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Abstract

Conventional aseismic design methods of reinforced concrete frame all but
disregard the state of damage over the entire building frame, This paper
presents an automated damage-contorlled design method, which aims for uniform
damage distribution throughout the entire building frame, as measured by the
individual member damage indexes, Three design parameters, namely the
longitudinal steel ratio, the confinement steel ratio and the frame member depth,
were studied for their influence on the frame responce to an earthquake. The
usefulness of this design method is demonstrated with a four story example office
building predicting the extent of structural damage.

1. Introduction

Current aseismic design philosophy relies
strongly on energy dissipation in structural com-
ponents undergoing large inelastic deformations.
There are basically two approaches to achieve
this goal: 1) to introduce deliberate weak spots
in the structure assigned to develop plastic
hinges and to dissipate energy under tightly con-
trolled conditions, and 2) uniformly distribute
the resulting damage over the entire frame,
thereby keeping the damage down to a minimum
average value. It is the second design approach
which is followed in the automated damage-
controlled design procedure for reinforced con-
crete frames described herein. A preliminary
design is modified iteratively until the damage
has reached a preselected uniform distribution.
As can be seen Fig 1, the general procedure con-
sists of the following steps: 1) perform a prelimi-
nary design of a frame, for example to satisfy the
equivalent static lateral load requirements of the
Uniform Building Code [10]; 2) perform a non-
linear dynamic analysis of the frame for seismic
ground shaking of specified intensity, duration
and spectral content, using program SARCF[5);
3) compute the mean damage index for both

ends of each frame member; 4) evaluate the dam-
age distribution using acceptance criteria spec-
ified by the engineer; 5) if the damage is unac-
ceptable, automatically introduce certain design
changes on the basis of design rules incorporated
in the program; and 6) repeat steps 2 through 5
until the level of the frame damage is acceptable
for the specified intensity of ground motion.

The member model and damage index used
in this study were described in detail elsewhere
[2,3]. The main emphasis of this article is placed
on numerical parameter studies that were con-
ducted to gain a better understanding of some
important design parameters and how they af-
fect the seismic performance of framed concrete
structures. From these studies a few design rules
were derived and incorporated into a nonlinear
frame analysis program to assure convergence to-
wards an acceptable damage distribution.

2. Nodal Damage Model

In an earlier study [2], numerous damage mod-
els were evaluated critically, which had been pro-
posed to represent damage of concrete members.
It was concluded that none of these prior mod-
els is well suited to measure the residual strength
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and stiffness of damaged structural members and
thus permit an acceptably accurate prediction of
response to subsequent cyclic loading. The dam-
age index D, of Eq (1) quantifies the damage of
a member section in a plastic hinge. Expressed
in the form of a modified Miner’s Rule, it takes
into consideration the nonlinear relationship be-
tween imoment and curvature, the strength dete-
rioration rate and the number of load cycles to
failure [3]. It contains damage modifiers, which
reflect the effect of the loading history, and it
considers the fact that RC members typically to
positive and negative moments:

n} n;

o) o

where 7 = indicator of curvature level, N; =
(M; — M)/ AM; = number of cycles up to cur-
vature level ¢ to cause failure, n; = number of
cycles at curvature level ¢ actually applied, a;
damage modifier. The + and — superscripts in-
dicate the direction of loading. (M; — My;) and
AM; denote the strength drops at curvature level
1, up to the failure moment and in a single load
cycle, respectively (3].

The loading history effect is captured by in-
cluding the damage modifier a;, which, for pos-
itive moment loading, is defined as

D, =Z; (a}" +a
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MZ/¢f is the stiffness during
the j-th cycle up to curvature level i, kT
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where k:';

NE o . o
~F Ly k is the average stiffness during N
cycles up to curvature level 7, and M} = M| —

( —1)AM; is the moment reached after j cycles
up to curvature level ¢ [3].

3. Generation of Artificial Earthquakes

As a nonstationary random process, artificial
earthquake ground motions, &(t), are generated
by multiplying an envelope function, s(t), and a
stationary Gaussian process, g(t). The envelope
is here assumed to have a trapezoidal shape.

A Gaussian process, g(t), can be obtained by
using the well-known Kanai-Tajimi spectrum as
the power spectral density function, S(w) =

2
144¢2 (‘,&g)

[-()] +a(s)

teristic ground frequency, ¢, is the predominant

S - -, where wj is the charac-
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damping coefficient, S, is the intensity of Gaus-
sian white noise over the range —oo < w < oo.
The Gaussian process, g(t), can be generated by
using Monte Carlo technique [8],

. ;
g(t) = V2 ?S VG(wk)Aw - cos(wit — ¢¢) . (3)

where ¢, is the random phase angle, uniformly
distributed between 0 and 27, w, = kAw, and
Wy NAw is the upper cut-off frequency.
G(wi) = 2S(wy) is the one-sided power spec-
trum. To generate an artificial earthquake,
Shinozuka [9] suggested the following relation-
ship between the intensity, S,, and the peak
ground acceleration, PGA. With o = E [zz]

[S(Ww)dw = S,mw, (1 + 4(3) /2¢,, the peak
ground acceleration can be written as PGA =
agSo%, where ay = p, [wwg (%,’ + 2(9)]0'5, and p,
denotes the peak factor, empirically assumed to
be 3.0 in this study.

Because of the random nature of earthquake
acceleration histories, structure response quan-
tities (such as damage indices) are more mean-
ingful if formed as averages for an ensemble of
responses, rather than reponses to individual in-
put functions. In a seperate study, it was de-
termined that at least ten sample functions are
necessary to give useful mean responses [4].

4. Numerical Experiments

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 pro-
vided to preclude shear failures. Also, bond fail-
ures due to cyclic loadings are not considered
herein. Since the damage indices were of prime
interest, the effect of a single design parameter
was studied by changing only this one parameter
in one member by a small amount and then plot-
ting the resulting changes of all member damage
indices. Such a plot can be interpreted as an
influence surface.

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, Fig 2.
This building has been designed according to
the ACI 318-89 Code [1] to resist the equiva-
lent static lateral loads specified in the Uniform



Building Code ;10]. The design base shear is
givenas: V = %WQW, where in our case, Z = 0.4
for seismic zone 4, I = 1.0 for occupancy im-
portance factor, Ry = 12 for special moment-
resisting space frame, C = 1.255/T?/® = 2.75 for
site coefficient and period, and W = 656 kips
is the dead weight. The fundamental! natural
frequency and the natural period of this frame
have been computed to be f; = 1.15 Hz and
and T = 0.87 sec, respectively, using the mo-
ments of inertia of the cracked sections. The
maximum roof displacement for the static code
lateral loads is A = 2.23 inch.

A mathematical model of this example frame
was analyzed by program SARCF for artificial
ground acceleration histories, with peak values
of 1.0g. Use of symmetry was made through-
out by analyzing only one-half of the frame, in
order to reduce the computational effort. Even
though the axial forces in the columns vary con-
siderably as functions of time, 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 [4]. The mean damage indices ob-
tained for ten sample input functions are sum-
marized in Fig 3(a). Even for the earthquake
with 1.0g peak acceleration, the damage indices
are moderately small (maximum 0.281). This
indicates a well-designed strong frame. Damage
appears to be heavily concentrated in the beams
of the lower stories, indicating that these con-
tribute an overproportional share to the energy
dissipation of the frame. It would be desirable
to distribute this energy dissipation and result-
ing damage more evenly over the entire frame.

4.2 Design Parameter Study

All parameter studies reported below were car-
ried out on the example building frame of Fig 2.
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 certain 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 + 30%, and the
member depths by £ 5%.

Even though the principle of linear superposi-
tion does not apply to the case of highly nonlin-
ear frame response, the necessity for accelerating
design convergence called for a separate investi-
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gation of this issue. This was accomplished by
changing a design parameter, 1) in only the most
heavily damaged member; 2) in only the second
most heavily damaged member; 3) in both mem-
bers together, to determine to what extent the
influence surfaces can be superimposed. The de-
gree of linearity of the cause-and-effect relation-
ship was further studied by changing the longi-
tudinal steel ratios by £+ 10%, in addition to the
earlier £ 5%.

Allin all, well over one thousand analyses have
been performed [4]. Herein, only the results of
the study of the longitudinal steel ratio are given.
Table 1 summarizes the complete matrix of in-
fluence coefficients, i.e. element a;; is the change
in damage index of element node ¢ due to 5%
increase of the flexural steel in frame element
j. These results permit the following observa-
tions: 1) Increasing the steel in any member
consistently reduces its damage, with one excep-
tion. As a result, there are generally no posi-
tive numbers on the diagonal of the matrix. (As
shown in Refs [4], this effect is consistently re-
versible, i.e. a reduction of member reinforce-
ment almost always increases the damage in the
modified member.) Since some members are not
damaged, any additional reinforcement has no
effect on their damage, i.e. the corresponding
diagonal elements are zero. 2) Increasing the
steel in any member has led by and large a ben-
eficial effect on the other elements in the same
story, as can be seen in the 4 by 4 diagonal
submatrices. Small positive off-diagonal entries
can be discounted as the effect of randomness
and due to sensitivity to the time step size, At.
There are some notable exceptions. For exam-
ple, a steel increase in beam B3 increases the
damage of columns C3 and C4. These results
are less consistent in this regard than was ob-
served in a similar earlier study (4]. 3) The net
effect of adding reinforcement to a member is
that the damage improvements exceed the dam-
age increases. The one exception in beam B7,
for which additional reinforcement increases the
damage in most other members of the frame. It
should be noted that beam B7 is one of the most
heavily damaged members.

4.3 Conclusions from Numerical Experiments
The observations made in the numerical ex-
periments lead to the following conclusions: 1)
The amount of flexural reinforcement appears
to be the most effective tool for influencing the
damage distribution in a frame. The effect is al-



most consistent and diagonal-dominant (See Ta-
ble 1). 2) The amount of confinement steel in
zones of plastic deformations does not appear
to influence the damage distribution to any use-
ful extent. 3) The effects of changes of member
depths are often inconclusive. Thus, the member
depths are not a very effective tool for an auto-
mated damage-controlled design method and are
typically subject to architectural constraints. 4)
As far as the longitudinal steel is concerned, the
principle of linear superposition holds in an over-
all sense. This applies to the magnitude of a
particular change, the sign of the change, and
the superposition of effects caused by changes in
more than one frame element. 5) Although all of
these conclusions are based on average results for
10 sample ground acceleration histories, some of
the results are influenced by the randomness of
the input, especially if the absolute values of the
damage changes are small.

5. Automated Daimage-controlled
Design

The key components of the procedure are an
algorithm to evaluate the computed damage dis-
tribution by comparing it with user-specified ac-
ceptance criteria, and a set of design rules which
permit the automatic modification of the struc-
ture such that improved performance is guaran-

teed [4].

5.1 Design Procedure

The Damage acceptance algorithm contains.
the following components: 1) damage in columns
(Do) is unacceptable, as required by the strong-
column weak-beam concept (except at the foun-
dation); 2) mean value of all beam damage in-
dices (Dpearn) shall not exceed a user-specified
acceptance level (D7 ), such as 0.3, with a
small allowable tolerance (7), such as 4:0.03; 3)
damage index of any individual beam element
{Dgearm) shall not deviate from the mean value
computed for all beams by more than a user-
specified allowance (§), such as 0.05.

Déz:m - T S -ﬁbeam S Dll;g’;m +7
IDbenm - Dbeaml S ) (4)

Dcol S Da“
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If the damage index of at least one frame mem-
ber is unacceptable, corrective action has to be
taken, i.e. the design will have to be modified
such that an improved performance in a reanal-
ysis is guaranteed and convergence towards an
acceptable design is assured. The rules used in
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the automated design procedure are [4}:

1) For any beam element which showed an un-
acceptable level of damage in the prelimi-
nary analysis, the longitudinal steel will be
increased (or decreased) by 5%,

AA: = 005A,SIGN [Dbeam - D;::m] (5)

where A, is the original amount of steel,
Dyeam is the amount of damage determined
in the preliminary analysis, and Dj2%  is the
target damage index of the beam element.
The steel increments (or reductions) of Eq
(5) are only trial amounts to determine in
a first design iteration the influence of these
changes.

2) In a subsequent design iteration “i”, the
amount of steel in any beam with unaccept-
able damage is changed according to,

. . ¢ . tar
A4 = A4 %ﬁ%% (6)

where AA! denotes the increase (or de-
crease) of longitudinal steel for the element
in question, AAi~! denotes the steel added
(or reduced) in the previous iteration, D'
and D'-! represent the damage values in the
(4)th and (Z — 1)th iteration, respectively.
3) To adhere the strong-column weak-beam
concept, any column with unacceptable
damage has to satisfy the requirement,
Mt > 1.25M%e™, where M:°l is the yield
moment of the column considered, and
M:“"" is the yield moment of the beam
framing into the same joint [4], Then, the re-
inforcing steel of each column will be linearly
increased (or decreased) by th]a amount,
AAL = A4 ______”AM;; (7
where the superscript indicates the iteration
number. AM* denotes the increment of
the yield moment of the column when the
longitudinal steel of the corresponding col-
umn is increased by AA!.

4) At any section of an element, the longitudi-
nal steel ratio p shall satisfy the maximum
and minimum limits specified by the ACI
318-89 Code.

5.2 Demonstration Example

Providing program SARCF with a target
mean damage value of 0.1 together with a tol-
erance allowance of 0.05 and a maximum devia-
tion of 0.05, the example office building of Fig 2



was subjected to 12 automatic design iterations.
According to the results summarized in Fig 3(b),
all damage acceptance criteria for the modified
frame are satisfied.

Analyzing both the original and improved
frames for the North-South component of the
1940 El Centro Earthquake with varying scale
factors, the structural damage index proposed
by DiPasquale and Cakmak [6}, D, = 1— TT'::: : ,
was computed and summarized in Table 2 and
plotted in Fig 4. Herein, T/ is the fun-
damental period of the undamaged structure
and T/*°* is the maximum value of the fun-
damantal period during the nonlinear behavior
of the structure. As can be seen, the automated
damage-controlled design method reduces dam-
age as measured by this structural damage in-
dex, even though the mean beam damage value
was increased from 0.084 to 0.120. This exam-
ple demonstrates that this automated damage-
controlled design method is effective in achiev-
ing not only a relatively uniform distribution of
damage over the entire frame, but also an in-
crease of frame reliability, while only moderately
changing the main member reinforcement [4)].

6. Conclusions

The main objective of this study was to
propose an automated damage-controlled de-
sign method for reinforced concrete frame build-
ings subjected to strong earthquake ground mo-
tions. The design methodology consists of six
main components: 1) an accurate mathemati-
cal model of RC frame elements; 2) an objective
measure of damage of RC members; 3) a non-
linear frame analysis program; 4) a mathemati-
cal model of the earthquake ground motiom as a
random process; 5) an algorithm to cvaluate the
damage predicted for a given frame design and
earthquake intensity; 6) a set of design rules for
the automatic modification of the structure.

The uniformity of damage distribution is
thought to be a desirable goal of earthquake re-
sistant design. Concentration 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 re-
sponse to an earthquake of given intensity is
achieved.
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Table 1 Changes in Member Damage Indices Due to 5% Increase of Reinforcement,

(1.0 g Peak Acceleration)
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Bt [} 0 0 0 [ ] 0 0 0 0 0 [] 0 0 0 Q 0
0 0 0 1] 0 [ 0 0 ] 0 '] ('] 0 [4] 0 ] 0.
B2 [ 0 ] 0 [ o 0 0 [} 0 o 1] 0 0 0 0 0
C1 $46| 27 [-37|-w3|-711}-32] 10| -24] 30} -18 9| =10 -4 84 24 9 30
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Cé 362 | —24 | =55 | =23 [ 13| ~70[ -42} -19| -28| 627 63] -55]-195| ~95| -79! -92| -@3
136 -4 19 | =20 ~3|=-12|-22] =31} =221 35} —32 11 -30 19 -1 18 ~8
BY 1880] 25§ -3 | =57 [ 21 [ —44 | =27 -5} -1 30 8| 251 -89 [-136| —46| -9 -1
1887) ~62 1 37 0 -27 | -s4]~23] 46f 151 397 77| 24| ~69 ] —44] 250 -87] —41
B8 2812 ~29 | —3] -76| -4 | -33| ~16| 46| 22| 50| 26| —30[-114 |-111 {-105 [ =37 | -63
c7 o [} 0 o 0 o [ 0 0 0 0 [ 0 0 0 o
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o] 4 17 =3 -3 =3 —3[ <3| -2| -2 4 iy -3 4 s 0 ) -4
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Note :

1. Two Numbers in one box signify separate indices at both ends of a member.

x10~4

2. For comparison, teh reference damage indices of Fig 3(a) are given in Column 2,

Peak Structural Damage Index | Difference
Acceleration | Original Improved
0.05 G 0.00 0.00 0.00
0.1G 0.00 0.00 0.00
0.25 G 0.623 0.086 -0.577
0342 G 0.772 0.568 «0.204
0.5 G 0.821 0.766 -0.055
0.75 G 0.837 0.849 +0.012
10G 0.853 0.850 -0.003

Table 2 Structural Damage Indices With Scaling the

El Centro North-South Earthquake
D,=1-

Tinitial

T;nasmmm
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