 (43
WHN_C]| |5.08 079 052 100 —468 949 -473 473 42
7.42) 040 100 -082) || -02 -473 922 449 \3.0
1.7 100 -088 -040 46 -458 =27 ‘Sﬂ f4.o)
WHN_D| |[5.22 079 058 1.00 -458 928 -449 “9 29
7.32) 041 100 -0.86) -27 -449 94l \49.2) L1.3)
St il
F Taft N21E PGA0.20g '
1.42 100 -095 -045 364 -363 -10 36.3)
WHN_E]| |4.37 083 055 100 -363 676 -31.2 31.2
6.18 043 100 -078 -10 -312 S99 28.7)
Taft N21E PGA0.30 g
L
1.20 100 -086 -046 233 -248 07 248
WHN_F 3.76 075 064 1.00 —248 456 -224 224
5.27 0331 100 -094 07 -224 509 285
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It can be observed that: (1) large natural frequency and story stiffness reductions result after
the modcrate and severe shaking. The proportion of story stiffness reductions arc similar for
the minor and moderate shaking. However for the severe shaking, a large stiffness reduction
occurs on the second floor. The total reduction of story stiftnesses from the "undamaged” state
(WHN_B) are 43.3%, 58.8%, and 53.6%, respectively; (ii} the change in first mode natural
frequency is proportional to the root of the ratio of first story stiffnesses. However for the severe
shaking, this relationship is no longer valid since a large stiffness reduction occurs in the second
floor. (iti) the mode shapes remain the same after the minor shaking, vary slightly in the higher
modes for the moderate shaking, and vary in all modes for the severe shaking, especially the
first mode; (iv) the equivalent viscous damping approximately deubles after the minor shaking
and more than triples for the moderate and severe shaking. This increased equivalent damping
is due to contributions from hysteretic damping.

2.6.3 Concluding Remarks on Testing of LRC Model

In the following, the results specified in the previous sections are summarized and discussed.
(a) Inter-Story Drifts

It can be observed from Table 2-9 that the maximum first and second story drifts of the LRC
maodel for the Taft N21E earthquake motions are 1.33% and 1.07% of the story heights for the
moderale shaking (PGA 0.20 g} and 2.03% and 2.24% for the severe shaking (PGA 0.30 g),
respectively. Therecommended provisions of National Earthquake Hazard Reduction Program,
NEHRP (1991), suggest inter-story drift limiiations for this classification of buildings of 1.50%
of the story height. The Commentary for same provisions NEHRP (1991) states that the reasons
for adrift [imit are to control melastic strains in members, for stability considerations and P-delta
effect, and 1o restrict damage to non-structural elements. The Uniform Building Code, UBC
(1991}, recommends elastic inter-story drifts limits of either 0.04/R, [for the structure studied
here, R,, (the strength reduction factor) = 5, therefore the himit is equivalent to 0.8%] or 0.5%
of the story height. UBC (1991) states that the drift limit may be exceeded if it i1s demonstrated
that greater drifts can be tolerated by both structural and non-structural elements that affect life
safety. Itcan be observed that the story drifts for the minor shaking are within the elastic limit.
UBC (1991) also suggests that the inelastic drift limit can be estimated by multiplying the
calculated elastic drift by an additional factor of 3/8 R, related to the (inelastic) ductility. This
results in a limit of (0.94% of the story height for the model building in this study). The above
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limit is derived from service loads without load factors. Considering the load factors, this limit
might be somewhat larger approaching this recommended by NEHRP. The inter-stery drift
maxima observed in this study for the severe shaking exceeds the recommended limits of both
NEHRP (1991) and UBC (1991), while the moderate shaking exceeds limits of UBC (1991).
However the observed story damage is not as large as expected with so large inter-story drifts.
The damage to non-structural elements is expected to be much larger, however this evaluation
was not the subject of this study. El-Auar et al. (1991) also observed large inter-story drifts for
the 1/8 scale model replica. However the maximum aisplacement response were slightly varied
from the study presented herein. Therefore it is concluded that large inter-story dnifts develop
in LRC frame structures from strong ground motions that might affect nonstructural components
but minimally affect the structural ones.

(b) Damage to Beam-Column Joints

It was observed that there was no resulting damage or slip of the discontinuous beam rein-
forcement in the first story interior beam-column joints from the shaking table excitations.
However some deformations were observed in the first story exterior beam-column joints
possibly due 1o reinforcement slip or pull out (the resulting damage is quantified in Section 3).
Large positive moments were also recorded in the exterior beams along with visually observed
cracks, especially on the second floor. Therefore it can be concluded that complete pull-out
cannct occur since less critically loaded members in the frame restrain its lateral motion and
limit deformations. However, reinforcement slip does occur while the discontinuous bar still
carries appreciable force.

There were also no signs of cover concrete spalling in the exterior beam-column joints.
(c) Slab Contributions to the Moment Capacity of the Beams

It was observed that the interior beams suffered only minor damage with very little cracking or
yielding. This can be attributed to slab steel contributions from the full slab width, which has
adramatic effect on the flexural strength of the beams. Fora typical first story beam-slab-column
component, the moment capacity of the beams exceeds the capacity of the columns by about
50%, which under large lateral loads can lead to undesirable failure mechanisms. Thus a weak
column - strong beam structural behavior exists. According to the seismic provision of ACI
318-89 for special frames, the flexural strengths of the columns must e greater than 1.2 times
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the sum of the overstrength beam capacities. Therefore LRC structures would not satisfy the
design strength provisions for special frames. Since the damage to the beams was determined
to be relatively minor, it can be concluded that the story slabs contribute substantially to the
strength of beams that remain primarily elastic.

(d) Apparent Collapse Mechanism

The base motions of the modei introduced hinging in the columns at the first and second stories
and only some hinging in the positive pull-out direction of the exterior beams. Thus an unde-
sirable column-sidesway collapse mechanism for the model was apparently in development.
Also, from tile observations of the story response and story stiffness comparisons, the second
story of the model was in a more severe damage state aficr the severe shaking and the possibility
of soft-story collapse mechanism actually develops. Ei-Attar et al. (1991) tested one-eight scale
replica model to collapse using the Taft SG9E component base motion with a large peak ground
acceleration (0.8 g). The resulting mechanism that occurred was due to failure of the first story
interior columns from the P-delta effect, which resulted in a sudden collapse of the structure.
The corresponding mode of failure was a column-sidesway or soft-story collapse mechanism
of the first floor. This global failure mechanism is also a well documented failure in lightly
R/C structures experiencing large lateral forces [Moehle and Mahin (1991)]. Good correlation
of the developing failure mechanism and the actual collapse mechanism, El-Attar et al. (1991),
can be noted. Therefore, it can be concluded that the weak column - strong beam behavior can
result in the undesirable column-sidesway or soft-story collapse mechanism in LRC frame
structures under strong ground motions.

(¢) "Second Mode" Effect

Higher mode effects are negligible during the minor and moderate base motions. However the
"second mode” effect was evident in the story dispiacements and shear forces of the model
during the severe shaking, TFT_30. This effect may have developed due to the softening of
the model from the moderate shaking and may explain the more s¢vere damage to the second
story of the model in the severe test. El-Attar et al. (1991) observed only first mode contributions
in the response of the 1/8 scale model. The different response observations among tests may
have resulted from slightly different concrete and rebar strengths and also a different component
of the ground motion (El-Attar et al. (1991) used the S69E component of the Taft carthquake).
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(f) Deterioration of Story Stiffnesses and Natural Frequencies

Due to the resulting damage in the calumns of the first and second stories, large deterioration
of ory stiffnesses and natural frequencies occur (see Table 2-10). The elastic response spectrum
for 2% damping is shown in Fig. 2-36 along with the range of first mode period changes in the
model during the shaking table tests (from 0.562 sec. in the "undamaged" state to 0.833 sec. in
the final state). It can be observed that the structural softening results in a decreased acceleration
amplification. However, the reduced story stiffness contributes to the large inter-story drifts
and total displacements.

From Table 2-10, the observed first mode (elastic) period of the model is 0.562 sec. The

approximation recommended by UBC (1991) for calculating the elastic first mode natural period
of a building is:

T = C(h)" (2.4)
where T = first mode period, sec

C, = 0.030 for R/C moment resisting frames

h, = building height, ft

From Eq. (2.4), the calculated period for the prototype building according to UBC (1991) is
0.441 sec. Using a period scale factor of IN3 (see Appendix A, in Part I of the Evaluation
series (Bracci et al, 1992a), the calculated period for the model is 0.255 sec. It can be observed
that a large discrepancy exists in predicting the elastic first mode period. Since LRC structures
are designed without considering lateral loads, the flexibility of these structures is not accounted
in the above formulation. A different value for the factor, C,, may be necessary to describe

these buildings. More paratnetric and field studies should be made to determine an appropriate
quantity.

(g) Story Shear Force Demands

It can be observed from Table 2-9 that the base shear demands are similar during the moderate
and severe base motions {with base shear coefficients of 15.2% and 15.3%, respectively). This
slight increase in demand implies that the base shear capacity is attained during these motions.
However, this does not imply total collapse of the model, since additional strain hardening of
the reinforcement takes placc and the total failure mechanism does not develop. Also note that
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a large shear forces develop in the second floor during the severe earthquake. El-Attar et al.
(1991) reported base shear demands of 9.4% and 9.7% of the total structural weight for severe
motions with PGA's of 0.35 g and 0.80 g, respectively (or 12.11% and 12.50% for comparison
with this study due todifferent prototype weight considerations). This variation can be attributed
to: (1) the different inertial story mass and natural frequencies; (ii) the different Taft component
of base motion; and (iii) the varying material properties among the different model tests. An
analytical evaluation is used in Section 3 to characterize the base shear reduction factor for
inelastic behavior (similar to R, in UBC) during the moderate and severe shaking.
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FIG. 2-36 Response Spectra Acceleration Amplification for Taft N21E
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SECTION 3

ANALYTICAL DAMAGE EVALUATION OF MODEL
3.1 Introduction

The experimental response of the three story model from the minor (0.05 g), moderate (0.20 g),
and severe (0.30 g) shaking tablc motions were summarized in the previous section. In this
section, three inelastic analysis models are presented and used to predict the story response from
induced base motions. The damage to the individual members, story levels, and overall structure
from the induced earthquakes is evaluated analytically in terms of damage indicators defined
as damage indices. The damage indices are used to evaluate the extent of damage on a scale
representing minor, moderate, or severe damage and the damage potential or reserve capacity
of the structure.

An incremental intensity analysis was performed using the identified structural parameters and
the scaled Taft N21E acceleration motion. The input peak ground acceleration was analytically
varied to identify the critical peak acceleration motion and collapse patterns of the model. A
modified damage index is further proposed to incorporate the P-delta effect in column members

and is also used for determining the critical peak ground acceleration (PGA) that produces actual
collapse.

Also, an elastic analysis was presented to identify the corresponding responses reduction factors
due to inelastic behavior and are compared with the recommended values of strength reduction
factors from UBC (1991).

3.2 Analytical Modeling and Response Results

Analytical modeling of the structural model was performed using the nonlinear analysis platform
IDARC: Inelastic Dynamic Analysis of Reinforced Concrete Frame-Wall Structures, Kunnath
et al. (1990), with the structural parameters identified from: (i} engineering approximations;
(it) component tests; and (iii) an experimental response fit. IDARC uses a trilinear moment-
curvature skeleton (backbone) curve. Since concrete has some tensile capacity, the concrete
has an influence on member behavior until cracks develop. Also, members under large bending
moments can develop cracks without yielding of the reinforcement. These effects, which were
observed in tests, can be captured with the trilincar skeleton curve. IDARC also employs a



hysteretic rule using three parameters for simulating stiffness degradation, strength deteriora-
tion, and pinching behaviors. The pinching behavior 1s composed of a target slip factor, which
determines the target pomnt after the zero crossing as a factor of the yield point, and a shp
reduction factor, which determines the slip length as a factor of the distance to the target point.
Fig. 3-1 illustrates the effect of the parameters. The Newmark-Beta algorithm is utilized for
determining a step-by-step solution of the dynamic equation of motion. More details and
additional features of IDARC are described by Kunnath et al. {1990).

The structural parameters for each analytical model that need to be identified are: (i) the initial,
post-cracking, and post-yielding stiffnesses; (ii) the cracking and yielding moments; (iii) the
equivalent viscous damping characteristics; and (iv) the hysteretic properties. The equivalent
viscous damping characteristics in R/C systems during elastic deformations results due to
micro-cracking, friction, etc. in members. Hysteretic energy dissipation due to inelastic
deformations is represented by the hysteretic model and not by equivalent viscous damping. A
summary of the model parameters determined from component testing (see Part I1, Aycardi et
al, 1990) and from engineering models are presented in Table 3-1.

3.2.1 Modeling with Engineering Approximations

In lieu of more precise way to determune of the structural parameters, an engineer must make
approximations of the member properties for proper analytical representation to predict the

seismic response of structures. Firstly, the initial column and beam stiffnesses (El_, and El,,,)
of the model are assumed 1o be:

El, = 0.55(!5‘1°¢,,)‘r (3.1a)
ElL,. = 0.45(E1m)‘ (3.1b)
where (El,), = stiffness based on the gross column section dimensions

(Ely,), = stiffness based on the gross beam section dimensions with full slab

contributions

Since micro-cracking is present in R/C members, a reduction factor was applied to the gross
member properties. It can be observed that a smaller reduction was used for the columns to
account for the compressive pressure of the axial loads in closing some of the micro-cracks.
The initial member stiffnesses that can predict the first natural frequency of the model was
56.5% of the gross section stiffness (see Part 1, Braccietal., 1992a). Note that the "fully cracked"”
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stiffness properties are 23% and 13% of the gross section propertics for the column and beams,
respectively. Paulay and Priestley (1992) suggest the effective range for moment of inertia of
rectangular beams, T-beams, L-beams. and columns of varying axial loads as follows: or
columns with axial loads of about 0.2 {, A,, the suggested range for effective moments of inertia
is between 0.5 I, and 0.7 I,. For columns with axial load greater than 0.5 f_A,, the suggested
range 1s between 0.7 1, and 0.9 I,. For T-beam members, the suggested range is between 0.25
I, and 0.45 1,. However, the effective flange (slab) width is based on 1/2 the flange width from
strength provisions of ACI-318 and not on the ful) slab width as calculated above. Therefore,
the assumed stiffnesses for the analysis are within the suggested range according to Paulay and

Friestiey (1992), for the columns and are about two times stiffer for the beams.

Shahrooz and Moehle (1987) developed an analytical model based on one-half (0.5) the
uncracked member stiffness (gross section properties) to predict the response of an R/C set-back
model building excited on the shaking table. They reported that acceptable estimates of max-
imum response and natural periods were achieved.

For development of the hysteretic rule, a post-cracking stiffness of EL/2 is assumed. The yield
strengths of the beams and columns are computed from basic principles. Note that the beam
moments consider slab steel contributions from the full slab width. Also note that the beam
yielding moment in the positive direction considers the effect of pull-cut of the discontinuous
bottom beam reinforcement (50% reduction in rebar area based on the prototype ratio of provided
and required embedment lengths).

The hysteretic properties of the analytical model (see Fig. 3-1) for the beams and columns cannot
be determined from engineering principles since they are dependent on the hysteretic model.
Thercfore these parameters were determined form component tests reported in Part [1 of these
Evaluation series (Aycardieal, 1992). Their values are described inthe following: (i) @« = 0.50
for the stiffness degradation factor; (ii)B = 0.04 for the strength degradation factor,
(1) y = 0.70 for the target slip factor; (1v) 1.0G for the slip reduction factor; (v) 1.5% for the
post-yielding stiffness ratio; and (vi) 2% for the equivalent viscous damping ratio. It should be
noted that these properties are selected based on results and observations from previously
conducted component tests, since no other sources are available. The equivalent viscous
damping ratio was found experimentally during a white noise shaking table excitation to be
about 2%.
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The platform program IDARC is used to carry out the analysis based on the analytical model
proposed from engineering approximations. From static computations, the first natural fre-
quency is determined to be 1.72 Hz. Note from the experimental white noise excitation before
earthquake shaking that the first natural frequency was determined to be 1.76 Hz. (see Table
2-10). From a shakedown analysis based on a 2% story drift limit, a base shear capacity of
12.2 kips (15.0% of the 1otal structural weight W) is computed. Note that a shakedown (collapse
mode) analysis is an inverted triangular static loading on the structure that continuously increases
unti} the drift linut 1s achieved. From Table 2-9, the observed base shear maxima during munor,
moderate, and severe shaking were 5.3 kips (6.5% W), 12.3 kips (15.2% W), and 12.4 kips
(15.3% W), respectively. Therefore, according to this model, the base shear capacity from a
shakedown analysis has been reached and exceeded during the moderate and severe shaking.
However, collapse did not occur due to strain hardening of the rebars and increased material
strengths from strain rate effects. Also note from Section 2 that the full collapse mechanism
had not developed during the shaking.

Figs. 3-2a and 3-2b show the analytical versus experimental response comparisons for the minor
shaking (Taft N21E, PGA 0.05 g). It can be observed that some deviations in the response
tnagnitudes develop in the history, but the period of vibration remains primarily in-phase. The
story displacements and shear forces are slightly overpredicted in the initial part of the history.

Since the minor shaking was shown to be governed by clastic deformations (Part 1, Bracci et
al., 1992a), the same analytical mod:1 for member properties is carried out with IDARC for the
moderate and severe shaking. However, the subsequent white noise excitation after the minor
shaking showed a slight decay in the first natural frequency (1.66 Hz. from Table 2-10). The
moderate and severe motions are applied in a sequential history (back-to-back) to capture the
degradation due to continued inelastic cycling. The corresponding response comparisons are
shown in Figs. 3-3 and 34, respectively. Initially for the moderate shaking, the story dis-
placement and shear force predictions are closely related to the experiment.  However, the
response magnitudes are slightly underpredicted in the latter part of the history. For the severe
shaking, the analytical response is closely relaled to the experiment in the beginning of the
history, where the peak magnitudes are captured. However, deviations in magnitude occur in
the latter part of the history, but the period of vibration remains in-phase.
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It can be concluded that the analytical response with the proposed approximations is not totally
in correlation with the experiment. However, the peak story displacements and shear forces
are captured and the response trends are similar for the earthquake motions. Therefore, adequate
correlation of the analytical response is achieved based on structural parameter approximations.

3.2.2 Modeling with Component Tests

Aycardi et al. (1992) (see Pant 11 of this Evaluation series) tested quasi-statically column and
subassemblage components of the three story model. Components were constructed with the
same materials during each phase in the construction of the model. The initial member stiffness
were identified as follows:

E’int col = 0‘49(Elcnl), (3.20]

Elul col = 033(Elcol)‘ (32b)

El, = 0.32(Elb,,,)' (3.2c)
where El, .+ El . = interior and exterior column stiffnesses, respectively

It can be observed that a reduction in stiffness from the gross member dimensions develops
from micro-cracking. Note that the extent of the reduction was less severe in the axially loaded
interior columns. A post-cracking stiffness of about EI/2 was also identified initially. The
member yield strengths were identified from the inelastic reversed cycling tests and were similar
to calculations from basic principles. The hysteretic member properties used for this analytical

model are the same as in the engineering approximations, which are based on the component
tests.

The first natural frequency is calculated to be 1.50 Hz., which is slightly soft (flexible) as
compared to the experimental identifications (1.76 Hz. and 1.66 Hz. before and after the minor
shaking, respectively). From a shakedown analysis based on a 2% story drift limit, the base
shear capacity is obtained to be 12.2 kips (15.0% W), which is the same as in engineering
approximations.

Figs. 3-5, 3-6, and 3-7 show the response comparisons from the minor, moderate, and severe
shaking, respectively. Note that the same analytical model of structural parameters is used for
the sequential run of the moderate and severe shaking. It can be observed from the minor shaking
that the predicted period of vibration is slightly different than the experiment. This discrepancy



occurs as a result of the soft first natural frequency in the proposed analytical model. However
the peak story displacements and shear forces are similar. For the moderate and severe shaking,
the response period of vibration i1s shightly out-of-phase with the experiment. It can be observed
during the moderate shaking that the initial story displacements and shear forces are accurately
predicted. However, the response magnitudes in the latter part of the history are underpredicted.
For the severe shaking, the predicted maximur story displacements and shear forces are in
agreement with the experimental response. Also, the response trends are similar throughout
the history, with only slight deviations in magnitude in the latter part of the history.

Therefore, satisfactory predictions of the story displacements and shear forces are achieved by
using the structural parameters from component tests for the moderate and severe shaking. The
analyticzl model produced only slight discrepancies for predicting the period of vibration during
the minor (primarily elastic response) and moderate shaking due to the inaccurate first natural
frequency prediction. However. the maximum story displacements and shear forces were
correlated.

3.2.3 Modeling with Properties Identified using Response Fit

3.2.3.1 Minor Shaking

A series of analytlical models with different structural parameters for each group of members
were developed to properly correlate the response calculations with the experimental response.
For a good response fit during the minor shaking (0.05 g), the initial column stiffnesses were
0.588 (El),, 0.598 (El),, and 0.591 (EL,,),, respectively for the first, second, and third story
columns. The initial stiffness of the beams were 0.252 (El,,),. This corresponds to slightly
stiffer columns and softer beams in comparison with the previously assumned analytical models.
However, note that roundoff of the initial stiffnesses will not significantly affect the calculated
response. The post-cracking stiffness in the columns and beams was about E/2 (similar to the
previous models). The moment strengths are also similar to the previous models. However
some slight deviations exist in the hysteretic properties: (i) the stiffness degradation factor was
0.5 for the first and second story columns and 0.9 for the third story columns and beams (0.5
in previous models); (ii) the strength degradation factor was 0.05 for all members (0.04 in
previous models): {1i1) the target slip factor was 0.5, 0.6 and 0.8 for the first, second. and third
story columns, respectively, and 0.7 for the beams (0.7 in previous models): (iv) the slip reduction
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factor was 1.0 for all members (same as in previous models); (v) the posi - i~!ding stiffness ratio
was 2% for the first and second story columns and 1% for the third story «citimns and beams
(1.5% in previous models); and (vi) the damping ratio was 2% (same as in previous models).

The first natural frequency was determined to be 1.63 Hz., which is comparable with the
experimental values (1.76 Hz. and 1.66 Hz. before and after the minor shaking, respectively).

The sequence of hinge formation in the model from a shakedown analysis, is shown in Fig. 3-8.
It canbe observed that yielding first occurs in the lower first story beams in the pull-out direction.
Yielding then propagates to the columns of the first and second floor. At a drift limit of 2% of
the building height, the base shear capacity of the model was 12.2 kips (15.0% of the total
structural weight W). From Table 2-9, the maximum measured base shear during the moderate
and severe carthgquakes were 12.3 kips (15.2% W) and 12.4 kips (15.3% W). Therefore,
according to this model, the base shear capacity has been achieved in the moderate and severe
shaking. However, collapse does not occur due to additional reserve strength from strain
hardening of the reinforcement and dynamic strain rate effects. Also note from Section 2 that

the full collapse mechanism had not developed during the shaking.

Figs. 3-9a and 3-9b show the analytical versus experimental response comparisons for the minor
shaking. It can be observed that the predicted story displacements are very similar with the
experiment throughout the shaking history with only slight over-predictions of the shear forces.

3.2.3.2 Moderate and Severe Shaking

It was shown in Section 2 that some slight stiffness detenoration occurs and slight cracking
develops in some columns from the minor shaking. Therefore, the column stiffnesses are varied
to account for this decay for the moderate (0.20 g) and severe {(0.30 g) shaking. The initial
column stiffnesses used in the analysis were 0.391 EL, 0.326 EI,, and 0.443 EL,, respectively
for the first, second, and third stories. Note that the column stiffnesses are more varied between
floors with the second floor being the most flexible. There are various explanations for this
occurrence: (1) varying concrete strengths between floors, which was observed in representative
cylinder tests (sec Part I, Bracci et al., 1992a); and (2) slight irregularities of column placement.
Note that since only elastic deformations develop in the beams during the minor shaking, the
stiffnesses in the beams for the moderate and severe shaking are identical to the values for the
minor shaking (0.252 EL).



The previous analytical models, based on engineering approximations and component tests,
provide adequate. but not total, agreement with experimental response in the latter part of the
shaking (underpredicted). To account for this, the post-cracking stiffness used in this analysis
was modified to EV1.25 (in comparison to EL/2Z previously} to model stiffer behavior after
cracking. Note that this model is very similar to a bilinear model. A trilinear backbone curve
was uscd to represent reinforced concrete behavior inwhich a larger initial stiffness results from
the contributions of the concrete in tension. However, in a cracked state, the influence of the
concrete in tenston 1s negligible and the tensile behavior 1s primarily governed by the rebar
strengths. The hysterelic properties used were 1dentical to the minior shaking.

Figs. 3-10 and 3-11 show the response comparisons for the moderate and severe earthquakes.
Excellent correlation of the story displacements and shear forces can be observed in the moderate
shaking with only slight disparities in the severe shaking. The peak response magnitudes and
response trends are similar.

It was also important to compare the analytically predicted damage states of the model from
the earthquakes with the experimentally measured. Analytically, the damage states are defined
in accordance with the cracking and yielding moments from the analytical model. The
descriptions of damage states includes two parts: (i} visual; and (ii) calculated. Some of the
visual descriptions are classified from flexural and shear cracking, concrete spalling, concrete
crushing, exposed reinforcement, buckled reinforcement, and fractured hoops. However,
cracking and yielding is also observed experimentally through measured internal stresses of the
model.

Figs. 3-12a, 3-12b, and 3-12c show the resulting damage states of the model predicted from the
response fit analytical models in comparison with the experimentally measured damage states
after each earthquake test. It can be observed that cracking resalts in some of the columns from
the minor shaking (Taft 0.05 g) both analytically and experimentally. However, for the moderate
and severe shaking (Taft 0.20 g and 0.30 g), yielding occurs in the columns of the first and
second story and a plastic hinge develops in the first story exterior beam in the pull-out direction
both analytically and experimentally. Also analytically, additional incipient beam yielding
occurs for the severe shaking. It was observed that the apparent incipient collapse mechanism
for the model under ultimate load is a column-sidesway or soft-story failure mechanism.
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3.3 Damage Quantification

The response results and observed damage states of the model after the shaking table tests were
presented in previous sections. However, the extent of damage and reserve member strengths
were not identified. To quantify the observed damage and Lhe reserve margins before collapse
of each member of the model, it was necessary (o use some specific model of damage. The
guamification obtained using such model would thereby permit an assessment of structural
integrity in terms of damage states, such as serviceability, repairability. irrepairability, or
collapse.

The amount of damage to the individual members, story levels, and overall structure from
seismic excitations can be described analytically in terms of damage indicators defined as
damage indices. These damage indices are used to evaluate the extent of damage on a scale
representing minor, moderate, or severe damage. The damage potential or reserve strength of
members can also be determined. Normally, the damage index of a member is defined to vary
between 0.0 and 1.0, with the later implying failure. Many damage index models and modified
models have been developed to incorporate effects of ductility demand and low cycle fatigue
orstrength deterioration: Park et al. (1985); Chung et al. (1987); Powell et al. (1988); and Bracci
etal. (1989). It has been shown that the combination of deformation and strength deterioration
damages provide an accurate assessment of the member damage and reserve capacity.

According to the original Park model (1985), amember damage index, DI, is defined as follows:

5, Bfae
] 33
DI 3 + 5.P. (3.3)
where 8, = maximum observed deformation

8, = ultimate deformation

B = strength deterioration factor
[dE = absorbed hysteretic energy
P, = yield force
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Since IDARC computes the moments and curvatures at a section, a modified Park’s Model was
developed to use moment - curvature relations (instead of force - displacement relations) so that
adamage index can be easily computed at each time step of the analysis as follows:

o ﬁfde
Di=—+ (3.9)
o .M,
where ¢,, = maximum observed curvature

¢, = ultimate curvature

B = strength deterioration factor
JAE = absorbed hysteretic energy
M, = yield moment

A procedure for determining the ultimate curvature in both columns and beams was proposed
by Bracci et al. (1989) and was used for all analyses in this study.

With the damage index formulated to vary between 0.0 and 1.0, the damage states for members
are defined below (see Bracci et al., 1989):

Dl = 1.00 Collapse (3.5)
066 < DI < 1.00 Severe - "Irreparable” Damage

0.33 s DI < 0.66 Moderate - "Repairable” Damage
000 < DI < 0.33 Minor - "Serviceable” Damage

Story level damage indices are computed from the corresponding damage indices of the story
components and separated into beam-slab (horizontal) and column-wall (vertical) damages. To
combine damage indices, the component damage indices were themselves used as weighting
factors. The overall structural damage index, DI, ... is computed as a combination of the
story damage indices in which a weighting factor is applied based on the amount of gravity load
supported by that story. Therefore, the lower stories will have a greater weighting factor than
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the upper stories and therefore would be more important. The overall damage index was
recalibrated with respect to observed structural damage in several R/C buildings, Park et al.
(1985}, such that damage states were defined as shown below:

DLcwe = 1.00 Collapse (3.6)
040 < DI, ... < 1.00 Moderate/Severe Damage
DlLicae < 0.40 Minor/Moderate Damage

However, it should be noted that the overaii siructurai damage index is not sufficient by itself
to describe the extent of damage to a building. An example would be if an interior column in
a building had failed (DI = 1.00). This column failure would probably initiate progressive
collapse of the building. However, the overall structural damage index would not necessarily
be 1.00 after combining the damage indices of all the structural elements (DI, .. < 1.00).
Therefore, it is suggested that experimentally observed results in connection with Eq. (3.4) for
the individual members, story levels, and the overall damage index be used to properly evaluate
the induced damage to a structure.

Fig. 3-13 shows the quantified member damages in the model building computed from the
modified Park’s model in IDARC for the minor. moderate, and severe shaking from the
experimental fit response results. It can be observed that small member damage indices (minor
- "serviceable” damage) develop from the minor shaking (0.05 g), which is expected since the
model is primarily governed by elastic deformations. However, for the moderate shaking (0.20
£), the damage indices in the first and second story interior columns reach values of 0.36 and
0.25, respectively. Therefore, according to Eq. (3.5), damage to the first story columns slightly
extends to the moderate - "repairable” damage state while the second story columns remain
within the minor - "serviceable” damage state. It can be observed from the story level damage
indices that most of the resulting damage occurs in the columns. The overall structural damage
index is 0.23, which implies a minor/moderate damage state according to Eq. (3.6). The only
significant damage to the beams is the first story exterior beams with bottom reinforcement
pulling out (DI =0.18). Refer to Fig. 3-12b and Section 2 which describe the yielding that was
observed 1n the bottom reinforcement for this beam section.
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For the severe shaking (0.30 g), severe damage results to the interior columns of the first and
second stories, damage indices of 0.72 and 0.67. It can be observed that there is little res
strength remaining in these members. The damage indices of the exterior columns in these
stories reach the maoderate - "repairable” damage state. This correlates with the observed
experimental response in Section 2 where large inter-story drifts, shear forces, and hysteretic
energy occur on the first and second stories. Also, the column moment-axial load interaction
diagrams of the first and second stories extend to the projected dynamic ultimate surface (see
Fig. 2-27). The damage indices of the first and second story exterior beams are 0.49 and 0.05,
respectively. For the fir 1 story beams, correlation exists since yielding is observed analytically
and experimentally (Fig. 3-12c). However recall from the visual description of damage in
Section 2 that large flexural cracks appeared in the exterior second story beams. This is not
captured in the damage index analysis. The overall structural damage index obtained in analysis
is 0.49, which implies moderate/severe damage as observed in the tests.

It is also interesting to compare the damage indices computed from the experimentally measured
response with the damage indices obtained from the analytical simulations (shown in Fig. 3-13).
For this evaluation, the damage index for a critical interior first story column was comput=d
based on the experimental force-displacement response from the minor, moderate, and severe
shaking. The ultimate story displacement was considered as 3% of the story height based on
the component tests presented in part Il of Evaluation series (Aycardi et al. 1992), where a
decrease in strength had occurred. However this might be somewhat conservative estimate,
since some resistance still exists at larger Jdrifis. El-Attar et al. (1991) observed severe damage
at a recorded first story drift of 2.63% for the Taft S69E motion with a PGA of 0.35g. The
yield force was determined from a static analysis with the analytical mode! of the experimental
response fit (shown in Fig. 3-16). Damage indices of 0.01,0.33, and 0.64 were calculated from
the experimental response and compare with analytically determined damage indices of 0.0S,
0.36, and 0.72, respectively for the minor, moderate, and severe shaking.

In conclusion to this damage evaluation building, it can be noted that: (i) severe damage was
induced to the interior columns and moderate damage to the exterior columns both in the first
and second floors; (ii) little reserve capacity remained in the first and second story columns to
resist any future lateral loads: (iii) only slight damage developed in the first story beams with
exception to the exterior beams in positive bending and (iv) the building was classified as
moderately/severely damaged and in need of repairs to restore a serviceable condition.
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A retrofit scheme for this structure to resist any future lateral loads was studied in another
research phase of this program presented in the Retrofit Report Series which consists of two
parts [Part I, Choudhuri, et al, (1992) and Part I1, Bracci et al, (1992b)).

3.4 1dentification of Final Collapse Mechanism and Critical Earthquake

IDARC was used to estimate the critical peak ground acceleration to scale the Taft N21E ground
motion to induce collapse on the original undamaged model. Such analysis was done before
and after the shaking table tests. Before the tests, analyses were done to estimate the maximum
PGA for which the modei will be near collapse, but will not cotlapse. After the tests, analyses
were done using improved estimates of structural parameters and the results are presented herein.
The criteria used to determine the critical peak ground motion are related to the following
variables: (i) the maximum inter-story drifts; (ii) the base shear demand and capacity; and (iii)
the damage index of the critical first story columns and of the overall structure. For this analytical

evaluation, repetitive analyses were done using Taft N21E with the PGA varied from 0.20 g to
040¢g.

Table 3-2 shows the comparisens of the maximum story response and damage indices for the
various motions. It can be observed that the inter-story drifts for the first floor are within
reasonable limits up to the 0.35 g motion (2.73% of the story height). Thereafier, the inter-story
drift for the first floor exceeds 3%, which would exceed the ductility capacity in lightly R/C
members. In Part 11 of the Evaluation series (Aycardi et al, 1992) it was shown that the maximum
lateral capacity of the components was reached at drift levels between 2% and 3% and thereafter,
with increasing drifts, began to degrade. This did not necessarily imply collapse, however, the
critical displacement of the story model were near. The inter-story drift maxima for the second
floor remains within tolerable limits and the third story displacements range from 1.11 in. to
2.60 in. for the various mntions. The base shear force demands approach capacity very rapidly.
For the (.20 g mation, the hase shear demand is about 91% of capacity. For the 0.40 g motion,
the base shear demand reaches capacity. Therefore collapse is inevitable from this base motion.

But also collapse is very probable for the 0.35 g PGA since the base shear demand is 98.3% of
capacity.

Probably the most compelling variables for determination of the critical PGA for collapse of
the model are the member damage indices. Fig. 3-14 shows the resulting damage indices of
the model for each PGA. It can be observed that most of the damage occurred to the columns
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of the first and second floors. Thus the resulting failure mechanism is that of a column-sidesway
or soft-story collapse mechanism. Since the columns are vital in carrying gravity loads in these
failure mechanisms, the damage index for a critical first story interior columns (shown to be
more critical than the second story columns) was monitored aid is shown in Table 3-2. It can
be observed that the damage index for this column remains within the moderate - "repairable”
damage state (0.33 < D1 <0.66) for the 0.20 g and 0.25 g motions. However, the damage index
reaches the severe - "irreparable” damage state (0.66 < DI < 1.00} for the 0.30 g motion. Finally
at 0.35 g and 0.40 g, the damage index is 0.98 and 1.00, respectively. Therefore, a collapse of
the first story interior column is likely from the Taft N21E with a PGA of 0.35 g and definite
with 0.40 g Also the averall structural damage index for the 0.35 g motion is 0.56, which
indicales moderate/severe damage according to Eq. (3.6). Note that the damage index used for
this analysis does not consider any damage due to P-delta effect. However a modified damage

model is presented in Section 3.5 to capiure this effecl.

Therefore, from the response results for the various critical members and the overall structural
damage indices from IDARC, it was determined that the Taft N21E component with a PGA of
0.35 g would have probably induced collapse of the critical firsi story interior column, thereby
initiating progressive collapse of the model structure. El-Atar et al. (1991) observed this
resulting failure mechanism for the 1/8 scale three story replica which collapsed progressively
according to the soft-story mechanism initiated by the failure of the interior columns.

3.5 Modified Damage Index for P-Delta Effect

Bracci et al. (1989) proposed a damage index based on damage demand and potential, which
is essentially similar to the Park, Ang, and Wen model but includes the correlation effect of
displacement ductility and strength deterioration. The damage index, D!, is a combination of
the deformation (ductility) and strength deterioration (strength loss) damages as follows:

Dl=D, + D,(1 - D) 3.7
b b,
1= -0,
5., de
b.=—5p
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Table 3-2 Maximum Response and Damage Index Comparison

340

PGA Inter-Story Drifts Displacement | Base Damage Index
First Second Third Shear First Story Structure
(%) (%) (in) (% W) | Interior Col.
0.20g | Demand 115 (.82 111 136 0.35 0.21
Capacity (15.0)
025 g | Demand 1.58 0.87 1.43 14.1 051 0.29
Capacity (150}
0.30g | Demand 217 1.07 1.78 144 0.75 042
Capacity (15.0)
0.35g | Demand 273 1.39 2.19 14.8 098 0.56
Capacity ¢15.0)
040g | Demand 318 1.68 2.60 150 1.00 0.61
Capacity (15.0)
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where D, = deformation damage
D, = strength deterioration damage
8. = maximum observed deformation
8, = ultimate deformation
§, = yield deformation

P, = yield force
S, = strength deterioration factor
JdE = absorbed hysteretic energy

In addition to the loss in strength due to strength deterioration from inelastic cycling, a strength
demand occurs as a result of the P-delta effect in columns at large story dispiacements from the
vertical axial loads. Fig. 3-15 shows a conceptual model of damage, which incorporates the
P-delta effect. A bilinear-trapezoidal damage capacity loading diagram is hypothesized with
the demand damages identified. The deformationdamage (D) represents the associated damage
due to demand ductility. The strength deterioration damage (D,) represents the associated
damage due to the loss in strength from repeated inelastic cycling. A third damage demand
(D, _,) develops in the columns due the additional moments from the P-delta effect. This
additional moment provides 2n additional strength damage demand for a bilinear representation

as follows:

N(@./h)
r-a = P

(3.8)

¥

where D, _, = strength damage from the P-delta effect

N = applied axial loads

8, = current story displacement
P, = yield force

h = story height

Therefore, incorporating Eq. (3.8) into the strength damage index (D,), a modified strength
deterioration index, D;", to include the associated damage from P-delta effect is proposed below:
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This strength damage index, incorporated in Eq. (3.7} by replacing D,, enables evaluation with
a more appropriate strength damage index.
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FIG. 3-15 Conceptual Model of Damage with P-delta Effect
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The modified damage index with the P-delta effect was used to evaluate the damage to the
critical first story interior columns in predicting the critical PGA for the model. Firstly, the
column yield displacement, yield force, and ultimate displacement were found in IDARC by
statically Ioading each story of the model with forces proportional to the inverted triangular
loading. Fig. 3-16 shows the first story interior column shear force versus inter-story drift under
increasing static loads. It was observed that cracking occurred at a displacement of 0.14 in.
{0.30% of the story height) and yielding occurred at 0.55 in. (1.15% of the story height). The
yielding shear force for the column was about 1.51 Kips. The post-yielding shear force con-
tinually increases with dispiacement trom the input strain hardening without a loss in strength.
However, the ultimate monotonic displacement was assumed to be 3% of the story height (refer
discussions in previous section).

(5]
1
4

SHEAR, % OF TOTAL WT,

eresmecccfonaarrrnnasarnanfanaiie

8,-0.54.'\ 8--1.50h§

0 1 2 3 4 3 6
INTER-STORY DRIFT, %

FIG. 3-16 First Story Interior Column Monotonic Strength-Deformation
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Figs. 3-17 through 3-21 show the column damage index as a function of time, displacement
ductility (8, /8, ), and deformation damage ([, — 3,118, — 8,]). It was observed that the resulting
damage index is relatively small for the 0.20 g motion. Since the observed story displacements
do not exceed the corresponding yield displacement, the amount of deformation damage
according to the proposed model is nil (see Fig. 3-17c). However, inelastic behavior (permanent
deformations) occurs in R/C members after cracking takes place. Therefore, some discrepancies
in the proposed damage index may develop for extremely minor member damage by assuming
the bilinear-trapezoidal capacity loading. The damage for the 0.20 g motion was only a function
of the strength detenioration and P-delta effect. The additional damage (strength deterioration
demand) caused by the P-delta effect can be noticed in Fig. 3-17b when the observed dis-
placement approaches yield (DI from about 0.02 to 0.12). The P-delta effect creates an
amplification of the damage index with story displacement, thereby creating fluctuations in the
damage index.

From Fig. 3-18, it can be observed that the story displacement exceeds the yield displacement
for the 0.25 g motions. The corresponding deformation damage was about 0.22. The damage
index associated with and without P-delta at the maximum observed displacement was observed
as about 0.40 to 0.24, respectively (66% increase in damage). From Fig. 3-18b, note the slope
in the damage index with the P-delta effect after the peak displacement occurs, whereas without
the P-delta effect the slope is flat. This is obviously a result of the P-delta effect being pro-
portional to the story displacement. The same observations were made for the 0.30 g base
motions at peak displacement with the resulting damage index approaching 0.78 with the P-delta
effect and only 0.58 without {about a 35% increase in damage).

For the 0.35 g motion, it was observed that the damage index without the P-delta effect was
0.98 at the end of the base motions with corresponding deformation damage of about 0.80.
However, when the P-delta effect is considered, the damage index reaches 1.00 at about 4
seconds through the run which implies failure of the column and subsequently the structure.
For the 0.40 g motion, the damage index with and without the P-delta effect was 1.0 (collapse)
at about 4 sec. into the run.

Therefore, with consideration of the P-delta effect in the modified damage index, the corre-
sponding PGA of the Taft N21E component to cause collapse of the model was between 0.30g
and 0.35 g. However, without consideration of the P-deita effect, the critical PGA was slightly
above 0.35 g.
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3.6 Elastic Analysis and Response Reduction Factors

Fig. 3-22 shows a general loading of a base shear versus the story drift for a typical structure
and will be referred to in the following discussions.

An elastic analysis is performed on the three story model for the shaking motions with the
analytical model developed based on the experimental response fit (see Section 3.2.3) by
maintaining the same global stiffness matrix (elastic stiffnesses) throughout the shaking history.
Fig. 3-23 shows the predicted clastic base shear histories for the minor, moderate, and severe
shaking motions. The peak base shear demands from these elastic analyses were determined
as 8.1 kips (10.0% of the total structural weight W), 22.5 kips (27.8% W), and 32.6 kips (40.3%
W), respectively. From the inelastic analyses in Section 3.2.3, the analytical base shear demands
were calculated as 7.1 kips (8.8% W), 11.9 kips (14.7% W), and |1.8 kips (14.6% W),
respectively. This corresponds 1o force reduction factors (reduction from the elastic demand
to the inelastic demand of 1.15, 1.89, and 2.77, respectively and shown in Fig. 3-22. This force
reducticn factor is compared to the ductility reduction factor (R,,) in the discussions below. Note
it was previously shown that the measured base shears for the moderate and severe shaking
approach the capacity obtained from a shakedown analysis (ultimate strength level).

Since a structure can provide a certain amount of ductility (inelastic deformation), UBC (1991)
specifies a total strength capacity reduction factor (R, ) of the elastic design force level (C,)
based on allowable stress design. The elastic design force level (C,,) is reduced by R, to the
inelastic design force level (C,), which allows for more economical design of structures. UBC
(1991) specifies only one design earthquake level for the delermination of the ultimate limit
state capacity. Therefore, the total force reduction factor is related to the inelastic design spectra
for the ultimate limit state and is not related to a serviceability limit state from service or moderate
design earthquakes. Uang and Bertero (1991) assumed a service design carthquake for steel
structures by specifying a drift limit that was inversely proportional to the R, factor. That study
showed that the allowable seismic stress was too high for ductile structures and too low for
non-ductile structure.

Uang (1991) suggested that the formulation of the total force reduction factor (R,) from UBC
(1988) includes overstrength, stress factors as well as a ductility based strength reduction as
follows:
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R, = RQY (3.10)

where R, = Ductility Reduction Factor. Since a structure has the capability of dissipating

energy as a result of ductility, the elastic design force level (C,,) is reduced to a
level of inelastic ultimate strength (C,).

Q) = Overstrength Reduction Factor. The structural reserve strength that exists

between the inelasuc ultimate strength level (C)) and the first plastic hinge
occurrence level (C)).

Y = Allowabie Stress Factor. The strength that exists between the first plastic
hinge occurrence level (C)) and the allowable stress level (C,).

According to the provisions in UBC (1991) for an ordinary moment resisting R/C frame, the
total force reduction factor (R,) is 5 for the threc story model in this study. However, this is
not the factor to compare with the demand response reduction factor discussed previously. The
response reduction factor is equivalent to the required ductility based strength reduction factor,
R,. For the model building, a dynamic amplification factor (overstrength reduction factor, £2)
of 1.3 is used to adequately represent a projected dynarnic ultimate surface for considering strain
hardening of the rebars and dynamic strain rate effects (typically shown in Figs. 2-10 and 2-11).
The allowabie stress factor (Y) typically ranges between 1.4 and 1.5 according to various codes,

(Uang, 1991). Therefore the corresponding ductility reduction factor (R,) according to UBC
(1991) from Eq. (3.10) is 2.75.

Table 3-3 summarizes the response (demand) reduction factors and the ductility based capacity
reduction factors for the model, along with the structural damage index, displacement ductility
ratio, and the base shear demand and capacity computed analytically. It was observed that the
ductility reduction factor and the response demand reduction factor are almost equal when the
base shear approaches the ultimate load for the severe shaking.

It should be noted that for response (capacity) reduction factors of 2.75 the associated damage
index is high (0.49) with a ductility demand of 1.96 (fairly low). If the structure is to be
maintained without damage (index of 0.04), capacity reduction may not be recommended at all
for these types of structures or, the ductility of its details must be substantially improved. The
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strength demand reduction factors and ductility (displacement) demand ratios can be adequately
determined using the calibrated analytical model, for the current study, in association with an
allowable target damage index.

TABLE 3-3 Response Reduction Comparison

Minor Moderate Severe
(0.05g) 0.20g) (0.30g)
Analytical Elastic Base Shear Demand 100% 27.8% 40.3%
(% of struciural Weight)
{Original Inelastic Basc Shear Demand 8.8% 14.7% 14.6%
Bldg.) (% of Structural Weight) (Capacity) (15.0%) (15.0%) (15.0%)
Damage Index L 0.23 0.49
Displacement Ductility Demand 1.00 1.38 1.96
' Response Reduction Factor, 1.15 1.89 2.77
Code ? UBC (1991) - Ductility 275 275 275
Reduction Factor.R,
"

' (Demand) Response Strength reduction factor computed from the base shear

ratio of the elastic and inelastic analyses based on the experimental response
fit model.

? Strength reduction factor for an ordinary moment resisting concrete frame with
R,=50Q=13and Y=14.
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3.7 Summary Discussions

Three sets of propenties were used in an analytical model to simulate the seismic response of
the structural scaled model based on: (i) engineering approximations; (i1) component tests; and
(ili) an experimental response fit. It was shown that the first two models provide adequate
agreement with the experimental response with only slight underpredictions of response in parts
of the history. The experimental response fit required slightly varying initial and pust-cracking
column stiffnesses at different stories ta better simulate the experimental response. It was shown
that the damage states analytically estimated from the experimental fit model and experimentally
observed damage states are similar. However for practicing engineers, analytical modeling can
only be carried out using approximations of member property or possibly using component
tests. This study shows that analytical, modeling, based on engineering approximations or
component tests, can provide adequate prediction of response of structures from earthquakes.
It was shown that good correlation was obtained using reduced stiffnesses of 60% and 25% of
the calculated gross stiffness properties of columns and beams, respectively. Noie that the beam
gross stiffness was derived including full slab width contributions. These initial member
stiffnesses were comparable with recently suggested values by Paulay and Priestley (1992).

A damage evaluation of the building was also performed by quantifying the induced member
damages (through damage indices) from the earthquakes. It was shown that severe damage
results to the interior columns and moderate damage to the exterior columns of the first and
second floors of the model after the severe shaking. Little reserve strength remained in the
column members for resisting any future iateral loads. The interior beams remained in a
“serviceable” damage state with moderare damage resulting in the first story exterior beams in
the pull-out direction. The analytical damage evaluation complements the experimental mea-
sured damage state during the test (which alone is not sufficient to assess the damage state of
the structure). Also, correlations exists between the damage indices computed from the
analytical evaluation and from the measured experimental response. The incipient failure
mechanism for the model, derived from the damage evaluation, was identified to be a
column-sidesway or soft-story type, which was also observed experimentally. El-Attar et al.
{1991) observed collapse of the 1:8 scale model from an identical mechanism that was obtained
both analytically and incipiently during experiments in this study.
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The critical peak ground acceleration of the Taft N2 1E motion to cause collapse of the original
undamaged model is determined to be about 0.35 g. The critical variables used for this deter-
mination were the inter-story drifts, base shear force demand and capacity, critical member
damage indices from modified Park’s Model (without consideration of P-delta damage), and

overall structural damage index.

% modified damage index was proposed to incorporate the strength damage associated with the

P-delta effect in columns. This advanced damage index was particularly useful for the critical
columns of the model to obtain a critical peak ground acceleration for the Taft N21E motion
and compare the influence of P-delta effect on damage. It was shown that the corresponding
member damages were increased by about 33% with the additional P-delta effect for the 0.30
g shaking. However, this amplification in the damage index only occurred at large story dis-
placements. With the more appropriate damage index, collapse would occur at a critical peak
ground acceleration beiween 0.30 g and 0.35 g (in comparison to about 0.35 g without the P-delta
effect).

With elastic and inclastic analyses of the model, the base shear demand reduction factors from
the elastic force level 10 the inelastic strength level were determined as 1.15. 1.89, and 2.77.
respectively for the minor, moderate, and severe earthquakes. In comparison with UBC (1991)
for the inelastic design force level, the recommended ductility reduction factor, R, is 2.75 for
an ordinary moment resisting R/C frame with a total force reduction factor (R,) of 5, an
overstrength reduction factor (£2) of 1.3, and an allowable stress factor (Y) of 1.4. Therefore,
for the severe shaking near ultimate force capacity, the ductility reduction factors are similar.
However, for the minor and moderate design earthquakes. The response demand reduction
factors do not correlate to the ductility based strength capacity reduction factors specified by
UBC (1991). If the design of LRC frames is based on minor carthquakes the strength capacity
reduction factors of UBC 1991 might not be adequate. If the design of LRC frames is based
on minor earthquakes, the strength capacity reduction factors of UBC 1991 might not be ade-
quate.
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SECTION 4

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR
FUTURE WORK

4.1 Summary of LRC Frame Model Testing

4.1.1 Design

A typical three-story moment resisting R/C frame structure was designed primarily to carry
only gravity loads (U =14 D + 1.7 L). No consideration was made for seismic resistance and
the general non-seismic detailing provisions of ACI-318-89 were used. The structure is con-
sidered to be representative of low-rise building typically constructed in the Eastern and Central
Umited States, where seismic codes have not been, or are still not, enforced. The structure is
probably weaker than the ordinary moment resisting frames designed according to newer codes,
which have minimum joint reinforcement and bar continuing in critical regions.

A one-third scale three story R/C model| was designed and constructed in the State University
of New York at Buffalo Earthquake Simulation Laboratory. The model was one-bay by
three-bays with twooverhanging sides of one-third bay width and represented the critical interior
bay of the prototype structure. The total weight on the shaking tahle including the model, the
base foundation, and the connecting concrete block was about 110 kips, which was the near

maximum capacity of the vertical actuators.

4.1.2 Experimental Study

The model was tested on the shaking table using the scaled Taft N21E component to simulate
minor {PGA 0.05 g), moderate (PGA 0.20 g), and severe (PGA 0.30 g) earthquakes. The
behavior of the model from the minor earthquake can be summarized:

1. Response was governed by elastic deformations with only slight cracking in some
column members.

2. Response was dominated by the first mode of vibration.



5. Slab steel from the full slab width had a dramatic contribution to the flexural
strength of the beams. For a typical beam-column-slab component, the nominal
moment capacity of the beams with full slab steel contributions exceeded the

capacity of the columns by about 66% (nominal column to beam strength ratio of
about 0.60).

6. Large reductions in story stiffness (approximately a total of 40% and 60% for the
first and second stories, respectively) and natural frequency (total of 33% in the
first mode) were observed after the earthquakes.

7. The measured base shear force demands for the moderate and severe shaking were
15.2% and 15.3% of the total structural weight, respectively. The base strength
capacity from a shakedown analysis at a 2% drift limit had been reached during
both earthquakes.

8. The equivalent viscous damping factors were determined to have more than tripled
in comparison with the undamaged model, due to contributions from hysteretic
damping.

4.1.3 Analytical Studies

Three analytical models were developed 10 simulate the seismic response of the model based
on: (i) engineering approximations; (ii) component tests; and (iii) an experimental response fit.
The identified structural parameters for each analytical model were: (1)theinitial, post-cracking,
and post-yielding stiffnesses; (2) the cracking and yielding moments; (3) the damping charac-
teristics; and (iv) the hysteretic properties.

It can be concluded that:

1. The analvtical models based on engineenng approximations and component tests
provided adequate correlation with the experimental response. The peak response
was captured and the response trends were similar. However, slight magnitude
variations were observed in the latter part of the motion.
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2. The fitted model to the experimental response required slightly varying initial
stiffnesses and post-cracking stffnesses in each member to better simulate this
expenimental response. For the nunor shaking, the imtial stiffness of the columns
and beams were about 0.60+ (EL,), and about 0.25+ (El,,),. respectively. The
post-cracking stiffness was EI/2 for all members. For the moderate and severe
shaking (consecutive runs), the tnitial stiffness of the columns were 0.39¢ (EI,),.
0.33+ (EL.,),. and 0.44+ (El,),. respectively for the first, second and third floors.
The initial stiffness of the beams were 0.25+ (El,,,), (same as minor shaking). The
post-cracking stiffness was E1/1.25 to medel stiffer behavior after cracking (similar
10 a bilinear model). The analytically predicted damage state was similar to the
experimentally measured and observed.

3. The damage evaluation indicated severe - "irrepairable” damage to the interior
columns and moderate - “repairable” damage o the exterior columns of the first
and second floors afier the severe shaking. The interior beams remained within
the minor - "serviceable” damage state with a moderate - "repairable” damage
state to the first story exterior beams from the pull-out moments. The overall
damage indices were 0.04, 0.23, and 0.49, that the structure will suffer only minor
damage during minor earthquakes, minor to moderate duning moderate earth-
quakes, and moderate to severe during severe earthquakes.

4. Thecritical peak ground acceleration of the Taft N2 1 E component to cause collapse
of the original undamaged model was determined to be about 0.35 g.

5. A modified damage index was proposed to incorporate the associated damage from
the P-deltaeffect in columns. It was shown that the corresponding member damage
indices were increased about 33% with the additional P-delta effect damage for a
0.30 g shaking.

6. The response demand reduction factors from inclastic response were comparable
to those of UBC (1991) for the severe shaking. The expected damage, based on
such reduction factor, will be irreparable (indicated by the damage index in
Table 3.2). However, if smaller damage is the target of the design, no reduction
should be recommended or the ductility of current details should be sub-
stantially improved.
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4.2 Conclusions on LRC Frame Structures during Earthquakes

Based on the experimental and analytical study of a ene-third scale three story model, the
following conclusions can be made about the behavior of lightly reinforced concrete (LRC)
structures during earthquakes:

1. For minor earthquakes, the inherent resistance and flexibilicy of such structures
are adequate to resist the seismuc forces and avoid major damage.

2. For moderate and severe earthquakes, the structures may withstand the earthquake
at the expense of large inter-story drifts, which may be in excess of 2%. Non-
structural elements (windows, plumbing, ¢tc.) and internal furnishings would be
expected to develop severe damage. Although such deformations are excessively
large, the structure does not collapse, therefore life safety can be assured.

3. Under dynamic excitation, the full slab width participates and contributes to the
moment capacity of the beams. This places high demands on the columns.

4. Structures are dominated by weak column - strong beam behavior. Under ultimate
load, a column-sidesway or soft-story collapse mechanism will be the mode of
failure.

$. Dynamic amplifications in material strengths of about 30% are expected from strain
hardening of the reinforcement and dynamic strain rate effects.

6. Significant contributions from higher mode effects can develop in typical structures
from carthquakes.

7. For undamaged buildings, initial stiffnesses of 0.60 (EL,), and 0.25 (EL,,), are
good initial approximations for the columns and beams, respectively, which are
similar to the stiffnesses recently suggested by Paulay and Priestley (1992).
However, aftera damaging earthquake, the columns are expected to develop severe
damage and the initial stiffnesses can deteriorate to as low as about 0.25 (EL,),.
A post-cracking stiffness of EI/2 can be used for an undamaged structure. However,
if member cracking exists from strong lateral loads, a post-cracking stiffness similar
to the initial stiffness {bilinear representation) can be used in those members.
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8 The strength reduction factors from UBC 1991 are adequate for capacity design
using severe earthquakes. The response demand reduction factors match the

strength capacity reduction factors by UBC for maximum credible earthquakes in
low seismicity areas.

9. Natural period computations from UBC (1991) greatly differ from the observed
in such flexible buildings. Possibly a new formulation for predicting the natural

period of buildings needs to be developed for lightly reinforced frames based on
field testing.

10. Retrofit of such low-rise structures in low seismicity zones may not be necessary
because: (i) LRC structures have some inherent resistance to carthquakes; (ii) the
high degree of flexibility provides only little amplifications for most earthquakes
{Mexico City earthquake is an example of an exception); and (iii) the probability
of a severe earthquake striking in a low seismicity zone is small as compared to
cost of retrofit. However for important low-rise structures or for medium-rise
structures that may require more than preservation of life safety, a minimum retrofit
may be necessary to avoid a soft-story collapse mechanism and reconfigure to a
more desirable beam-sidesway mechanism.

4.3 Recommendations for Future Research on the Design and Evaluation of LRC Frame
Structures

The behavior of lightly reinforced concrete member components and low-rise frame structures
has been thoroughly studied in this research program. However, the experimental and analytical
studies on frame structures in this work have only considered the Taft N21E ground motion. It
is considered of interest to investigate how such typical frame structures would respond to
different carthquakes, particular those with ground motion and soil conditions similar to the
Eastern United States. It is speculated that the response of such structures would be similar to
that presented in this study (weak column - strong beam behavior with large inter-story drifts).

It was shown that analytical models developed from replica component tests provided adequate

correlation with the seismic response of the one-third scale model building. For the time being,
this analytical model is considered suitable for predicting seismic response behavior of a pro-
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totype structure. However, further verification is necessary to consider any variations that may
occur due to the scaling involved in this study. One particular variation may be related to strain
rate effects which can influence the pull-out of the discontinuous beam reinforcement.

Other types of non-seismically detailed structures also need further experimental verification
such as: flat slab buildings; buildings with walls; masonry buildings: and medium to high rise
structures.

Another area of research can focus on the non-structural elements of LRC structures. It was
shown in this study that such buildings are governed by large story drifts during seismic activity.
It is expected that large non-structural damage will develop during moderate and severe type
earthquakes.

A sensitivity parametric study can be carried out on the hysteretic properties for analytical
modeling based on the experimental results presented in this study. The objective of this work
can be focused on establishing default initial values for the hysteretic parameters of gravity load
design members.

Further verification of the proposed damage model, which incorporates the damage associated
with the P-delta effect, is needed. A multiplicity of indices associated with importance factors
might be necessary to characterize damage in structures. More experimental and analytical
studies should be carried out for calibrations of the ultimate monotonic displacements and
curvatures of individual components.

Finally the retrofit of inadequate structures should be a major concern. A subsequent study on
sclected seismic retrofit techniques for the R/C frame studied in this report was already com-

pleted and is the subject of the Retrofit Report Series (Choudhury et al, 1992, and Bracci et al.
1992b).
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