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PREFACE

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
of knowledge about earthquakes, the improvement of earthquake-resistant design, and the
implementation of seismic hazard mitigation procedures to minimize loss of lives and property.
The emphasis is on structures and lifelines that are found in zones of moderate to high seismicity
throughout the United States.

NCEER's research is being carried out in an integrated and coordinated manner following a
structured program. The current research program comprises four main areas:

• Existing and New Structures
• Secondary and Protective Systems
• Lifeline Systems
• Disaster Research and Planning

This technical report pertains to Program 1, Existing and New Structures, and more specifically
to Reliability Analysis and Risk Assessment.

The long term goal of research in Existing and New Structures is to develop seismic hazard
mitigation procedures through rational probabilistic risk assessment for damage or collapse of
structures, mainly existing buildings, in regions of moderate to high seismicity. This work relies
on improved definitions of seismicity and site response, experimental and analytical evaluations
of systems response, and more accurate assessment of risk factors. This technology will be
incorporated in expert systems tools and improved code formats for existing and new structures.
Methods of retrofit will also be developed. When this work is completed, it should be possible to
characterize and quantify societal impact of seismic risk in various geographical regions and
large municipalities. Toward this goal, the program has been divided into five components, as
shown in the figure below:

Program Elements:

Seismicity, Ground Motions
and Seismic Hazards Estimates

+
Geotedmical Studies, Soils Iand Soil-Strucrnre Interaction

•I System Response: I
Testing and Analysis I

~

I Reliability Analysis I
and Risk Assessment I

Expert Systems

iii

Tasks:
Earthquake Hazards Estimates.
Ground Motion Estimates,
New Ground Motion Instrumentation,
Earthquake & Ground Motion Data Base.

Site Response Estimates,
Large Ground Deformation Estimates,
Soil-Structure Interaction.

Typical Structures and Critical Structural Components:
Testing and Analysis;
Modern Analytical Tools.

Vulnerability Analysis.
Reliability Analysis,
Risk Assessment,
Code Upgrading.

Architectural and Structural Design,
Evaluation of Existing Buildings.



Reliability Analysis and Risk Assessment research constitutes one of the important areas of
Existing and New Structures. Current research addresses, among others, the following issues:

1. Code issues - Development of a probabilistic procedure to determine load and resis­
tance factors. Load Resistance Factor Design (LRFD) includes the investigation of
wind vs. seismic issues, and of estimating design seismic loads for areas of moderate
to high seismicity.

2. Response modification factors - Evaluation of RMFs for buildings and bridges which
combine the effect of shear and bending.

3. Seismic damage - Development of damage estimation procedures which include a
global and local damage index, and damage control by design; and development of
computer codes for identification of the degree of building damage and automated
damage-based design procedures.

4. Seismic reliability analysis of building structures - Development of procedures to
evaluate the seismic safety of buildings which includes limit states corresponding to
serviceability and collapse.

5. Retrofit procedures and restoration strategies.
6. Risk assessment and societal impact.

Research projects concerned with Reliability Analysis and Risk Assessment are carried out to
provide practical tools for engineers to assess seismic risk to structures for the ultimate purpose
of mitigating societal impact.

iv



ABSTRACT

This report presents a new automatic method for the seismic design of rein­

forced concrete frame buildings. A new damage index is briefly reviewed, which

serves as a measure of a member's residual energy dissipation capacity and thus is

suitable as a control parameter in an automated design method. The method pro­

posed herein aims for a uniform energy dissipation throughout the building frame,

as measured by the individual member damage indices.

The new damage index is modeled on the low-cycle fatigue phenomenon exhib­

ited by reinforced concrete members subjected to strong inelastic cyclic loads. It

accounts for the observed stiffness and strength deterioration, includes a modified

Miner's Rule for variable amplitude loading, and considers the effect of load history.

These features make the damage index a useful measure of a member's capacity to

resist further cyclic loading.

The automatic design method is based on a thorough study of the effects of

three important design variables, the longitudinal reinforcement, the confinement

steel, and member depth. Design rules derived from the large number of numerical

studies allow an iterative improvement of a preliminary design until the distribution

of damage indices has reached a user-specified degree of uniformity. The usefulness

of this design method, which incorporates aspects of a knowledge-based expert

system, is demonstrated with a typical four-story three-bay office building.
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1. Introduction

Probably the most difficult task in designing reinforced concrete buildings to with­

stand strong earthquake ground motions is to devise an acceptable mechanism for

dissipating the large amounts of energy imparted upon the building by an earth­

quake. Short of resorting to unusual technologies such as base isolation, frictional

dampers, active or passive control mechanisms, it has been accepted practice in re­

cent years to dissipate the earthquake energy through inelastic action of some com­

ponents of the structure. There are basically two different approaches to achieve

this goal.

1. A number of structural members are deliberately selected to act as "fuses", Le.

weak spots in the structure assigned to develop plastic hinges and to dissipate

energy under tightly controlled conditions. The designer has to detail the

selected structural elements very carefully to assure that the energy dissipation

demand can be met without prior failure. A frequently cited example is the

solution of Park and Paulay for the coupling beams of coupled shear walls (10).

2. All or most structural elements are called upon to equally share in the task of

energy dissipation so that the resulting damage is uniformly distributed over

all elements in question, thus assuring a minimum average damage level. In the

design of ductile moment-resistant frames it is accepted practice to use strong

columns and weak beams. Thus the energy dissipation duty is limited to the

beams.

It is the objective of this research to develop an automatic design procedure

for reinforced concrete frames, in which a preliminary design is modified iteratively

until the damage has reached a preselected distribution. That means, the chosen

design approach utilizes the second of the two options just mentioned. The general

procedure consists of the following steps, Fig 1.1.
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1. Perform a preliminary design of a frame to satisfy the static lateral load re­

quirements of the Uniform Building Code (19). At this point, the engineer is

expected to perform this task by hand.

2. Perform a nonlinear dynamic analysis of the frame for seismic ground shaking

of specified intensity, duration and spectral content.

3. Compute for both ends of each frame member the damage index as defined in

Chapter 2. The random nature of the ground motion requires a Monte Carlo

simulation, the output of which consists of mean value and variance of the

member damage indices.

4. Evaluate the damage distribution by comparing it with an acceptable distribu­

tion as specified by the engineer.

5. If the damage is unacceptable, automatically introduce certain design changes

on the basis of design rules incorporated in the program.

6. Repeat step 2 through 5 until the level of the frame damage is acceptable for

the specified intensity of ground motion.

It is obvious that the concept of damage plays a key role in the entire design

procedure. In Ref (4,5), a new damage model had been introduced, which is struc­

tured after a modified Miner's rule and is based on the hypothesis that damage of a

structural member is closely related to the amount of energy dissipated, relative to

the member's total energy dissipation capacity. In Chapter 2, this damage model

will be briefly reviewed.

Chapter 3 describes the generation of artificial ground motion histories which is

based on the Monte Carlo simulation of a non-stationary random process developed

by Shinozuka (17).

The most difficult aspect of the design methodology is the formulation of de-
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sign rules which guarantee convergence towards an acceptable damage distribution.

Chapter 4 summarizes a comprehensive parameter study, wherein the influences

of various small design changes on the damage distribution in a 4-story example

office building frame are studied and evaluated in detail. The design parameters

considered in this study are the longitudinal steel ratio, the confinement steel ratio,

and the section depth of a member.

In Chapter 5, some design rules are synthesized from the preceding parameter

studies and incorporated into the computer program. It will be interesting to expand

this design method with some of the rules inherent in the capacity design concept

of Paulay (12) in a future study. The usefulness of this automatic design method is

demonstrated by applying it to various preliminary designs. Chapter 6 concludes

this work with some general observations, a summary of the important conclusions

and recommendations for further study.

1 - 3



Preliminary Frame Design

9
r-- For Each Sample Earthquake Do
I
I
I
I
I Analyze Nonlinear Frame
I Response
I
I
I
I

Compute All Damage IndicesI
I
I
IL ________

Continue )

Compute Mean and Variance of
Damage Indices

Improve no Damage
Frame Design Acceptable

?

yes

( Stop

Fig 1.1 - Automated Design Method
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2. A New Damage Model

Experience from past strong earthquakes and laboratory investigations has shown

that damage sustained by reinforced concrete structures is the result of a combina­

tion of level of exposure and the number of exposures or load cycles, a phenomenon

generally known as low-cycle fatigue. Thus, a rational damage model for reinforced

concrete members has to take into account not only the load severity, but also the

number of load cycles, or better, the amount of dissipated energy, relative to the

member's total energy dissipation capacity.

An earlier study (5) has critically evaluated numerous models, which had been

proposed to represent damage of concrete members. It was concluded that none of

these prior models is well suited to describe the residual strength and stiffness of

damaged structural members and thus permit an acceptably accurate prediction of

response to subsequent cyclic loading. It was the recognized need for such a model

that had prompted the development of a new damage model, which was described

in detail in Ref (4,5). Herein, only a brief review of the model shall suffice.

2.1 Definition of Failure

It is common to express damage in the form of a damage index, which remains

zero as long as the member's yield capacity is not exceeded, and is assigned a value

of 1.0 when the member fails. This representation thus requires a definition of

failure. Some investigators have proposed to define a member as having failed when

its strength(moment) has dropped below 75% of the initial yield strength(moment)

(3,6,9). But if a member which, according to this definition, has already failed, is

subsequently loaded up to further displacement or curvature, its moment can be

observed to increase well above the 75% level, Fig 2.1. For this reason it is necessary

to relate the definition of a failure moment level to the member's actual strength

2 - 1



reserve or residual strength, which is a function of the experienced loading history,

and maximum experienced curvature tP.

In Fig 2.2, the failure moment is plotted as a function of the normalized cur-

vature level, given by

2il>·
Mfi = Mf' '

il>i + 1.0

where

Mfi : failure moment for given curvature level tPi

M f : failure moment for monotonic loading

... tPi t t'
OJ! i = tP f : curva ure ra 10

tP f : failure curvature for monotonic loading

(2.1)

Fig 2.2 illustrates the fact that the level of failure moment should be a function of

the loading level. For low curvature levels (Le. tP exceeds tPy by a small amount),

the strength drop expected in a single load cycle is small. Also, the strength reserve

activated when this load level is exceeded is relatively large. This means that a

larger number of cycles is needed to reach the failure moment level Mfi for a small

tPi than for a larger tPi. A constant failure moment level Mfi = 0.75My does not

appear to be very meaningful.

2.2 New Damage Index

The new damage model proposed in Ref (4,5)' takes into consideration the

nonlinear relationship between maximum displacement and dissipated energy, the

strength deterioration rate and the number of load cycles to failure. The proposed

damage index De is expressed in the form of a modified Miner's Rule. It contains

damage modifiers, which reflect the effect of the loading history, and it considers

the fact that RC members typically respond differently to positive and negative

2-2



moments:

where

De=L
i

(
+ -)n· n·a+-'- + a-:-'-

, N7- ' N-:-, ,
(2.2)

i : indicator of different displacement or curvature levels

Ni = Mi - Mji : number of cycles up to curvature level i to cause failure
b.Mi

b.Mi : strength drop in one load cycle up to curvature level i, Fig 2.3

ni : number of cycles up to curvature level i actually applied

ai : damage modifier

+, -: indicator of loading sense

(Mi - M ji ) and b.Mi denote the strength drops at curvature level i, up to the

failure moment and in a single subsequent load cycle, respectively.

2.3 Damage Modifiers

The loading history effect is captured by including the damage modifier ai,

which, for positive moment loading, is defined as

4>; + 4>L
24>; (2.3)

where

+ _ M i}
k .. --

'J 4>7
is the stiffness during the j-th cycle up to load level i, Fig 2.4,

N+

-+ 1 0 +
k i = ---=t L..J kij

N i j=l

is the average stiffness during Nt cycles up to load level i. Denoting with

2-3
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the moment reached after j cycles up to load level i, Fig 2.4, the damage modifier

at can be expressed as

</Jt + </JL
2</Jt

(2.7)

As Fig 2.4 illustrates, the energy that can be dissipated during a single cycle

up to a given load level i decreases for successive cycles. That means the damage

increments also decrease. In a constant-amplitude loading sequence, the first load

cycle will cause more damage than the last one, and the ai-factor decreases as load

cycling proceeds. This has been considered by incorporating the stiffness ratio into

the damage modifier. The factor 4>i :~+ 1 has been introduced to normalize the
2 ,

damage increments in the case of changing load amplitudes, Fig 2.5. For negative

loading, "+" superscripts are replaced by "-" superscripts. For further details refer

to Ref (4,5).

2.4 Structural Damage Index

Important decisions concerning the residual strength and safety of a damaged

building are most conveniently based on a single structural or global damage index.

A comprehensive survey of such damage indices can be found in Ref (14). Some of

these were also reviewed in Ref (5). Final decisions on repair or demolition will have

to take into account the building's use (e.g. warehouse, residence, school, hospital).

The choice of an appropriate importance factor is not part of this study.

A structural damage index can be composed of individual story damage indices

(11), each of which is aweighted average of the damage indices of all potential plastic

hinges in the story under consideration,

n.
I: Df .Ef
i=l

2-4
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where

D Sk : damage index for kth story

Df :damage index of joint i in story k

nk : number of potential plastic hinges in kth story

(2 x number of elements in story k)

Ef :energy dissipated in joint i of story k

Then, the structural damage index will be defined as,

(2.9)

where

D Sk : damage index for story k

N : total number of stories

I N+l-k 'h' f ~ kk = N = welg tmg actor or story

The weighting factors express the greater importance of the lower stories of a build-

ing (h = 1 for k = 1). It is noteworthy that a structural damage index such as

the one defined above cannot reflect the structure's increased vulnerability under

further loading, if one or more critical elements have been severely damaged or

have failed altogether. Only in some cases the story damage indices might preserve

this crucial information, if appropriate additional weighting factors are employed,

which, for example, would emphasize the importance of columns. By combining the

detailed damage information of an entire frame into a single number (Dg), too much

information is lost to make this single structural damage index a useful estimator

of the structure's residual strength and capacity to withstand further loading, For
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other applications, for example, for insurance risk evaluations, such a single number

may be appropriate. But any rational evaluation of a structure's reliability can only

be meaningful if the mechanical deterioration process of all significant structural

members are accurately accounted for. For this reason, only individual element

damage indices will be considered in the remainder of this report.

2.5 Numerical Examples

The damage model described above has been programmed and incorporated

into the computer program, SARCF (Seismic Analysis of Reinforced Concrete

Frames), described in the Appendix. The hysteretic response of frame members is

simulated by a nonlinear element model developed at Columbia University, which

takes into account the finite size of plastic hinge regions and reproduces the stiff­

ness and strength degradation of RC frame elements (15). The accuracy of this

model had been demonstrated through the simulation of numerous experimental

test results (5).

The damage model cannot be similarly validated with experimental data, be­

cause test data are generally not quantifiable as to be comparable to our damage

index. Indirectly, however, our member model simulates the member deteriora­

tion as a function of damage accumulation. Thus, satisfactory agreement between

theoretical and experimental hysteretic response by itself is an indication that the

accumulated damage is represented correctly. Moreover, it is possible to determine

from the reported test results the dissipated energies and compare these with the

numerical results.

Table 2.1 summarizes the cumulative dissipated energies of specimens, which

had been tested by Hwang (6) and Bertero and Popov (9,13). The terminal exper­

imental values listed are those given by Hwang. Intermediate values were obtained
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from the recorded load-displacement curves by use of a planimeter. Some of the

results thus obtained appear to be questionable, either because of errors in the re­

ported response plots or in the measuring procedure employed herein. In spite of

these discrepancies, which are most serious in the early load cycles of some of the

specimens, the total energies dissipated by the time the tests were terminated show

very good agreement between theory and experiment.

Table 2.2 contains the cumulative damage indices computed for the same speci­

mens covered by Table 2.1. It is noteworthy that in all but the last case the damage

index computed after test termination correlates reasonably well with 1.0, which

corresponds to our definition of failure. In some cases, the testing proceeded well

beyond this point, e.g. Specimen S22. This means that testing had continued be­

yond the point of (artificially defined) failure. Other specimens, most notably B35,

appear not to have failed at the time the test was terminated.
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Table 2.1 Experimental and Numerical Cumulative Dissipated Energies (kips-in)

Nos of Specimen

Cycles S12 S14 S22 523 524 532 533 534 R5 B35

1 44.7 39.6 41.5 13.7 46.8 42.3 15.1 47.3 10.4 93.5
(32.6) (34.2) (17.7) (8.2) (19.1) (23.4) (9.0) (24.0) (16.5) (115.6)

2 76.0 71.4 69.1 23.8 72.1 76.6 24.9 82.4 17.4 158.8
(67.1) (70.3) (39.0) (18.5) (42.4) (46.7) (18.3) (47.2 ) (34.5 ) (234.1 )

3 103.1 78.3 90.0 60.0 77.9 96.9 59.9 88.6 37.8 375.9
(97.7) (83.0) (59.2) (38.9) (52.0) (67.7) (38.2 ) (55.9) (59.8) (498.4)

4 127.4 83.0 106.9 92.7 81.0 113.3 87.1 92.7 64.9 630.9
(129.3) (93.3) (79.0) (60.8) (58.9) (87.2) (58.2 ) (62.3 ) (102.6) (800.0)

5 150.0 107.7 119.7 97.5 104.9 126.4 92.7 116.3 90.1 1182.9
(159.5) (120.9) (97.9) (70.8) (77.2) (104.8) (65.6) (81.4) (141.9) (1377.2 )

6 172.1 132.6 129.8 100.1 123.3 136.9 96.8 133.9 114.7
(188.4) (150.2) (115.6) (78.4) (97.2) (120.0) (71.3) (100.7) (180.6)

7 194.0 136.2 138.6 122.7 126.2 146.4 116.7 137.5 177.0
(215.9) (161.1) (131.9) (96.4) (105.5 ) (132.4) (88.4) (106.8) (217.9)

8 213.9 138.8 146.4 142.2 128.3 155.0 135.1 140.6 226.5
(241.8) (169.1) (146.8) (115.8) (111.3) (141.7) (106.1) (112.2) (255.6)

9 232.4 158.0 153.4 144.4 140.4 138.2 155.4 277.4
(265.7) (189.8) (160.0) (124.3) (126.2) (112.3) (117.3) (313.9)

10 250.4 179.5 160.0 145.7 151.0 141.2 168.5 333.6
(286.8) (209.5 ) (171.5) (130.7) (142.4) (117.2) (131.5) (371.5)

11 267.6 182.3 159.6 157.0 170.2 383.1
(304.4) (216.3) (145.1) (131.0) (145.2) (418.1)

12 283.8 184.4 171.0 170.6 171.5 418.5
(318.6) (221.1) (160.0) (144.8) (151.0) (492.9)

13 297.9 201.8 173.0 178.0
(329.4) (232.4) (149.8) (154.9)

14 311.4 219.0 175.0
(337.2) (241.7) (153.5)

15 323.5 220.5 185.9
(342.4) (244.4) (163.7)

16 333.6 221.8 196.0
(345.6) (246.1) (173.4)

-

17 343.0 236.0
(348.0) (249.1)

18 248.0
(250.8)

Note: 44.1 - Experiment (32.6) - Theory
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Table 2.2 Numerical Cumulative Damage Indices

Nos of Specimen

Cycles 512 514 522 523 524 532 533 534 R5 B35

1 0.0254 0.0569 0.0797 0.0210 0.0664 0.0722 0.0059 0.0461 0.0041 0.0234

2 0.1250 0.2227 0.2597 0.0685 0.2278 0.2537 0.0225 0.1846 0.0154 0.0697

3 0.2485 0.2644 0.4513 0.1808 0.2863 0.4601 0.0870 0.2234 0.0389 0.1733

4 0.3740 0.2937 0.6422 0.3546 0.3262 0.6545 0.1956 0.2494 0.1043 0.3379

5 0.4871 0.4589 0.8220 0.4089 0.4763 0.8313 0.2156 0.3863 0.1876 0.5816

6 0.5963 0.6439 0.9956 0.4513 0.6453 1.0003 0.2303 0.5445 0.2745

7 0.7016 0.6794 1.1557 0.5957 0.6959 1.1436 0.3271 0.5746 0.3605

8 0.8019 0.7040 1.3018 0.7499 0.7296 1.2613 0.4360 0.5993 0.4509

9 0.9035 0.8326 1.4336 0.7971 0.8552 0.4533 0.6226 0.6354

10 0.9935 0.9718 1.5552 0.8336 0.9943 0.4661 0.7271 0.8524

11 1.0721 0.9978 0.9565 0.5491 0.8438 1.0771

12 1.1395 1.0156 1.0844 0.6392 0.8722 1.3877

13 1.1960 1.1044 0.6540 0.8910

14 1.2435 1.1976 0.6647 0.9790

15 1.2837 1.2142 0.7307

16 1.3215 1.2252 0.8029

17 1.3600 1.2837

18 1.2925
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3. Generation of Artificial Earthquakes

For nonlinear analysis of structures, the representation of earthquake ground mo-

tions as a stationary random process is of limited use because of the time depen­

dency of the mean peak acceleration envelope and the duration of strong ground

motion. For this study, artificial ground acceleration histories, x(t), are generated

by multiplying an. envelope function, s(t), and a stationary Gaussian process, g(t),

x(t) = s(t) x g(t) (3.1)

The envelope function is here assumed to have a trapezoidal shape as shown on

Fig 3.1b. Other envelope functions could be easily substituted (16). A Gaussian

process, g(t), can be obtained by using the Kanai-Tajimi spectrum S(w), Fig 3.1a

as the power spectral density function,

(3.2)

where

W g : characteristic ground frequency

~g : predominant damping coefficient

So : intensity of Gaussian white noise over the range - 00 < W < 00

The Gaussian process, g(t), can be generated by using Monte Carlo technique (17),

N

g(t) = v2 L VG(Wk)~W . COS(Wkt - <h) (3.3)
k=l

where

</>k : random phase angle, uniformly distributed between 0 and 27l'

Wk : k~w

G(Wk) = 2S(Wk) : one-sided power spectrum

W u = N ~w : upper cut-off frequency
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To generate an artificial earthquake, Shinozuka (18) suggested a relationship be­

tween the intensity, So, and the peak ground acceleration, PGA. With

u; = E[x;] = JS(w) dw

_ So'll"wg(1 + 4~i)

2~g

or

the peak ground acceleration can be written as

where

1 t
O<g = Pg [1rWg(- + 2~g)]

2~g

Pg : peak factor, empirically assumed to be 3.0 in this study.

(3.4)

(3.5)

(3.6)

The peak ground acceleration of the 1940 El Centro earthquake was 0.36g, Le.

PGA = 0.36g. Therefore,

So = [p~Ar
PGA2 (3.7)

P~ [1rWg(2~. + 2~g)]

For firm soil conditions, the empirical parameters are wg = 91r (rad/ see) and ~g =

0.6, which gives So = 0.0827 ft 2 / see3 •

In this study, ground acceleration histories with peak accelerations of either

O.5g or 1.0g are generated, the latter one representing an upper bound for credible

earthquake ground motion.

Because of the random nature of earthquake acceleration histories it is more

meaningful to consider structure response quantities (such as damage indices)
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formed as averages for an ensemble of sample input functions, rather than responses

to individual functions. In order to determine the minimum number of sample

functions necessary to give useful mean response values, the running mean values

of damage indices computed for eight different structural elements of a frame are

plotted in Fig 3.2 as functions of the number of sample earthquake input functions.

As can be seen, all mean values have more or less stabilized after the accumulation

of about 10 earthquake input functions. Thus the majority of the parameter studies

presented below involved 10 sample functions for each case.
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4. Numerical Experiments

In order to develop an automatic design procedure which guarantees convergence

towards an acceptable design, it is necessary to understand and predict the conse­

quences of certain small design modifications. Three design parameters were singled

out for their impact on frame response to strong ground motions: 1) the longitudinal

steel ratio, 2) the confinement steel ratio, and 3) the depth of severely stressed frame

members. (This selection implies that sufficient shear reinforcement is provided to

preclude shear failures. Also, bond failures due to cyclic loadings are not considered

herein.) To fully appreciate the influence of these three design parameters on the

frame response, a large number of parameter studies have been conducted. Since

the damage indices are of prime interest, the effect of a single design parameter can

be studied by changing only this one parameter in one member by a small amount

and then plotting the resulting changes of all member damage indices. Such a plot

can be interpreted as an influence surface. A careful study of such influence surfaces

permits the drawing of important conclusions, which can be synthesized into more

or less generally valid design rules.

Section 4.1 describes the details of the example frame used for the numerical

experiments. The testing program is briefly described in Section 4.2. In Section 4.3,

the results of the parameter studies are presented in detail. The most significant

observations and conclusions are summarized in Section 4.4.

4.1 Example Office Building

A four-story three-bay concrete frame for a typical office building has been

designed to serve as a model for numerical experiments. Details of this frame

model are shown in Fig 4.1. It has been designed according to the ACI 318-83 Code

(1), to resist the equivalent static lateral loads specified in the Uniform Building
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Code (19). The design base shear is given as:

v = ZIKCSW

where in our case,

Z = 1.0 for seismic zone 4

I 1.0 for occupancy importance factor

K = 0.67 for ductile moment-resisting space frame

C S 0.14 for numerical coefficient for site-structure and soil

W 658.38 kips for dead weight (see Table 4.1 for details)

Thus, the base shear is

v = 0.67 x 0.14 x 658.38 = 61.76 kips

to be distributed over the frame according to

N

F=I:Fi+Ft
i=l

(4.1)

(4.2)

(4.3)

Since the fundamental period is estimated to be less than 0.7 sec, we can assume

Ft = 0.0. Thus, the total lateral load is distributed over the building height as tab-

ulated in Table 4.2. Based on these lateral loads, the preliminary design of Fig 4.1

resulted. The fundamental natural frequency and the natural period of this frame

have been computed to be II = 1.1907 Hz and T = 0.840 sec, respectively, using

the moments of inertia of the cracked reinforced concrete sections. The maximum

roof displacement for the static code lateral loads is ~ = 2.119 inch.

A mathematical model of this example frame was analyzed by program SARCF

for two different artificial ground acceleration histories, one with a peak acceleration

of O.5g, and one with 1.0g. In this and all subsequent analyses, use of symmetry
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was made by analyzing only one-half of the frame, in order to reduce the compu­

tational effort. Even though the axial forces in the columns vary considerably as

functions of time, Fig 4.2, thereby affecting their yield moments, it was felt that

the strong-column weak-beam design concept justifies this assumption of symmetry,

since plastic hinges in columns were rare occurrences, except at the foundations.

The mean damage indices obtained for ten sample input functions for each of

the two analyses are summarized in Fig 4.3. They permit the following observations:

1) Even for the earthquake with 1. Og peak acceleration, the damage indices are

surprisingly small (maximum 0.3377). This indicates a well-designed strong

frame.

2) Except for the bottom of the first-story columns, all columns remain elastic in

the O.5g earthquake. Even in the 1.Og event, the damage indices computed for

the columns are very small compared with those for the beams. This indicates

that the frame was designed correctly according to the strong-column weak­

beam principle.

3) In the 1.0g earthquake, damage appears to be heavily concentrated in the

beams of the lower stories, indicating that these contribute an overproportional

share to the energy dissipation of the frame. It would be desirable to distribute

this energy dissipation and resulting damage more evenly over the entire frame.

4) For a given frame design a single analysis for different intensities reveals quite

dissimilar damage distributions because of the random nature of the ground

motion history. However, relative damage distributions for different earth­

quake intensities tend to become more and more similar, if damage indices are

computed as mean values for ten or more sample acceleration histories.

The execution of a nonlinear dynamic analysis of the example frame requires
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typically about 112.6 sec of CPU time on the Sun-micro computer, when 1200 time

steps of size ti.t = 0.01 sec are used.

4.2 Outline of Numerical Experiments

All parameter studies reported below were carried out on the example building

frame described in Section 4.1. Table 4.3 summarizes the basic case studies together

with their identifiers. It should be recalled that we are concerned only with mean

values of damage indices, so that each case implies ten nonlinear dynamic time

history analyses. In each case a design parameter was increased by a small amount

and in a separate case decreased by an equal amount. Thus the longitudinal steel

ratios were varied by ±5%, the confinement steel ratios by ±50% for critical beams

and ±30% for critical columns, and the member depths by ±5%. In addition to these

2 x 36 x 10 = 720 runs, numerous studies were performed by varying the amounts

by which the design parameters were changed, and by varying design parameters

in other than critical frame members.

Even though the principle of superposition does not apply to the case of highly

nonlinear frame response, the necessity for accelerating design convergence sug­

gested the inclusion of the following study: In Run A change one design parameter

in only the most heavily damaged member. In Run B change the corresponding

design parameter in only the second most heavily damaged member. In Run C

change both members together to determine to what extent the influence surfaces

can be superimposed. Increasing and decreasing a design parameter by the same

amount permits the drawing of conclusions about the same phenomenon.

4.3 Results of Numerical Experiments

Figs 4.4-15 present the results for Cases I through IV, and Figs 4.16-25 contain

the results of additional studies. It should be stressed that all of these Figures
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show the changes of mean damage indices as the result of the indicated parameter

changes.

4.3.1 Study I - Critical Columns, 1.0g Peak Acceleration

This numerical experiment consists of 9 cases, wherein three design parameters

are changed by the indicated amounts for the most critical, the second most critical,

and the two most critical columns, each. The results, summarized in Figs 4.4-6

permit the fo llowing 0 bservations:

1) By increasing the longitudinal reinforcement of critical columns, Fig 4.4, the

damage indices for the modified columns are consistently decreased, as one

would expect. Conversely, decreasing the reinforcement always leads to an

increase in damage.

2) Changes in the confinement steel ratio for the critical columns, Fig 4.5, have

little effect on the damage of the structure. Moreover, the effect is inconclusive,

i.e. in one case, a small increase in confinement steel increases the damage index

for the affected column, in another case it reduces the damage. In any case,

practical considerations impose an upper limit on the confinement ratio.

3) Reducing the depth of a critical column causes a reduction in damage for the

column in question, Fig 4.6. Conversely, increasing the column depth increases

the damage. Since both most highly stressed columns are located in the first

story, it is not certain how these results can be generalized. However, in the

case studied, changing one column depth has the most profound effect on the

other column in the same story. For example, reducing the depth of the most

critical column by 5% decreases the damage index in the modified column by

0.0063, but increases the damage index for the other column by 0.0326, i.e.

almost 5 times as much.

4) The two critical columns are both located in the ground floor of the frame.
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The effects of any parameter changes are basically confined to the beams and

columns of the same ground floor. The effects on the members of the upper

floors are relatively smaller.

5) In this particular case the principle of superposition appears to hold by and

large, as far as the longitudinal steel is concerned. For example, increasing

the longitudinal steel of either one of the two first floor columns reduces the

damage of both. Thus, adding steel to both columns simultaneously leads to

a damage reduction of both as well. Similarly, the damage indices of all other

elements can be superimposed approximately.

6) The effect of the confinement steel is less conclusive, as far as superposition is

concerned. For example, the damage index of the exterior first story column

is reduced when the confinement steel of either first story column is increased.

But when both columns are simultaneously more heavily confined, the damage

index is inexplicably increased. In any case, the damage index changes are very

small.

7) Superposition with regard to column depth variations is comparably consistent.

A depth increase(decrease) always increases(decreases) the damage of the af­

fected column, but decreases(increases) the damage of the other column in the

same ground story, which has now a smaller(larger) relative stiffness and carries

a correspondingly lesser(larger) share of the base shear. Increasing(decreasing)

both column depths simultaneously leads to a damage increase(decrease), as

one would expect. The principle of superposition applies approximately.

8) The effect of column reinforcing ratio on the critical beams is similar as that on

the affected columns. That is, an increase(decrease) of either critical column

steel reduces(increases) the damage of all members in the critical ground floor.

9) Increasing(decreasing) the depth of one column reduces(increases) the damage
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in the other column and both beams on the same floor as well. The effect on

the other first floor columns exceeds the effect on the modified column itself.

As a result, reducing(increasing) the depth of both columns simultaneously

worsens(improves) the damage picture of the entire first floor.

10) The cause and effect relationship is approximately linear, as far as the sign is

concerned. That means, increasing a particular parameter has consistently the

opposite effect of decreasing it. Only the effect of the confinement steel violates

this rule occasionally.

In conclusion it is important to note that in this particular study, in which the

two most heavily damaged columns are situated in the ground floor, the effects of

changing the longitudinal steel or the column depth are generically superposable,

e.g. by increasing the reinforcement of several critical columns in the ground floor,

the damage of all first floor elements can be expected to decrease.

4.3.2 Study II - Critical Columns, O.5g Peak Acceleration

The results of the 9 cases in this study are summarized in Figs 4.7-9. Over­

all, they permit all the same observations as the results of Study I. Because of the

smaller ground accelerations, the damage reference values of Fig 4.3 and the abso­

lute values of the damage changes are considerably smaller. However, the relative

damage changes are larger in the O.5g earthquake than in the 1.0g case. For exam­

ple, a 5% steel increase in the most heavily damaged column reduces the damage

index of 0.2061 by 0.0099 or 5% in the 1.0g earthquake. In the O.5g case, the damage

index of 0.0162 is reduced by 0.0019 or 12%.

For the lower earthquake intensity, damage values are sometimes so small,

that they are increasingly influenced by the randomness of the ground motions and

therefore appear to be less conclusive.
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4.3.3 Study III - Critical Beams, 1.0g Peak Acceleration

From the results of these cases, summarized in Figs 4.10-12, the following

observations can be made:

1) The effect of longitudinal reinforcing ratio in the most heavily damaged beams

is very similar to that for the columns, i.e. an increase in steel in either one of

the two critical beams in the first floor reduces the damage in both beams to

the extent that superposition is almost linear, Fig 4.10.

2) As in Study I, the effect of the confinement ratio is inconclusive. Moreover, the

damage index changes are very small. This fact lessens the value of confinement

ratio as a tool for damage reduction in an automatic design algorithm.

3) On the other hand, increasing the member depth increases the damage of the

same beam element, but reduces the damage of the other beam on the same

floor. As a result, changing both beam depths simultaneously has barely a net

effect, regardless whether the beam depths are increased or decreased.

4) As in Study I, any parameter changes of either one of the two critical beams

have relatively little effects on frame elements in other floors.

5) As far as the longitudinal steel and the member depth are concerned, the

principle of superposition applies approximately.

6) The effects of column parameter changes on the beams of the same floor(Study

I) are comparable to the effects of beam parameter changes on the columns of

the same floor(Study III), i.e. there exists a kind of reciprocity with regard to

the longitudinal steel effect.

7) As in Study I, increasing a particular parameter, i.e. the longitudinal steel

ratio or the member depth, has consistently the opposite effect of decreasing

it.
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4.3.4 Study IV - Critical Beams, O.5g Peak Acceleration

Figs 4.13-15 show the results of these 9 case studies. Observations are very

similar to those for Study III, as far as the effects of the longitudinal steel ratio and

the member depth is concerned. The effect of the confinement steel ratio is again

almost nil and therefore inconclusive. The principle of superposition appears to be

applicable in an approximate sense also in this study, making it an essential tool

for speeding convergence of an automatic design method.

4.3.5 Study V - Larger Change of Column Reinforcement, 1.0g Peak Acceleration

In this study, the longitudinal steel ratios of the critical first floor columns were

changed by ± 10% instead of the earlier 5%. A comparison between the results

shown in Fig 4.16 and the earlier results of Fig 4.4 permits the conclusion that the

effect of the magnitude of steel ratio change on the damage indices is almost linear,

Le. a 10% difference in steel changes the damage indices about twice as much as a

5% difference.

4.3.6 Study VI - Top Story Beams, 1.0g Peak Acceleration

In this study, 9 cases were analyzed to investigate the influence of design param­

eter changes in top story beam elements. From the results, shown in Figs 4.17-19,

the following observations can be made:

1) Increasing(reduciIig) the longitudinal steel reinforcement of either one of the

two top story beams decreases(increases) its damage index, Fig 4.17.

2) Changes of the confinement steel ratio have almost no effect on the damage of

the structure, Fig 4.18.

3) Reducing(increasing) the depth of top story beams increases(decreases) the

damage of the modified beams, Fig 4.19. This result is opposite to the one

observed in Study III, which showed an increase of damage in a deepened
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beam.

4) Unlike the results of Study III, wherein changes were confined primarily to the

first floor, in which members were modified, the influence of changes in top

floor beams on members in other floors is considerable. It tends to change sign

between the second and third floor. For example, increasing the reinforcement

in the center top beam reduces the damage in all beams of the third and fourth

floors, but increases it in the two lower floors.

5) In all cases of this study, the principle of the superposition appears to hold

by and large, i.e. changing two beams separately has approximately the same

combined effect as changing both beams simultaneously.

6) Increasing either the longitudinal steel or member depth has consistently the

opposite effect from decreasing either.

4.3.7 Study VII - Top Story Beams, 0.5g Peak Acceleration

The changes in damage indices for these cases, Figs 4.20-22, are generally very

small, but are consistent with the results observed in Study VI. As was already

observed earlier, the randomness of ground motions plays an increasing role in this

case, so that the results tend to become less conclusive.

4.3.8 Study VIII - Top Story Columns, 1.0g Peak Acceleration

It was the objective of this study to investigate the effect of changing the

reinforcement of the top story columns. As Fig 4.3 indicates, neither of these

columns suffered any damage, Le. neither yield moment was exceeded in the 1.0g

event. Therefore a small increase or decrease of the column steel reinforcement is not

expected to have any effect on the damage picture of the frame. This expectation is

borne out by the results of Fig 4.23, although in some cases, non-negligible effects in

first-story members can be observed. These must be explained by the small changes
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in column stiffness caused by the changes in steel.

4.3.9 Study IX - Columns and Beams in Other Stories, 1.0g Peak Acceleration

The effect of changing the steel in top and bottom story elements has been

investigated in some of the preceding studies. The effect of changing the steel in

members of the second and third floor is summarized in Fig 4.24-25. The following

observations can be made:

1) By increasing the longitudinal reinforcement of any element, the damage index

of the modified element is consistently decreased, as one would expect.

2) The effects of reinforcement changes are generally confined to the elements in

the ground floor and in the floor where the modified element is located.

3) Increasing the beam reinforcement generally causes an increase of the damage

for all the elements in the ground floor. This observation is similar to the one

made earlier (Study VI).

4) Increasing the column reinforcing steel also causes generally large damage in­

creases in the ground floor elements, but less consistently than the case with

changes of the beam reinforcement.

4.4 Summary and Conclusions of Numerical Experiments

The preceding studies clearly show that the spatial distribution of damage

changes due to changes in beam and column reinforcement has important ramifica­

tions for an automatic design method. Table 4.4 summarizes some of these changes

in matrix form. These results are extracted from Fig 4.4, 4.10, 4.17, 4.24 and 4.25.

Element aij in this matrix represents the change in damage index of element i if

the reinforcement ratio of element J is increased by 5%. The listing of two numbers

in one box signifies the fact that separate damage indices are computed for the two

ends of a member, whereas only a single reinforcement ratio is assumed for one
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element. A careful analysis of this matrix permits the following conclusions to be

drawn:

1. Increasing the steel in any member always reduces its damage. As a result,

there are no positive numbers on the diagonal of the matrix. The earlier studies

indicated that this effect is consistently reversible, Le. a reduction of member

reinforcement always increases the damage in the modified members. Some of

the columns are not damaged, therefore, any additional reinforcement has no

effect on their damage, Le. the corresponding diagonal elements are zero.

2. Increasing the steel in any member reduces the damage of most other elements

in the same story. This result is most consistent for modifications of (critical)

elements in the first story. In other stories, there are occasional deviation from

this rule, as can be seen in the 4 by 4 diagonal submatrices. Small positive

off-diagonal entries can be discounted as being random effects.

3. The effect of any steel increase on the damage of elements in other stories

tends to decrease and then change sign. For example, the increase of steel in

any top story beam decreases the damage in top story elements, but increases

the damage in ground story elements.

4. The net effect of changing beam reinforcement is that the sum of the dam­

age improvements exceeds the sum of damage increases, with the exception of

modification of the top floor beams. This conclusion results from considering

the sum of all damage changes in a matrix column.

5. The net effect of changing column reinforcing steel is more consistently favor­

able, Le. the sum of the damage improvements consistently exceeds the sum of

the damage increases, except that in some cases these effects are very equal.

6. The matrix exhibits an interesting property of "symmetry" , reflecting a generic

reciprocity to the extent that the effect of a change in element j on element i
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is comparable to the effect of a change in element i on element j. The signs

agree in most cases, but the magnitudes may show large differences.

In addition to the conclusions that could be drawn from Table 4.4, the obser­

vation of the other studies presented herein can be summarized as follows.

1. The amount of confinement steel in zones of plastic deformations does not

influence the damage distribution to any useful extent.

2. Changes of member depths do not have significant effects on the damage dis­

tribution in a frame, especially if the depths of all beams in a story are changed

by the same amount. Because of this behavior, the member depth parameter is

not an effective tool for an automatic design method. Moreover, architectural

considerations generally place constraints on feasible member sizes.

3. The principle of linear superposition holds in an overall sense. This applies to

the magnitude of a particular change, the sign of the change, and the superpo­

sition of effects caused by changes in more than one frame element.

4. Although all of these studies involved average results based on 10 sample ground

accelerations histories, some of the results are influenced by the randomness of

the input, especially if the absolute values of the damage changes are small.
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Table 4.1 Calculation of Dead Weight of Example Office Building

No. Structure Component Weight (Kips)

1 Beams 143.50

2 Columns 40.88

3 Interior Walls 18.00

4 Exterior Walls 24.00

5 Floor Slabs & Ceilings 306.00

6 Roof Slab, Ceiling & Roofing 126.00

Total, W =658.38

Table 4.2 Distribution of Lateral Forces

4th Floor

3rd Floor

2nd Floor

1st Floor

Lateral Force (Kips)

0.4 x V = 24.70

0.3 x V = 18.53

0.2 x V = 12.35

0.1 x V = 6.18

Note: V = 61.76 kips from Eq (4.2)

4-14



Table 4.3 Identification of Basic Case Studies

Peak Design Most Second Most Two Most
Member Acceleration Parameter Critical Critical Critical

Member Member Members

Long. Steel I-Ll I-L2 I-L3

LOg Confinement I-Cl I-C2 I-C3

Critical Section Depth I-Ml I-M2 I-M3

Columns Long. Steel II-Ll II-L2 II-L3

0.5g Confinement II-Cl II-C2 II-C3

Section Depth II-Ml II-M2 II-M3

Long. Steel III-LI III-L2 III-L3

LOg Confinement III-CI III-C2 III-C3

Critical Section Depth III-MI III-M2 III-M3

Beams Long. Steel IV-Ll IV-L2 IV-L3

0.5g Confinement IV-Cl IV-C2 IV-C3

Section Depth IV-Ml IV-M2 IV-M3
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Fig 4.1 - Details of Example Office Building
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5. Automated Design Method

Conventional seismic design is typically based on equivalent static lateral loads spec­

ified in an appropriate building code. Such a simplied method, even though leading

to satisfactory designs in many cases, cannot guarantee the absence of a concen­

tration of damage in a few vulnerable structural elements. Such damage has been

experienced repeatedly in recent earthquakes. On the other hand, a structure which

is shown to dissipate energy uniformly in its main components can be expected to

survive an earthquake of given intensity with the least amount of damage possible.

It is therefore desirable that a design procedure strive for a uniform distribution of

energy dissipation and damage. This goal is the objective of the automatic seismic

design procedure for reinforced concrete frame buildings developed herein, Fig 1.1.

Section 5.1 describes the details of this design procedure and, in particular,

the design rules that were synthesized from the parameter studies of the previous

chapter. The effectiveness of the method is demonstrated with illustrative examples

in Section 5.2.

5.1 Automated Design Procedure

The key components of the procedure are, 1) an algorithm to evaluate the com­

puted damage distribution by comparing it with user-specified acceptance criteria;

2) a set of design rules which permit the automatic modification of the structure

such that improved performance is guaranteed.

The damage acceptance algorithm contains the following components:

1) Damage (and plastic hinges) in columns is unacceptable, as required by the

strong-column weak-beam concept. Specifically, a damage index of 0.01 or

larger shall be flagged as unacceptable in any column except at the base of the

first story.
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2) The mean value of all beam damage indices shall not exceed a user-specified

acceptance level, such as 0.1. A small tolerance such as ±0.05 is allowed.

3) The damage index of any beam element shall not deviate from the mean value

computed for all beams by more than a user-specified allowance, such as 0.05.

Thus, individual beam elements may be flagged as having too much or too little

damage.

If the damage index of at least one frame member is unacceptable, corrective

action has to be taken, 'i.e. the design will have to be modified such that an improved

performance in a reanalysis is guaranteed and convergence towards an acceptable

design is assured.

Structural designers normally rely on their experience when designing a struc­

ture to withstand seismic loads. They can fall back on both knowledge of rational

principles of structural theory and intuition. The design task is complicated by

the fact that a typical reinforced concrete frame is a highly redundant structure

with intricate load-resistant mechanisms. In addition, the random nature of the

earthquake loading makes the design task more difficult.

There are basically two approaches one may follow to accumulate knowledge

to be incorporated into an automatic design algorithm. The first approach consists

of interviews with experts, that is, in our case structural engineers experienced in

earthquake-resistant design. This is the approach traditionally followed by the de­

velopers of knowledge-based expert systems (2). In our work, we followed a different

approach. By performing numerous numerical parameter studies, we accumulated

a store of experience with this kind of building frame that structural engineers

would possibly gain in years of practice. In the future, we may want to supplement

the design rules synthesized from these studies with rules obtained from experts in

the field. For the time being, the rules summarized below, which are contained in
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program SARCF, are 'considered to form a useful starting point for an automatic

design procedure.

1) For any beam element which showed an unacceptable level of damage in the

preliminary analysis, the longitudinal steel will be increased (or decreased) by

5%,

~A~ = 0.05 X As X SIGN[D - Dall] (5.1)

where As is the original amount of steel, D is the amount of damage determined

in the preliminary analysis, and Dall is the allowable damage in beam elements.

The steel increments (reductions) of Eq (5.1) are only trial amounts added to

determine in a first design iteration the influence of these changes.

2) In a subsequent design iteration "in , the amount of steel in any beam with

unacceptable damage is changed according to,

(5.2)

where ~A~ denotes the additional amount of longitudinal steel required only

for the element in question, ~A~-l denotes the steel added for the previous it­

eration, D i and Di - 1 represent damage values in the (i)th and (i-1)th iteration,

respectively.

3) To adhere to the strong-column weak-beam concept, each column in the frame

has to satisfy the requirement

(5.3)

where M~ol is the yield moment of the column considered, and M~·am is the

yield moment of the beam framing into the same joint. We consider here

three categories of joints: 1) one beam and one column, 2) one beam and two

columns, and 3) two beams and two columns. In case 3), M~·am is the average
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of the two beam yield moments. Then, the reinforcing steel of each column will

be increased(or decreased) linearly by the amount,

(5.4)

where the superscript indicates the iteration number. It should be noted that

the more critical capacity of the top and bottom joint of the column controls.

4) At any section of any element, the longitudinal steel ratio P shall not be less

than the minimum required by the ACI 318-83 Code.

As
P=­

b·d
>

200
Pmin = fy (5.5)

where fy(1b/in 2 ) denotes the yield strength of the steel.

5) To ensure ductile behavior, the longitudinal steel ratio P shall not be greater

than the maximum permitted by the ACI 318-83 Code.

P <
3 I

Pmaz = ;;;Pb + P (5.6)

where Pb is the balanced steel and p' is the compression steel.

6) For any element which does not satisfy the minimum steel requirement (p <

Pmin), the member depth will be reduced by:

/).d = As
b· (Pmin - p)

where b is the sectional width of the element in question.

(5.7)

7) For any element which does not satisfy the maximum steel permitted by the

ACI Code (p > Pmaz), the member depth will be increased by:

/).d = As
b· (p - Pmaz)

5-4
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8) The steel ratios of all beams with damage indices exceeding the specified limits

are either increased or decreased simultaneously. Thus, full use of the super­

position principle is made.

9) The analysis and redesign steps are repeated until all damage indices fall within

the specified limits and all elements satisfy the reinforcing bounds, Eq (5.5) and

(5.6), of the ACI Code.

Design rules 6 and 7 are subjected to practical constraints, which at this time

are not yet fully implemented. Because most preliminary frame designs are expected

to be "reasonable", the reinforcing limits will seldom be exceeded.

5.2 Demonstration Examples

The example office building of Fig 4.4 had been analyzed earlier, and the dam­

age indices were summarized in Fig 4.5. Damage in the columns was very low,

with a maximum value of 0.0151, not counting the base of the first story. Beam

damage indices varied from 0.0074 to 0.3377, with a mean value of 0.1144, standard

deviation of 0.0970 and maximum deviation of 0.2233.

In Fig 5.1 these damage values are compared with the damage expected for the

same ground motions, after the frame has undergone six automatic design iterations.

Program SARCF was provided with a target mean damage value of 0.1 together

with a tolerance allowance of 0.05 and a maximum deviation of 0.1. As can be

seen, all acceptance criteria of Section 5.1 are satisfied: 1) no column damage index

exceeds 0.01, except at the base; 2) the mean value of all beam damage indices of

0.1208 is less than the target value of 0.15, including the specified tolerance; 3) no

beam damage value deviates from the mean value by more than the allowed amount

of 0.1.

The reinforcing steel areas for the members of the improved design are com-
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pared in Table 5.1 with the original values. As can be seen, the program effected

a net increase of total steel requirements of 11.1%. These changes had a negligible

effect on the frame stiffness. The fundamental frequency increased from 1.19 to 1.22

cps.

As a further demonstration of the automatic design method, the same example

frame was redesigned, with deliberately weak columns in the top story. According to

Fig 5.2a, the maximum column damage jndex is 0.1564 in the top story, disregarding

again the value obtained at the foundation. Beam damage indices vary from 0.0000

to 0.2963, with a mean value of 0.1040, standard deviation of 0.0869 and maximum

deviation from the mean value of 0.1923. Fig 5.2b summarizes the damage indices

of the frame after it has undergone seven automatic design iterations. Again, all

damage acceptance criteria are satisfied: 1) No column damage index exceeds 0.01;

2) the mean value of all beam damage indices of 0.1186 is less than the target

value Of 0.15, including the specified tolerance; 3) the maximum deviation of any

beam damage index from the mean value (0.2147 - 0.1186 = 0.0961) is less than the

allowable value 0.1. Table 5.2 compares the reinforcing ratios of the frame before and

after the design iterations, pointing to an increase in steel requirements of 12.7%.

Because of this increase in steel, the fundamental frequency increased from 1.18 to

1.21 cps. This example demonstrates again that the effectiveness of the automatic

design method can achieve a relatively uniform distribution of damage indices over

the entire frame with proper changes of the main member reinforcement.
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Table 5.1 Amount of Reinforcing Steel (As = A~) for First Example
Frame, (in 2 )

Floor Element Original Improved Change

Outer Column 3.135 3.135 0

First Inner Column 3.260 3.260 0

Outer Beam 2.736 2.872 0.136

Inner Beam 2.736 3.205 0.469

Outer Column 3.135 3.135 0

Second Inner Column 3.260 5.709 2.449

Outer Beam 2.622 2.622 0

Inner Beam 2.622 3.254 0.632

Outer Column 2.993 2.993 0

Third Inner Column 3.135 4.957 1.822

Outer Beam 2.400 2.161 -0.239

Inner Beam 2.400 2.400 0

Outer Column 2.160 2.160 0

Fourth Inner Column 2.993 2.993 0

Outer Beam 1.596 1.248 -0.348

Inner Beam 1.596 1.428 -0.168
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Table 5.2 Amount of Reinforcing Steel (A. = A~) for Second Example
Frame, (in 2 )

Floor Element Original Improved Change

Outer Column 3.135 3.135 0

First Inner Column 3.260 3.260 0

Outer Beam 2.736 2.872 0.136

Inner Beam 2.736 3.272 0.536

Outer Column 3.135 3.135 0

Second Inner Column 3.260 5.516 2.256

Outer Beam 2.622 2.622 0

Inner Beam 2.622 3.223 0.601

Outer Column 2.993 2.993 0

Third Inner Column 2.993 4.635 1.642

Outer Beam 2.400 2.166 -0.234

Inner Beam 2.400 2.400 0

Outer Column 2.160 2.160 0

Fourth Inner Column 2.160 3.099 0.939

Outer Beam 1.596 1.224 -0.372

Inner Beam 1.596 1.422 -0.174
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6. Concluding Remarks

6.1 Summary

The main objective of this study was to propose an automatic design method for

reinforced concrete frame buildings subjected to strong earthquake ground motions.

The design methodology consists of six main components:

1) An accurate mathematical model capable of simulating the hysteresis response

of reinforced concrete members to strong cyclic loading. In earlier studies

(4,5), the model of Roufaiel and Meyer was modified and refined such that it

accurately reproduced many test results reported in the literature very well,

particularly the stiffness and strength degradation experienced by the test spec­

imens.

2) A useful, Le. objective measure of damage of RC members, which can serve

as an indicator of residual energy dissipation capacity and thus permit the

prediction of response to further cyclic loading. The new damage index, briefly

reviewed in Chapter 2, considers RC damage as a low-cycle fatigue phenomenon

and takes into account the effect of load history. Even though the scarcity of

experimental data made it difficult to calibrate the main model parameters,

correlation studies with experimental results, as far as these were possible,

were encouraging. A single structural damage index, though useful for other

purposes such as insurance risk evaluations, is a poor indicator of a structure's

residual strength and reliability for further loading.

3) A frame analysis program, capable of performing nonlinear dynamic analysis.

In the course of this research, program SARCF was written, based on the

DRAIN-2D Code (8), and enhanced with numerous features required for our

studies. Further details are described in Appendix.

4) A mathematical model of the earthquake ground motion as a random process.
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Since single deterministic analyses are only of limited value because of the

randomness of realistic earthquake ground motions, the seismicity of a build­

ing site is represented herein by a Monte Carlo simulation, using an artificial

earthquake generation algorithm due to Shinozuka.

5) An algorithm to evaluate the damage predicted for a given frame design and

earthquake intensity. The user of program SARCF is expected to specify an

acceptable mean damage value and a maximum deviation from this mean value

which no beam elements are permitted to exceed. Columns are expected to

remain essentially elastic, except at the foundations, where plastic hinges are

difficult to avoid, if fixed ends are assumed.

6) A set of design rules, which permit the automatic modification of the structure

such that improved performance is guaranteed. Numerous parameter studies

were performed to investigate the effects on the member damage indices by

small changes of the member reinforcement, the member depth, and confine­

ment reinforcement. The evaluation of these studies led to the formulation

of a few design rules. It is anticipated that these rules will be improved in

time and augmented by rules synthesized from discussions with expert struc­

tural engineers. Thus, the program has features of a knowledge-based expert

system.

The design methodology has been demonstrated with two four-story three­

bay moment-resistant frames, typical for a medium size office building. The first

frame, designed first by hand to resist equivalent static lateral loads, exhibited a

damage distribution, which pointed to a disproportionate share of some beams in

dissipating the earthquake energy. Mter six automatic design iterations, the mean

value of the beam damage indices was not much different, but the standard and
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maximum deviations were reduced appreciably, thus demonstrating that the beam

elements can be made to participate more evenly in the dissipation of energy.

The same frame, with deliberately weak columns in the top story, was also

subjected to the automatic design procedure. The damage distribution after seven

design iterations was very similar to that in the first case.

The uniformity of damage distribution is thought to be a desirable goal of

earthquake resistant design. Concentrations of heavy damage in some vulnerable

structural members, which has led to many collapses in recent earthquakes, are

avoided. It is also felt that by keeping the damage in a frame uniform, an optimum

response to an earthquake of given intensity is achieved.

6.2 Future VVork

The research reported herein contains several novel elements, which point to

a new approach towards earthquake-resistant design of structures. Some of these

components require further work, partly because of a lack of experimental data.

1. The functional relationship between load level and energy dissipation capacity

is known only qualitatively. Considerable experimental work is required to

furnish quantitative data to support a mathematical model.

2. The damage modifier, Eq 2.3, is based on very scarce experimental data and

should be updated, as further data are made available.

3. The mathematical hysteretic model should be improved by incorporating the

effect of bond and shear failure mechanisms.

4. Also, the failure moment curve of Fig 2.2 requires further experimental verifi­

cation.

5. The application of Miner's rule to reinforced concrete members subjected to

cyclic loading with varying amplitudes requires further substantiation.
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6. In the parameter studies in Chapter 4.3, changes of the confinement steel ratio

exhibit inconclusive and very small effects on the frame damage. This surprising

finding requires further investigation.

7. The parameter studies of Chapter 4.3 were performed on only a single office­

type building frame. Further studies are necessary to substantiate the design

rules established here. Ultimately, these studies should lead to definite design

rules, which guarantee fast convergence towards an acceptable design. The

design rules incorporated into SARCF so far must be considered preliminary

as of now.

8. It is highly desirable to interview expert structural designers and to incorporate

their design rules, both rational and intuitive, into the program.

It is felt that with the enhancements to be expected from these additional

studies, the proposed design methodology will prove a very effective tool for seismic

design of reinforced concrete buildings.
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Appendix A - Computer Program for Seismic Analysis of RC Frames

As described in earlier reports (4,5), Roufaiel and Meyer's hysteretic model (15) had

been adopted for nonlinear dynamic analysis of reinforced concrete frames subjected

to strong earthquakes, together with certain improvements to better represent stiff-

ness and strength degradation. This hysteretic model has been programmed for the

SUN-micro and VAX-780 computer systems, which are located in the Department

of Civil Engineering and Engineering Mechanics at Columbia University, and has

been also incorporated into the computer program SARCF (Seismic Analysis of

Reinforced Concrete Frames).

Section A.I describes the basic procedure to simulate quasi-static experiments.

Section A.2 provides some information on the program itself.

A.I Simulation of Quasi-Static Experiments

Since most of the laboratory experiments to be simulated numerically were

displacement-controlled and of quasi-static nature, the effects of inertia and damp-

ing were ignored in the analyses. Then, the nonlinear equations of motion reduce

to

[K) {~X} = {~P} (A. 1)

where [K] = tangent stiffness matrix, {~X} = displacement increment vector, and

{LlP} = load increment vector. The equations can be partitioned as:

(A.2)

where the subscripts, Os" and "f", respectively denote those degrees of freedom

that are fixed to the supports and those that are not. Because {~X8} = {O}, the

equations simplify as

(A.3)
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These equations are again partitioned,

(AA)

where "i" refers to those degrees of freedom for which non-zero displacements are

prescribed (in a displacement-controlled test), and "0" refers to all other degrees of

freedom. With {DoPfo} = {O}, Eq (A.4) leads to

(A.5)

and

The relationships between {DoPf ,} and {DoXf,} can be plotted and compared with

the corresponding experimental results. In earlier reports (4,5), very good agree-

ment was obtained between experimental and analytic load-deformation curves for

many available experimental data.

A.2 SARCF, Seismic Analysis of Reinforced Concrete Frames

The response of reinforced concrete building to strong ground motions is sophis-

ticated because of its nonlinear nature. In addition, the damage values associated

with inelastic response of reinforced concrete buildings are of great interest and

prove useful as control parameter in current seismic design.

Program SARCF has been written to perform seismic analysis of reinforced

concrete frames and provides all appropriate element damage indices as well "as

the nonlinear response quantities of two-dimensional frames subjected to seismic

motions. Based on DRAIN-2D (8), the program has incorporated the following

enchancements:

1) A new hysteresis model of RC frame elements with strength and stiffness degra-

dation (4).
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2) A new damage model which serves as an indicator of residual energy dissipation

capacity during cyclic loading (Chapter 2).

3) An eigenvalue solver capable of computing the natural frequencies and mode

shapes of the structure with any prescribed degree of damage.

4) Generation of random artificial earthquakes based on the Kanai-Tajimi spec­

trum and a trapezoidal envelope function (Chapter 3). Other envelope func­

tions could be easily substituted (6).

5) Statistical analysis of damage values based on the specified number of artificial

ground motion histories. In this study, 10 histories were shown to be sufficient

(Fig 3.2).

6) Automatic design procedure, Fig 1.1, to modify a preliminary design such as

to produce a uniform damage distribution over the frame. The design proce­

dure iterations continue until the user-specified target damage distribution is

achieved.

The basic structure of the program is the same as that of DRAIN-2D, except

that the objective of the program has been more specialized for reinforced concrete

structures subjected to strong seismic motions. Some of the basic features of the

SARCF are as follows:

1) The input structure has to be idealized as a planar assemblage of discrete frame

elements.

2) The structure mass is assumed to be lumped at the nodes so that the mass

matrix is diagonal.

3) The earthquake excitation can be generated based on Monte Carlo simulation

by specifying the dominant frequency and damping ratio, the intensity function

and the magnitude of the finite frequency step. Alternatively, deterministic
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earthquake excitation histories can be input.

4) Input frame elements are basically of two types, beam-columns and beams.

5) The nonlinear dynamic response is determined by step-by-step integration of

the equations of motion, using the constant acceleration method. The tangent

stiffness of the structure is used for each step, and linear structural behavior is

assumed during one step.

6) Unknown nodal displacements can be computed by the direct stiffness method.

Each node possesses up to three displacement degrees offreedom, as in a typical

frame analysis. However, provision is made for degrees of freedom to be deleted

or combined, so that the total number of unknowns may be much less than three

times the number of nodes.

7) Two nodal damage indices are computed for each element, based on the refined

mathematical hysteretic model. These damage values are evaluated statistically

after conclusion of each single time history analysis.

8. To implement the proposed automatic design procedure, the nodal damage

indices are examined. If all damage acceptance criteria are satisfied, the com­

putation stops. Otherwise, member properties are modified, and the analysis

is repeated.

Detailed documentation of program SARCF will be found in a NCEER report

currently under preparation.
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Appendix B - Errata for Report No. NCEER-87-0022, October 1987

Eq (4.32) of report no. NCEER-87-0022 had contained an inaccurate notation. It's

corrected form was given in this report as Eq (2.2). The inaccuracy corrections are

listed below.

Report NCEER-87-0022 This report

Eq. Page Equation Eq. Page Equation

No No No No

( + -~) ( + n:'" _n~)(4.32) 4-12 + n..
(2.2) 2-3De = E E ar---'t + Q ij N~ De = 2: (ti ----'+ + OJ N:::i j J Ni i Ni •

• +
•

_1 Ek+
+ _ kij 4>t +4>t_l n+ ij + +

(4.33) 4-13 (2.3) 2-3 a:t- = i j=l 4>, +4>i-l
a ij - j(:"+ 2¢:'" 1 ki+ 2¢~, . •

Mt 4>7 +4>7 1 (2.7) 2-4 + _ M~ -!(n: -1)8Mi 4>t+4>t_l
-

(Nt-l)~Mt 2¢+ Q i - M~-!{N:-1}.6.Mt 2</Jt
Mii •

2
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