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Abstract

Well-known seismic design codes have offered an alternative equivalent static procedure for practical purposes instead of
verifying design trials with complicated step-y-step dynamic analyses. Such a pattern of base-shear distribution over the
building height will enforce its special stiffness and strength distribution which is not necessarily best suited for seismic
design. The present study, utilizes a hybrid optimization procedure to seek for the best stiffness distribution in moment-
resistant building frames. Both continuous loading pattern and discrete sizing variables are treated as optimization design
variables. The continuous part is sampled by Harmony Search algorithm while a variant of Ant Colony Optimization is utilized
for the discrete part. Further search intensification is provided by Branch and Bound technique. In order to verify the design
candidates, static, modal and time-history analyses are applied regarding the code-specific design spectra. Treating a number
of building moment-frame examples, such a hyper optimization resulted in new lateral loading patterns different from that
used in common code practice. It was verified that designing the moment frames due to the proposed loading pattern can result
in more uniform storey drifts. In addition, locations of the first failure of columns were transmitted to the upper/less-critical
stories of the frame. This achievement isimportant to avoid progressive collapse under earthquake excitation.

Keywords: Seismic design, Structural optimization, Failure sequence, Building moment frame.

1. Introduction

Seismic design is a challenging task since itsitaad
primarily a kind of ground acceleration rather thaure
lateral forces. In order to simplify the designgedure the
well-known codes of practice have offered applmatof
equivalent static forces as height-wise distributaf the
design base-shear [1, 2]. However, it is only apéified
design procedure rather than an exact analysis.

Recent investigations have proved that the cucede-
based equivalent static lateral load procedure may
essentially result in proper seismic behavior ef structure.
Hosseini and Motamedi used non-linear analysis oohes
reinforced concrete buildings and observed thate tru
distribution of base-shear over the frame’s heightnot
exactly the same as that predicted by the desigesc{S].
Moghaddam and Hajrasouliha employed the optimality
criteria. method for lumped mass model of the hofjdto
optimize ductility ratios over the stories of swctmodel [4].
As a result the conforming storey shears and losele
different from those recommended by conventionaleco
practice. Consequently, they offered a theory ithaties the
desired seismic behavior will be achieved in cdsendorm
distribution of the drift response among the bagdstories
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[4,5]. Kaveh et al verified that optimal plasticnbe
locations in a structural frame are dependentsalésign
[6]. Shahrouzi and Rahemi considered sizing desifin
steel structures under various lateral loadingepast and
showed that the code-based design is neither dptiora
can prevent plastic hinges from arising at the losteries
of the building [7]. As such lower storey columnkyp
critical role in the structural stability; their ifiare can
cause consequent progressive collapse of the dratire.

In the other hand, lateral loads derived from hieigh
wise distribution of the base-shear depend on Xistieg
distribution of stiffness in the building designdarice
versa. Hence, any pattern of equivalent laterabddsads
enforces its correspondent seismic behavior anldiréai
sequence in the building.

The present work concerns variation of resultiroyest
shear and loading pattern with sizing variationhef frame
members and seeks the best pattern via optimizafiba
developed hyper optimization algorithm is more
complicated than pure sizing because it consists of
searching both the continuous lateral load factond the
discrete member sizing variables, simultaneously. &
result, novel patterns of base-shear distributiothe form
of lateral design loads are obtained treating abarnof
examples. The new designs are then compared vaeth
based on code-recommended loading pattern consideri
the structural response and column failure sequence
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2. Base-Shear Distribution in Modal Analysis and
Equivalent Static Design Procedure

According to different response characteristics eund
various earthquake excitations, the seismic desimes
have offered a set of smooth design spectra based o
rigorous statistical analyses as a unique sourdeaafing.

The design procedure consists of trial and erroerwh
controlling the modal responses due to the standard
earthquake spectra with their acceptable limitsee Base-
shear for such a spectral analysis is then diggtbover

the building height according to the following basi
relation:

m @;;

N
2. ™
k=1

In which ¢, stands for the'j modal shape at thé'i

F. =

ij V;

: (1)

storey (degree of freedom) with the mass while v,

represents the base-shear in themjode for which, the
corresponding lateral force at evefystorey is denoted by
F;j- N is the total number of stories in such a shear-

building model.

In order to reduce the trial and error in speatiedign
to a straight forward procedure, the seismic cololmge
accepted using the simplified static loading praced
which is, somehow, equivalent to employ only one
artificial vibration mode. Its mode shape is ev&tdaat
every storey with the height as:

h.

i h 2)

k=1

¢ =

This way, the seismic design is dictated to thecstire
using the corresponding distribution of the codeetiic
base-sheaV determined for seismicity of the site and
behavior factor of the lateral load resistant syste

is not necessarily the best. The most approprieigmsc
design should be searched via optimization framkwor

In the sizing optimization; various combinations of
cross sections are assignable to the structural beesm
that means a dramatically large search space fomom
problems.

For example, consider a moment frame with 15
member groups when there are only 10 cross sections
available to select for each group. The total numtfe
possible design alternatives will then be'®1hich is
quite large. However, just a fraction of such aceapace
will be considered feasible due to the design code
requirements. The section indices assignable fanimee
groups are considered the sizing design variabiethe
problem formulation that forms a combinatorial typg
optimization.

Feasibility and optimality of every structural méde
the sizing search space is dependent to its loading
including the exerted lateral forces in the equénélstatic
design procedure. Hence, determining the suitabteem
of base-shear distribution is a complicated hyper
optimization problem in which the primary design
variables are the storey load distribution coegfits,y, ,

while the secondary variables are the sizing irgjice.
The corresponding lateral forcés are then be distributed
using the following relation:

- Y
F=x—V
4
ZYk “)
k=1
where V is the code-specific base-shear. Here, any

design vector X includes both the corresponding
variablesy, and s to enable simultaneous optimization of

the base-shear distribution pattern and frame gizin
respectively.

X ={Y1s YN S Sm} (5)
During the meta-heuristic search, various design

vectors are sampled among the search space amd thei
feasibility and desirability is determined via ayation of

K =Nm—hV the fitness function. Then the fittest feasible iidlial
zmkhk 3) vector achieved over iterations of the employedrtigm
o1 is announced as the optimal design.
The problem formulation for such a hyper optimiaati
However, as a single modification an additionalcéor is given as:
at the roof storey is exerted to this artificiatelal load Maximize
pattern in case of high-rise buildings [2].
Fitness(X) = -W(X)(L+ Y _ KpC; +KCr) (6)
3. Problem Formulation for Optimization of !
Lateral Load Pattern and Structural Sizing _
Subject to:
According to the described relations it is eviddt
modal lateral forces are dependent to distributfn 0, = L_ls 0 @)
strength and stiffness in the structure. The edemtsstatic Daliowable
procedure dictates such a distribution to the aewikile it
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fa,

—b-1<0 if —2<015
Fa Fb Fa
0, = (8)
i+i—1so otherwise
06F,
fa Cmfb
=_—a4___ mb __1<Q
9s F, (- f,/F)F, ©)
f
g,=—=-1<0 (10)
FS
Dot if 9’ >0
j
C = (11)

0 otherwise

for:
i=1.,N,j=1..,NumElements,

| = 1...,NumConstrai.nts

w(X) is the total structural weight while code-specific

stress and displacement constraint violations durin
dynamic analysis are considered @). K, denotes the

corresponding penalty coefficient, is taken zero for any
non-violated constraint otherwise it representsahmunt

of thel™-constraint violation.D yo.me @nd D, denote the
allowable and resulting drift in th& storey, respectively.

For everyj" element, f,, f,, f, are the resulting axial,

bending and shear stresses, respectively.F , F as the
corresponding allowable stress values and the racto
F.,c, are determined due to the design code regulations
(8].

The additional termKy C; of the fitness relation in

the present work is considered to remunerate atanal
safety measure based on which storey be the fost f
column plastic hinge occurrence&y is a remuneration

coefficient andCR is evaluated as:

‘(e/lB(i)/N _e/lJ(i)/N)‘

S ﬁ‘M:
=

Cy=

(12)
‘(e/lB(i)lN _ e/lQ(i)/N )‘

i=1

Whereasi counts for the building storey numbgij)
and Q(i) form the best and the worst arrange of stories for

plastic hinge occurrence, respectively. The franmgies
are numbered from lower (as 1) to the uppermost IgN).
Therefore, with B=<N,N-1..1> the best desired

arrange will correspond occurrence of plastic hifrgen
upper stories to lower ones and vice versa forvibest
arrangeQ =< 12...,N >. J(i) denotes the arrange resulted

by analysis of any current model correspondingtsoX
vector. Here-in-after, the formula constants:and A are

258

taken 5 and 3, respectively.

Since the computational cost required in extensive
sampling the large search space by meta-heurigtbods
is quite high, it is worth using linear analysesetmluate
the fitness function. Note that the structure belsav
linearly up to the first plastic hinge formation #ie
maximum stress point. Thus the first hinge locatan be
evaluated by the maximum combined stress ratios bye
a linear spectral analysis. The required spectyakuihic
and static analysis cores are programmed and meviged
in the developed optimization modules in the presen
work.

4. Utilized Optimization Framework

The primary design variableg, continuously vary in

domain (0,1] and thus form a design space withiief
number of points. Théarmony search, HS algorithm is
suited for this stage because of its capabilityasess
continuous search spaces [9-13].

First introduced by Geem et. al. [9], the HS
terminology is based on simulating the process cisi
brain employs to improvise a new music or set dfeso
considering its best previous experiences in thairent
memory. A degree of free exploration for other lpéts is
also implemented in such a process. Therefore, memo
consideration, pitch adjustment and random explmmat
are mixed with fitness-based selection as majoesruf
HS. For an optimization with a typical design vateay,
harmony search algorithm can be presented via the
following steps:

1) Set the algorithm control parameters: harmony
memory size, HMS, being the number of vectors i@ th
memory; harmony memory consideration rate, HMCR,;
pitch adjustment rate, PAR; bandwidth, BW and maxim
number of iterationd\lyy.

2) Initiate the first population of vectors in the
harmony memory, HM, with random numbers in their
allowable range. Then evaluate fitness of all H\tges.

3) Generate a candidate solution vector, With the

probability, 1-HMCR, randomly initiate all components of
Y'; otherwise:

- select Y'as an entire vector randomly from those

stored in the current HM.
- for each components of', with the probability PAR

alter the corresponding value (design variable)ediog
to the relation:

Ylj - min(max(Y'j +rand * BW,YJ-LWLimit )’YjUpperLimit) (13)

rand is a uniformly generated continuous random
number between 0 and 1.
4) Update the HM: Replacg' with the least fity in

the current HM ify' is fitter than it

In this study, the vectoy forms the first part of total
design vector X which corresponds to load pattern
distribution factors,y, in Equation 5.
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The second part oK is designed to search a discrete

space of possible combinations altering profileingiz
indices, s . Using integer indices is preferred because it

not only reduces a continuous space to a limitsdrdte
one, but also several structural properties of argss
section are addressed only by one index. Altering t
section index may increase one property and inereas
another, so it is not logical to take a sectionpprty itself

as a design variable for an integrated structuralysis.

In memetic algorithms fithess evaluation of an
individual is delayed to completion of its furth&scal
search or educational growth [14].The method developed
in this research uses similar approach since faryev
candidate load-pattern generated during the fiest pf
optimization asy sub-vector, the frame member’s sizing

in the second part; i.e. thg vector of section indices, is
also optimized so that the entire design vecor is

completed and its fithess can be evaluated.

The main meta-heuristic algorithm is based on
sampling the search space individuals by formingirth
entire design vector X ={y;,...,yy,S.»Sy}- Such a

framework for simultaneous optimization of latetahd
pattern and frame sizing is crucial for true dexisnaking
and seeking the loading patterns that correspotitketbest
distribution of structures’ stiffness and strengthulting in
its desired seismic response.

Ant colony optimization, ACO, stands for a class of
algorithms mainly inspired by indirect informatisharing
process of real ants in the nature [15]. It hasaaly shown
outstanding efficiency and rapid convergence rate i
several discrete problems [16].

Hence in the present study, a Min-Max variant ofGAC
is utilized for the second part of the hyper-optation
where rapid discrete search is needed to perfarimgsas
soon as every load pattern is sampled from itsibefi
continuous search space.

ACO requires a characteristic graph to deposit
pheromone values on its edges. An edge is defined
between two adjacent graph vertices. Such a cleaistit
bi-partite graph is already introduced for struatusizing
problems as a bi-partite graph [17]. Assigning etiea
index to a member-group is analogous to drawingdge
between the corresponding member-group vertexarith
part of the graph and the other vertex in tHé (Rart
denoting the assigned section index. In the prapeseng
optimization, the amount of pheromone deposit oargv
such edge is thus taken as:

W max

AT = (14)

where W™ s the heaviest possible structural weight

using available section-list? is assigned "®aioB et or

| SlopalBes alternatively every other time that an artificial

tour is constructed'®@B et js taken analogous to the
best structural weight found in the current itematof the
search while L®¥8=  denotes the best-so-far solution

found over all previous iterations up to the cutren
Consequently, the new amount of pheromone at agg ed

from nodei to node-j after deposition and evaporation
is computed as:

i = (- p)r + AT (15)

in which, p indicates the evaporation rate dnstands

for the iteration number. It is worth mentioningath
evaporation is performed at every edge but pherensn
deposited only for the iteration-best or globaltbtesirs,
alternatively. However, it is also confined withitme
following lower and upper bounds in the proposed-Mi
Max ACO:

Wmin

Tmax = 2 LBeg- (16)
min

1w (17)

Tmin = 3

In order to avoid algorithm stagnation in local iog,
for every Akgagnaﬁon number of iterations that the
algorithm experiences no improvement; the amount of
pheromone at all the edges is re-initiatedbyiae -

Wmin

Treinitiate — T Best (18)
L

The probability of each node in the™2part of

characteristic graph to be selected via the emgl&@O is:

)
_ LTy

= (19)
2 Tij’7i]'8

ij

in which p; stands for attractiveness measure of the

section (with indexj) to be assigned to th& member
group; that is inverse of its section area. Thizbpbility-
based selection is activated when a random number
generated in range [0,1] falls below a threshaojsl

otherwise thg" state with maximalp,; is strictly chosen:

if rand >qq
(20)

) argmax(R; )
= j
otherwise

with. probabilit y.R;

An additional sizing intensification is also progitl
here by a similar approach twanch and bound method
[18], BBM, to provide further improvement in thestgts
of the ACO.

In the utilized method branches are grown toward
lighter weight structures; i.e., neighbourhoodha section
index for a current member group is searched irsangeor
decreasing its index by 1.

Consequently, an integrated framework is developed
hybridizing HS, ACO and BBM in a suitable manner fo
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the hyper optimization of the present engineerirabfem.
The corresponding control parameters are emplogeid a
Tables 1 and 2.

5. Numerical Examples

Two design types are considered in Table 3 for the
present work; namely D1 as the hyper-optimized giesi
for both sizing and loading pattern and the seabesign-
type, D2, as merely sizing optimized under codified
loading pattern ofiranian Code of practice for Seismic
Resistant Design of Buildings. standard-2800, ICSRDB-

05 [2]. In addition, four types of analyses areoals
considered as given in Table 4. The analysis tydeand

A2 denote static analyses under the optimized amtk-c
specific lateral loads, respectively. A3 indicaties modal
analysis using ICSRDB-05 spectrum and A4 denotes-ti
history analysis using acceleration records of the
earthquakes given in Table 5. The spectral matching
interval in the ICSRDB-05 scaling procedure is taks
[02Tgruet L5Tqre] Where Tg.q IS the structures’

fundamental period.

The design spectrum is formed for soil type llltie
highest seismic hazard zone-4 due to ICSRDB-05urEig
1 demonstrates the normalized spectrum evaluatethéo
corresponding parameters given in Table 6. Such a
normalized spectral parameter, B, should be migtipby
the regional factor A, the importance factor | aie
structural behaviour factor R to reveal the finpedral
values for design. The base-shear is thus given by
ICSRDB-05 as:

v =2ty (21)

35

1+S

N
o
T

N
T

0.67
(1+S)*(Ts/T)

Normalized Spectrum: B(T)
I
o

[N

0 | | | I I I
0 0.5 1 1.5 2 2.5 3 3.5

Period:T (seconds)
Fig. 1 The employed normalized design Spectrum due todna
Standard-2800[2]

wherew is the total floors’ weight computed by dead
plus 20% live floor loads as recommended by ICSRDB-
05. In all the examples AISC-ASD89 requirements ar
also considered for steel design of structural rmemb
using wide-flange IPB sections. The material prapsrof

steel are taken the elasticity modulusZ0GPa with the
yielding strength of235MPa .

Table 1 Control parameters for the utilized Harmony Search

HMS BW

HMCR PAR

30 0.5

0.90 0.15

Table 2 Control parameters for the utilized Min-Max ACO

Number of Ants o

.B AI(Stagnation

15 0.90

0.10 0.2 15

Table 3 Description of the employed design types

Design ID D1 D2
- Both load-pattern and sizing optimized Sizing optimized under the
Description -
simultaneously code-based load-pattern
Table 4 Description of the employed analysis types
Analysis ID Al A2 A3 A4
- Static analysis under the Static analysis under the code- Modal analysis under Time-history
Description g _
optimized load-pattern based load-pattern code-based spectrum analysis
Table5 List of earthquakes used for time-history analysfésr spectral scaling
Earthauake record ID Duzce- Imperial- Kobe- Tabas- Mexico-  Northridge-  LomaPrieta-
q 1999 1979 1995 1978 1980 1994 1989
PGA(g) 0.822 0.602 0.821 0.852 0.621 0.828 0.512
Epicentral distance (km) 17.6 3.8 0.6 3.0 34.8 6.1 13.0

Table 6 The employed factors for design spectrum accortbrtge Iranian Standard-2800

S To(S) T(s)

A@Q) I R

1.75 0.15 0.70

0.35 1 7
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Example 1. 10-Storey M oment Frame

A 2-bay 10-storey steel frame is considered hetl wi
storey-height of B bay-length of & in the longitude
direction of Figure 2 andm in the transverse direction.
Dead and live loads in the floor levels are taken
600daN /m? and 200daN /m?, respectively; except for

the roof live load that ig50daN /m? . The member groups
are taken symmetric as depicted in Figure 2. Batmber
cross-sections and lateral loading pattern (heigbe-
distribution of base-shear) is optimized in thisample
revealing design D1. Sample convergence curve ziricsi
optimization is shown in Figure 3 to insure propend of
getting close to the optimal design as a resulbalance
between intensification and diversification in meta
heuristics [19-21]. In this example the elitisihéiss has
grown up rapidly in the early iterations and theash
remained stable up to the iteration 200 when tlselrés
announced as the optimal design.

As depicted in Figure 4, the optimized pattern afiB
found different from the code-specific pattern by
ICSRDB-05.

X15 X15
o i Lo
> > =
X15 X15
ar) i &y
— — —
= > Ed
X12 X12
= = g
> b4
xX12 X12 P
s = =
> > >
X9 X9
= o r-
> = >
X9 X9
= o e
> > ks
X6 X6
-+ uy -
- ot 2
X6 X6
5 uy g
> = £
x3 X3
- o~ -
> > >
X3 X3
- [ ] —
= > -4

Fig. 2 Member groups for the first example

x 10

Fitness

i I I I I I I I I I
1} 20 40 B0 a0 o0 1200 1400 1600 180 200

lteration

Fig. 3 Optimization convergence history for the 10-stdrayne

Story
[Ax]
g

Feasiblest Pattern
1" - —-—--Code Pattern

0 . | L ! L
0 1000 2000 3000 4000 5000 B000
Story force

Fig. 4 Optimized vs. code-based distribution of base-sfuzN)
in the 10-storey example

The achieved D1 pattern reveals more uniform load
distribution in the middle floors and less in thepar ones
with respect to the ICSRDB-05 code as a prototygre f
designing the frame. Note that this final desigthés fittest
during the optimization picked from those modelsicivh
satisfy all the problem constraints. The framengjziinder
ICSRDB-05 load pattern is also optimized to obitsrD2-
type design using sections in Table 7 and 8. Tdble
demonstrates the base shear and its distributitiarps in
this example where the structure’s fundamentalogeis
1.026s.

Table 7 The Section-list used for beams in the optimalgies

IPB10 IPB12 IPB14 IPB16 IPB18 IPB24 B IPB28 IPB30 IPB32 IPB34 IPB36 IPB40
Table 8 The Section-list used for columns in the optimedidn
IPB10 IPB14 IPB18 IPB22 IPB26 IPB40 241 20] 2IPB 14 2IPB 18 2IPB22 2IPB26 2IPB 30
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Table9 The base shear distributed as equivalent latere¢$ for Designs D1 and D2 of the 10-storey exampl

Storey D1 Forces (ton) D2 Forces (ton)
1 1.37 0.39
2 1.63 0.79
3 1.54 1.18
4 1.89 1.58
5 1.58 1.97
6 1.85 2.37
7 2.47 2.76
8 2.21 3.16
9 4.39 3.55
10 4.37 5.55
Base Shear 23.30 23.30

The frame displacement response is monitored at the based sizing design regarding Table 10. In addifiégure
6 shows more uniform drift response in the proposed

floor levels and normalized to its code-based lifoit
comparison purposes. According to Figure 5, theegto
displacement responses in design D1 (both loacenpatt
and sizing optimized) has get closer to its coirgtriamit
in a more uniform manner with respect to the de$in
(sizing under code-based pattern). The fact isuavatl by
several analysis types including A3 that revealghéi
optimality under pattern-optimized loading than tuzle-

10

loading pattern with respect to code-based pattdote
that more inter-storey drifts’ uniformity means rmor

participation of

the entire structural

elements in

undertaking the seismic excitation effects and de&al
more efficient or better seismic performance acogrdo

the current literature [4].

1 — -
g iy i . —— A2 !
— = A3 : e AOD [
8 s A2 : 8 22.00 |
|
7 J 7 1o
! ]
6 i B ;
& !
5 5 I 5
@ [
4 1 4
3 I 3
/
2 Lk 2
o
1 i’ 1
U 1 1 It ' L L L L 1 1 i U L L A 1 1l 1 i 1 L 1 1 1
0 010203040506070809 1 111213 0010203040506070809 1 111213
Displacement / (Allowable Displacement) Displacernent / (Allowable Displacerment)
o @ _ (b) _
Fig. 5 Displacement response of the 10-storey frame desiyD1 and b) D2 by various analyses
10 ———— ~ 10 T —
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Fig. 6 Drift response of the 10-storey frame designsapBd b) D2 evaluated by various analyses
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Table 10 Comparison of various designs and analyses raauhg 10-storey example

Example  Design ID

10-storey D1 42
10-storey D2 49

Optimized/maximal Storey of the T Failure Storey of the T Failure
structural weight (%) identified by analysis A3 identified by analysis A4
12 12
2 2

Location of the first column failure during eartlzdge
in different designs is the next issue studiechi present
research. It is desired to occur in less imporsanties for
the overall structural stability; that is the uppsipbries
rather than the lower columns which undergo moree®
[22].

According to Table 10 the optimal structural weight
D1 design is 42% of a benchmark maximal weighthslyg
less than D2 (49%). However, their behaviours under

(@)

earthquakes are quite different. The most crit@almn
in the D1 designed model appears in the upperntostys
under both modal and time-history dynamic analy&8s
and A4, but such a failure starts in tHé @orey for the D2
size-designed model under the ICSRDB-05 regulatitins
confirms the result of Figure 7 in superiority dfet
proposed optimized pattern over traditional codgseba
pattern in viewpoint of progressive collapse préizen

B.769 0.769
~0 [} ~0
- — e
~0 - ~0
= = =
1.081 1.081
= o =
= o =
@ 0 0
= = =
@.415 0.415
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o - o
[ (¥5] ~
= = =
@.567 @. 567
= ) =
= e~ =
=3l i =)
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[ wn (o
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~ o t~
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(28] = (3]
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w (=N [Ny
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Fig. 7 Critical stress ratios and location of failure-s&raluated by analysis A4 using the scaled recorttee 10-storey example for design-
types a) D1 and b) D2

Example 2: 15-Storey M oment Frame

The second example is a 2-bay 15-storey with 8 beam
groups and 16 column groups demonstrated in Figure
The storey-height, bay-length and floor distributedds
are taken the same as previous example; while uheer
of stories is different in order to study its effean the
results. Convergence history of the fittest feasitesign
in Figure 9 again shows good algorithmic stabiktyd

efficiency to insure sufficient effort has consumsefore
announcing the optimal design. However, greaterbarm
of iterations is required for this taller buildinthan
previous example due to its higher cardinalityhaf search
space. Hence, the elitist fitness became stabér aff0
iterations up to 500. The control parameter HM$alsen
50 for this example.
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Codified base shear and its distribution pattemthis
example are given in Table 11 where the structure’s
fundamental period is 1.39s.

Table 11 The base shear distributed as equivalent lateraé$
for Designs D1 and D2 of the 15-storey example

Storey D1 Forces (ton) D2 Forces (ton)
1 0.40 0.23
2 1.14 0.47
3 1.56 0.70
4 1.83 0.93
5 1.83 1.17
6 1.83 1.40
7 1.78 1.64
8 1.93 1.87
9 1.75 2.10
10 2.03 2.34
11 1.98 2.57
12 2.22 2.80
13 3.04 3.04
14 3.36 3.27
15 4.31 6.47

According to Figure 10 the optimal loading pattesa
result of D1 design for 15-storey frame shows simiiend
to the D1 design of 10-storey example but in smeroth
manner; that is a rather more uniform distributarbase-
shear as lateral loads in the middle part of tmecsire
triangularly while increased near the roof level.another
word, the base-shear height-wise distribution patteas
shifted from upper stories to some mid-height logteries
in the optimal D1 design with respect to ICSRDB-05s
expected to provide more stiffness and strengthenower
storey columns with respect to the upper ones utitker
code-based design pattern. Such a prediction iheiur
confirmed by time-history analyses under severtiérmint
earthquake records. As given by modal analysis, iA3,
Table 12 the most critical column to falil firstigentified at
the 1%' storey of this frame. Time history (A4) analyses
under several scaled earthquake records have labintost
similar results (Table 13); just for two recordg ofi 7 the
critical columns are located at the ™3torey while it
occurred at 1% storey for the D1 designed model of this
example. In contrary, for the D2 model column falu
started at the lowermost critical storey”)(laccording to
both spectral and time-history (A3 and A4) analyses

Table 12 Comparison of various designs and analyses raauhe 15-storey example

Optimized/maximal

Storey of the T Failure

Example Design ID structural weight (%) identified by analysis A3
15-storey D1 15
15-storey D2 1

Table 13 Location of the 1st failure occurrence for dedighof the 15-storey frame evaluated by time-hisemmglyses using various
earthquake records

Earthquake record ID

Storey in which

columns'’ failure starts

Duzce-1999

15

13

Imperial-1979

Tabas-1978  Mexico-1980

Northridge-1994 LonetB¥1989

13 15 15 15
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Fig. 10 Optimized vs code-based distribution of base-sfdza) in the 15-storey frame

Normalized displacement and drift response at the

storey-levels of the D1

and D2 designed 15-storeyets

are depicted in Figures 11 and 12, respectivele dtift

responses for optimal

design D1 under Al analysis a

obtained similar to A3 but different from the rdsof A2
analysis. The same is observed for the displacement
response among the building height. Such conformfty
the optimized lateral load pattern with the spedsign
confirms true performance of the employed hyper-

optimization algorithm
spectral analysis.

in evaluating the fithessavi

— Al-D1

— = A3DI
v A2D1

Story

0O —= N W s O 0 WO

Fig. 11 Displacement response of the 15-storey frame desiyD1 and b) D2 evaluated by various analyses
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The standard deviation of inter-storey drift resgon
i.e.; 0.122 for D1 is less than 0.126 for D2 desigs
evident from Figure 12, in the design D2 the gretatkift

has undesirably taken place at the lower storiedewh

optimizing load pattern in the D1 design has le locate
at upper stories. The design-type D1 is thus sap&ith
respect to design D2 regarding not only unifornaitydrift
responses but also preference of critical colunsation in

preventing progressive collapse of the frame.
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Fig. 12 Drift response of the 15-storey frame designs apbBd b) D2 evaluated by various analyses
6. Conclusion In the other hand, the proposed optimized pattérn o

The present work revealed a design modification to
improve behavior of steel moment frames under deism
excitations. Common descriptive codes offer an uppe
triangular-like pattern of base-shear distributicas
equivalent lateral loads to be employed in allowaditess
design procedure instead of complicated trial andre
designs via dynamic time-history analyses.

In order to verify and upgrade suitability of suah
design procedure, the optimal pattern of base-shear
distribution has been searched simultaneously heget
with the corresponding optimal sizing of structural
members. A two-fold optimization problem is then
formulated using both discrete cross-section numbaad
continuous distribution factors. Suitable searafoathms
are picked up for each part of optimization consiggthe
search space cardinality for such a complex propthey
are harmony search, ant colony and branch & bound
methods hybridized in the present integrated opttion
framework. Proposed definition of fithess functib@as
also taken into account not only minimal structwaight
but also both penalized constraint violations doethe
design code and remunerating guided location ot fir
plastic hinge formation among the frame height.

Treating a number of examples, the proposed algorit
revealed new patterns of equivalent lateral desigs
similar to each other but different from traditibrede-
based pattern. It includes uniform distribution lmdse-
shear over the mid-height stories which vanishes tiee
base and almost linearly increases near the tagb. lev

As another goal in the current study guided failure
sequence by design variation through differentgtekiad
patterns were investigated. It is observed via téka
examples that the traditional code-based design may
undesirably lead first stress concentration pdimtarise at
the lower storey columns. As these columns hawétiaat
role in resisting loads their failure can furthexad to
progressive collapse of the structure.
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lateral design-loads has been successful in guidireg
critical location of such failure points to arigestly at the
higher storey levels, i.e.; less critical levels awerall
stability of the frame. The achieved optimal desigvere
further verified by spectral and time-history asaly under
scaled records of earthquakes with different fregye
contents. The new optimal designs again stood Euper
with respect to those designed under the codeipeact
regarding the location of critically stressed syere
columns. Hence, it is concluded that the propasethod
can decrease potential of progressive collapsengluri
earthquakes.

Distribution of displacement and drift responsess wa
another issue to be investigated here as a meaksadety
according to the current literature. With respextthe
code-based design, the proposed design procedsuked
in more uniform drifts among the frame height which
means better participation of all structural eletsem
undergoing seismic drift demand and thus considered
safer design. It is worth mentioning that the ojplim
structural weight under the proposed optimal ldterad
pattern obtained less than the result of sizingeurtte
traditional code-practice.

In the view of treated examples and employed
analyses, the proposed optimal lateral load patisrn
offered for the equivalent static design procedagét can
lead to more economic or safer designs than current
practice regarding uniformity of structural capgcit
distribution and guided failure sequence undernseis
excitation.

References

[1] Uniform Building Code, International Conference of
Building Officials, N.Y, 1997.

[2] Iranian Code of practice for Seismic Resistant Design
Buildings, Standard No0.2800,"3ed, Building and
Housing Research Center, 2005.

[3] Hosseini M, Motamedi M. A study on the distributioh

M. Shahrouz and A.A. Rahemi


https://www.iust.ac.ir/ijce/article-1-788-en.html

[ Downloaded from www.iust.ac.ir on 2025-07-17 ]

lateral seismic forces in the height of R/C buildirgs [13] Shahrouzi M, Rahemi AA. Utilization of harmony sdarc
using nonlinear dynamic analysis, Proceedings eflth for design of civil structures, Proceedings Bfi§ational
Conference of Iranian Society of Civil Engineers (ISCE Congress on Civil Engineering, Ferdowsi university of
Tehran, Iran (Persian), 1999. Mashhad, Mashhad, Iran (Persian), 2010.
[4] Moghaddam H, Hajirasouliha I. A new approach for [14] Moscato P. On evolution, search, optimization, gene
optimum design of structures under dynamic exaitgti algorithms and martial arts: towards memetic atbars,
Asian Journal of Civil Engineering, 2004, Nos. 1v32)|. Tech. Rep. Caltech Concurrent Computation Program,
5, pp. 69-84. Report. 826, California Institute of Technology,
[5] Karami Mohammadi R, El Naggar MH, Moghaddam H. Pasadena, CA, 1989.
Optimum strength distribution for seismic resistahear [15] Dorigo M, Colorni A. ManiezzoV. The Ant System:
buildings, International Journal of Solids and Stowes, optimization by a colony of cooperating agents, EEE
2004, Vol. 41, pp. 6597-6612. Transactions on systems, Man and Cybernetics, 1996,
[6] Kaveh A, Jahanshahi M, Khanzadi M. Plastic analgéis No. 1, Vol. 26. pp. 1-13.
frames using Genetic and Ant Colony algorithms, Asia [16] Dorigo M. Ant Colony Optimization, M.I.T. press, 200
Journal of Civil Engineering (Building and Housing), [17] Shahrouzi M. Pseudo-random directional search:va ne
2008, No. 3, Vol. 9, pp. 229-249. heuristic for optimization, International Journalf o
[7] Shahrouzi M, Rahemi AA. Effect of lateral loading Optimization in Civil Engineering, 2011, No. 2, Vdl,
patterns on seismic design of building frames, pp. 341-355.
Proceedings of @ National Congress on Iranian Code of [18] Burns SA. Recent Advances in Optimal Structuraligies
Practice for Seismic Resistant Design of Buildings, University of Illinois at Urbana-Champaign, 2002.
Standard No.2800-2005, Building and Housing Research [19] Kaveh A, Nasr H. Hybrid harmony search for condiitib
Center, Tehran, Iran (Persian), 2009, p-median problems, International Journal of Civil
[8] AISC-Allowable Stress Design and Plastic Design Engineering, 2012, No. 1, Vo. 10, pp. 32-36.
Specifications for Structural Steel Buildings, Ancan [20] Kaveh A, Nasrolahi A. A new probabilistic particle
Institute of Steel Construction: Chicago, IL, 1989. swarm optimization algorithm for size optimization
[8]  Lee KS, Geem ZW. A new meta-heuristic algorithm for of spatial truss structures, International Joumal
continuous  engineering optimization: “harmony search Civil Engineering, 2014, No. 1, Vol. 12, pp. 1-13.
theory and practice, Computer Methods in Applied . - . !
Mechanics Engineering, 2005, Vol. 194, pp. 39023393 [21] Ab_bas_| M,_ Ma_rka2| A.H.D. Optimal assu_gnment of
[10] Geem ZW, Kim JH, Loganathan GV. A new heuristic seismic vibration co_ntrol actuators using gel_’lgtlc
optimization algorithm: harmony search, Simulation, algorithm,  International  Journal of  Civil
2001, No. 2, Vol. 76, pp. 60-68. Engineering, 2014, No. 1, Vol. 12, pp. 24-31.
[11]] Geem ZW. Music-Inspired Harmony Search Algorithm: [22] Bangash MYH, Bangash T. Explosion-Resistant
Theory and Applications,*led, Springer, 2009. Buildings, Design, Analysis, and Case Studies,
[12] Saka MP. Optimum design of steel sway frames to9B85 Springer-Verlag, N.Y, 2006.
using harmony search algorithm, Journal of Constmal
Steel Research, 2009, No. 1, Vol. 65, pp. 36—43.
International Journal of Civil Engineering, Vol. 12, No. 2, Transaction A: Civil Engineering, June 2014 267


https://www.iust.ac.ir/ijce/article-1-788-en.html
http://www.tcpdf.org

