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Cellular beams became increasingly popular as figiesit structural form in
steel construction since their introduction. Theophisticated design and
profiling process provides greater flexibility inedm proportioning for
strength, depth, size and location of circular &oléfhe purpose of
manufacturing these beams is to increase overalhbagepth, the moment of
inertia and section modulus, which results in greatrength and rigidity.
Cellular beams are used as primary or secondagy fi@ams in order to
achieve long spans and service integration. Theyalo used as roof beams
beyond the range of portal-frame construction, aredthe perfect solution for
curved roof applications, combining weight savingsth a low-cost

manufacturing process.

The purpose of the current research is to studynoptd design, ultimate load

capacity under applied load and finite element ymisl of non-composite



cellular beams. The first part of the research Ewgfocuses on the optimum
design of steel cellular beams using one of thehststic search methods called
“harmony search algorithm”. The minimum weight a&kdén as the design
objective while the design constraints are implet@génfrom the Steel
Construction Institute. Design constraints incltide displacement limitations,
overall beam flexural capacity, beam shear capaoigrall beam buckling
strength, web post flexure and buckling, vierendeglding of upper and lower
tees and local buckling of compression flange. désign methods adopted in
this publication are consistent with BS5950. In $keond part of the research,
which is the experimental work, twelve non-compssiellular beams are
tested to determine the ultimate load carrying ctiea of these beams under
using a hydraulic plug to apply point load. Theedscellular beam specimens
have been designed by using harmony search algorimally, finite element
analysis program is used to perform elastic bugklamalysis and predict
critical loads of all steel cellular beams. Firelement analysis results are then

compared with experimental test results for eastetecellular beam.

Keywords: Web-expanded beams, cellular beams, steel stasctoptimum
structural design, minimum weight, stochastic Seaechniques, harmony
search algorithm, particle swarm method, failuredesoof beams and finite

element method
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OPTIMUM BOYUTLANDIRILMI S DAIRESEL GOZENEKI PETEK
KIRISLERIN YUK TASIMA KAPASITESI
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Dairesel gozenekli petek kjter balangiclarindan beri ¢elik yapilarda etkin bir
yapl modeli olarak artan bir populeriteye sahiputdd Gelsmis tasarimlari
kendilerine dayanim,derinlik, boyut ve daireseklbklarin yerleri icin dger
kirislere oranla daha fazla esneklikgkga. Bu kirislerin tGretiminin asil amaci;
kirisin derinligi, atalet momenti ve kesit katsayisini arttirmakéirtan atalet
momenti ve kesit katsayisi kim dayaniminin ve rijiditesinin yikselmesini
saslar. Dairesel gozenekli petek kgler buyik acikliklari rahat gegebilmek icin
birincil yada ikinci derecede olan giime kirgleri olarak kullanilir. Bu kigler
ayrica cerceve sundurmalarin 6tesinde catgl&iriolarak kullanilir ve gimli
catl uygulamalarindagalik ve maliyet digurilmesiyle mikemmel sonuclar

verirler.
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Bu calsmanin amaci; dairesel gozenekli celik ¢terin  optimum
boyutlandirilmasi, uygulanan yik altindsitaa kapasitesinin olcilmesi ve
sonlu elemanlar yontemiyle modellenmesidir. ghraanin ilk gamasi
dairesel petek kiglerin algiya dayali arama yontemlerinden biri okermoni
arama tekrgi kullanilarak optimum boyutlandiriilmasina odaklasgtm.
Harmoni arama yontemi UB kesitleri arasindan uyguofili secer boylece
SCI (Steel Construction Institute)’da tanimlanasatam sinirlamalari g&anir
ve sistemin girhigl minimuma indirgenir. Tasarim sinirlayicilarn alfr
deplasman kisitlayicisi, kgri profilin esneklik kapasitesi, kii kesme
kapasitesi, kig govdesi esneklik ve burkulma kapasitesi, skirialt ve Ust
parcalarinin vierendeel (ikincil) g#gme kapasitesi ve st flada bélgesel
burkulma alinir. Cagmanin ikinci aamasi olan deneysel sirecte; ilk kisimda
harmoni arama yontemi kullanilarak optimizasyonpilsn 12 adet NPI kesit
celik dairesel gozenekli petek kierin hidrolik gic dniteli basing silindiri
altinda dayanimi test edilecektir. Son olarak, bikiiis numunelerinin elastik
burkulma analizi ve tayabilecekleri kritik yuUkleri sonlu eleman programi
kullanilarak yapildiktan sonra herbir kingin sonlu eleman analizi sonuglari

deneysel cagmadan elde edilen sonuclari ile kiyaslanir.

Anahtar Kelimeler: Govdesi gesnietimis kirisler, dairesel gozenekli petek
kirisler, celik yapilar, yapinin optimum boyutlandirilenaminimum girlk,
harmoni arama yontemi, parcacik siri optimizasygdatemi, Kirglerin

gocme durumlari ve sonlu eleman yontemi
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CHAPTER 1

WEB-EXPANDED BEAMS IN GENRAL

1.1 Introduction to Web-expanded Beams

Structural engineers have always tried to find neays to improve the
practices in the design and construction of stedl@mposite buildings so that
the overall cost can be decreased. Beams with \pehings and open web-
expanded steel beams are some of these ways. Welingp with different
geometrical properties have been used for manysyeapass duct work or
utilities through the web holes in order to deceedor height and
constructional cost of large scale buildings. Tikibecause; decrease in story
height reduces interior volume and exterior surfatebuilding and these
results in cost saving. Furthermore, in comparisth solid web beams, web-
expanded beams can easily increase the shear toagaeertical bending
stiffness and capacities of structure.

Steel I-beam sections can be modified to interthiéyr strength by creating an
open-web expanded section from an original solidnibeThis is achieved by
cutting the web of a solid beam in a certain patterd then re-welding the two
parts to each other. As a result of these cuttimd) r@-welding processes, the
overall beam depth increases which in return caumsesase in the capacity of
the original section. There are two common typesopén web expanded
beams: with hexagonal openings, also called castdllbeams and beams with



circular openings referred to as cellular beamstéllated and cellular beams
have been used in various types of constructionsmiany years. The most
common structure types built using these beamsféioe buildings, car parks,
shopping centers and any structure with a suspefided Web-expanded
beams provide a very economical solution for prauydapered members,

which have been used extensively in big sportdistasl

1.2 Castellated Beams

H M Cutting Process

Seperation of Webs

y %/ \ Welding Process

Figure 1.1 Basic process of castellated beam

Castellated beams are steel sections with hexagpealings that are made by
cutting a saw tooth pattern along its centerlingh@ web of a rolled I-beam
section along the length of its span. The two paftsriginal beam are then
welded together to produce a beam of greater dsjpkthhalves of hexagonal

holes in the steel section as shown above in Figjre



The cutting and re-welding processes increase\heath beam depth, moment
of inertia and section modulus of the original edllbeam, while reducing the
overall weight of the beam. Since the 1940s tha kigength to weight ratio of
castellated beams has been a desirable item totwgtil engineers in their
efforts to design even lighter and more cost edffitisteel structures [1].

1.3 Cellular Beams

The emergence of cellular beams was firstly forhisectural application,
where exposed steelwork with circular web openimgsthe beam was
considered aesthetically pleasing more than castellbeams. Cellular beams
are steel sections with circular web openings #natmade by twice cutting an
original rolled beams web in a half circular pattealong its centerline,
separating two tee parts and re-welding these taleel of hot rolled steel
sections as shown in Figure 1.2. This circular apgnp of the original rolled
beam increases the overall beam depth, momenedfdarand section modulus,
while reducing the overall weight of the beam.



H m /j \ \ ] Double Cutting Process
W Seperation of Web Parts

He @@ Q Re-Welding Process

Figure 1.2 Basic process of cellular beam

Cellular beams have been used in over 3500 projeci around the world

[1]. The most common building types for the celtulseams are office
buildings, car parks, shopping centers and strastwith a suspended floor.
Cellular beams are also used as roof beams beyenthhge of portal-frame
construction, and are perfect solutions for curkeaf applications, combining
weight savings with a low-cost manufacturing preceSellular beams are a
very economical means of producing tapered memhdneh have been used
extensively in sports hall3hey can also be used as gable columns and wind-

posts at practical applications.

Cellular beams always produce a more cost-effecnlretion than castellated
beams as a result of their flexible geometry. Alidio the profile for any
castellated beam section is standard or fixedpthpr dimensions which are
the final depth, cell diameter and spacing are detaly flexible in cellular

beams. The production process of cellular beamsroves the section



properties of the original beam used, thus savirggraous weight compared to
plain original beams. Figure 1.3 shows that cellbleams are approximately
40-60% deeper and 40-60% stronger than the origmeshber while reducing
the overall weight [2]. As a result of using cedlulbeams, structures are
lightened, spans are increased, and pulling spaekgs us to save in overall
height. This flexibility goes together with the fitionality of allowing
utilization of the web openings as passages farpgnd ducts services through

the web holes shown in Figure 1.4.

MW6x229x10]1 kgm

686x254x170 kg

Moment of Inertia : 170300 cin# Moment of Inertia : 172042 e

Original UB section Beam Cellular Beam

Figure 1.3The comparison of cellular and original I-beams

/%@ DepthSaving

Services

Figure 1.4Reduction of beam depth by placing service intigna in holes



1.3.1 Applications of Cellular Beams

Cellular beams have been used in various desigssuadtural buildings. Some

of them are office buildings, car parks, shoppimmters, hospitals and any
structure with a suspended floor. Cellular beanmwide long clear spans and
great flexibility for service integration, when thare used as floor beams as

shown in Figure 1.5.

Figure 1.5Premier place with 15 m clear span, London

Cellular beams can be used as roof beams becaubkeiofow cost. They are
the perfect solution for roof applications shown kigure 1.6 and 1.7,
combining a considerable weight saving and progdirbuilding with minimal

internal columns compared with original beam s&xstio



Figure 1.7 A curving roof cellular beam application, Winchast



Cellular beams are efficient structural memberseargar park loadings with
long clear spans. Besides their lighter weightjutaal beams provide exact
beam depth and a light and airy interior to imprgersonal security for
modern parking constructions (Figure 1.8 and 1.9).

Figure 1.8 Blackpool car park, Cork

Y
- -

IMi&.U: llr

Figure 1.9 Cambridge car park



The low cost and structural efficiency of cellulaeams in clear long span
structures make these beams extensively suitablestin big sports stadiums
shown in Figure 1.10 ad 1.11. They are much liglsted shallower than
original solid beams and much less costly tharckatieams.

Figure 1.11Cantilever design of cellular beam in stadium, Benfime



1.4 Literature Review

Web-expanded steel beams were firstly used by emggnin the 1940’s to
decrease the cost of steel structures [1]. Inangasie stiffness of original
beam without any increase of weight of the steahibbéas been the purpose of
the selection of these beams from designers. Reviawnon-composite web-
expanded beams have been extensively reportee ilite¢hature. An outline of
previous experimental and theoretical studies esdhbeams is reported here
in chronological order with the objective of debang the main purposes of

each investigation.

Web-expanded non-composite beams were firstly stubly Altifillisch et al.

in 1957. The main focus of this study was to inigade the structural
behaviour, strength and failure modes of castellabeams under two
concentrated loads both in elastic and plastic ean@]. Simply supported
10B11.5 three different types fabricated beams wested to search the
influence of beam depth, web opening geometry aparesion ratio for these
experiments. The first type beam with fully bearstdfeners, 10B11.5-1, was
failed through extensive yielding of the tee sett@nd local compression
flange buckling. Three tests were performed for seeond type of beam,
10B11.5-1l, but one of these tests, involved logdia destruction of beam,
were excluded from experiments on account of tredequacy of lateral
bracing system. Stress and deflection analysistloérotwo test beams was
substantiated under elastic range loads. In a @imilanner with 10B11.5-1I
beams, the last type of beams with short bearifigrs¢rs, 10B11.5-lIl, were
tested in the elastic range for the first two testd the other one was loaded to
destruction of beams. Yielding at the corner ofwedb holes in the shear span
and local buckling of the compression flange wesgneéd after applied loads.
They concluded that by expanding the depth of besay be carried 10% to

10



%35 more moment in comparison with original beanateDand results of

tested beams are given with more detail in Tade 1.

Table 1.1An investigation of open web expanded beams (1957).

Beam 10B11.5-| 10B11.5-1I 10B11.5-11I
dq 330.20mm 374.65mm 412.75mm
by 100.33mm 100.33mm 100.33mm
tw 4.57 mm 4.57mm 4.57mm
ts 5.18mm 5.18mm 5.18mm
e 85.73mm 88.90mm 251mm
ho 158.75mm 247.65mm 323.85mm
S 330.20mm 425.45mm 501.65mm
¢ 45 45 45
Fy-web 326.81 MPa 326.81 MPa 326.81 MP4d
Fy-flange 297.51 MPa 297.51 MPa 297.51 MPa
Ultimate Loads 199.6 kN - 252.5 kN
Type of Failure | Flange Buckling No Result  Flange Buckling

Toprac and Cooke tested ten 8B10 rolled sectionmbeainder four

concentrated point loads to investigate load cagygapacity and optimum
expansion ratio of castellated beams [4]. Expertaleresults of these tests
were then compared with theoretical computationseBsive lateral buckling
at the first two specimens caused the failure gy there excluded from the
study. Although ultimate load of third specimen wasorded, but there was
not given detail about this test. When the load wesched to maximum,
compression flange buckling was observed at 8B18dscimen. At the same

manner, yielding and flange buckling mode in theepbending region was

11



described for 8B10-V specimen. As for specimen 8BL0ocal buckling of
the compression flange in the constant moment negi@s observed as failure
mode. The next specimen, 8B10-VII, failed due whhshear forces across the
web openings called vierendeel mechanism. Bucldingpmpression flange in
the constant moment region and vierendeel bendiniye highest shear region
were observed for the 8B10-VIII and 8B10-1X spearmeespectively. The test

data and results of these beams are shown with detadl in Table 1.2.

Table 1.2An experimental investigation of open-web beam$9)9

Beam 8B10-I 8B10-II 8B10-11I 8B10-1V 8B10-V
dg 266.70 281.94 297.94 335.28 330.96
o 101.60 101.60 100.33 101.60 100.33
tw 4.57 4.50 4.83 4.34 4.70
tf 5.13 5.08 5.13 5.08 511
e 57.15 57.15 57.15 57.15 57.15
ho 133.10 143.26 196.34 247.40 264.92
s 247.40 257.56 310.64 361.70 379.22
¢ 45 45 45 45 45
Fy-web 274.14 274.14 274.14 290.10 290.10
Fy-flange 274.14 274.14 274.14 290.10 290.10
Ultimate Loads - - - 215.1 kN 287.3 kN
Type of Failure No No No Flange Flange
Resul Resul Resul Buckling Buckling

12



Beam 8B10-VI 8B10-vIl  8B10-VIll  8B10-1X 8B10-X
dg 297.18 330.20 295.91 354.33 200.91
o 99.06 101.60 100.33 100.33 100.33
tw 4.70 4.72 4.45 4.70 4.70
tf 5.08 5.08 5.16 5.13 511
e 57.15 76.20 38.10 38.10 N.A.
ho 195.58 264.16 194.31 309.63 N.A.
S 347.98 416.56 270.51 385.63 N.A.
[0} 45 45 45 45 N.A.

Fy-web 290.10 296.41 296.41 296.41 N.A.

Fy-flange 290.10 296.41 296.41 296.41 N.A.

Uiimate - 320.6 kN 274.1kN  406.8 kN -
Loads
Type of Failure No Shear Flange Shear No
Result  Mechanism Buckling Mechanism  Result

In 1966, Shelbourne designed a test program fagrsepecimens consisting of
simply supported beams with bearing stiffeners. ®hgective of these tests
was to examine the interaction of shear forcesraamhents on the behavior of
castellated beams under varying load combinati&hs The first specimen,
Beam_A1, failed through extensive yielding of thed+depth of the post
between the first and second hole under singleerdrated load at mid-span.
The effect of pure moment investigated at secomatisgen, Beam_A2, under
two concentrated point loads. Failure of Beam_A2s vwassociated with
extensive yielding in the end zones experiencintgh b&ghear and moment
forces.Beam_A3 was subjected to two point loads and failtedugh web
buckling in the zone of maximum shear. The effdcpure shear across the
holes was studied at Beam_ A4 and web bucklingrebdeas failure mode. In

addition to these four tests, Shelbourne testeskthrore specimens under pure
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bending moments. The first two tests were repottedail by flexural
mechanisms. The last one was also reported tabfaillexural mechanism;
however, lateral torsional buckling was also assed with the failure mode.
The test data and results of these beams are gitbrmore detail in Table
1.3.

Table 1.3'he plastic behaviour of castellated beams (1966).

Beam Beam Al Beam A2 Beam_ A3 Beam A4
dg 228.60 228.60 228.60 228.60
by 76.20 76.20 76.20 76.20
tw 5.84 5.84 5.84 5.84
ts 9.58 9.58 9.58 9.58
e 38.10 38.10 38.10 38.10
ho 152.40 152.40 152.40 152.40
S 164.59 164.59 164.59 164.59
0} 60.00 60.00 60.00 60.00
Fy-web 283.00 283.00 283.00 283.00
Fy-flange 283.00 283.00 283.00 283.00
Ultimate Loads 338.2 kN 366.8 kN 382.5 kN 362.9 kN
Mid-Post Mid-Post Web Web
Type of Failure
Yielding Yielding Buckling Buckling

Later, Bazile and Texier were tested two differgipies of beam#o develop a
further understanding of different beam charadiess and properties,

geometry and expansion ratios of web-expanded beamk968 [6]. To
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accomplish this, simply supported HEA 360 and IPH 2ype castellated
beams were tested under eight concentrated lohesdifferent phases of load-
deflection diagram of each beam also described runest loads. Two
specimens were not included to further study dukaited by lateral torsional
buckling. Failure of other three beams (Beam_TlamBel2 and Beam_T3)
was associated with web buckling in the zone ofimarn shear. The test data

and results of these beams are tabulated in Tadble 1

Table 1Rests on Castellated beams (1968).

Beam Beam_T1 Beam_T1 Beam_T1
dg 500.00 600.00 500.00
o 300.00 300.00 135.00
tw 10.00 10.00 6.60
tf 17.50 17.50 10.20
e 168.00 168.00 138.00
ho 300.00 370.00 320.00
s 504.00 504.00 414.00
[0} 60.80 55.00 52.50
Fy-web 370.00 302.00 336.00
Fy-flange 299.00 245.00 249.00
Ultimate Loads 295.7 kN 251.1 kN 211.9 kN
Type of Failure | Web Buckling Web Buckling  Web Buckling

In 1971, Husain and Speirgere tested six simply supported beams under
various load conditions to study the yielding angture of welded joints of
castellated beams [7]. Sufficient lateral braciagsl bearing stiffeners were

provided to lateral torsional buckling of each beddeam_H1 and Beam_S1
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were subjected to a single concentrated load andomghat Beam_ H2,
Beam_H3, Beam_S2 and Beam_S3 were subjected tedaaentrated loads.
Yield and ultimate shear stress values are recoi@edach beam. Due to the
strain hardening, measured shear stress valueshigirer than stress values
would have been expected from tensile tests. T$tedegta and results of these
beams are given with more detail in Table 1.5. Husand Speirs also
investigated the effects of opening geometry onsthength of web-expanded
beams [8].They concluded that narrowing the throat width @ases the

performance of these beams.

Table 1.5Failure of castellated beams due to rupture of aeidints (1971).

Beam Beam_H1 Beam_S1

dg 381.00 381.00

o 101.60 101.60

tw 4.88 5.33

t; 6.83 6.83

e 68.33 50.55

ho 254.00 254.00

s 390.53 247.65

¢ 45.00 60.00

Fy 248.21 248.21
Ultimate Loads 441.0 kN 330.1 kN
Type of Failure | Web Buckling  Web Buckling
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Beam Beam_H2 Beam_H3 Beam_S2 Beam_S3

dg 381.00 381.00 381.00 381.00

by 101.60 101.60 101.60 101.60

tw 4.88 4.88 4.88 4.88

t 6.83 6.83 6.83 6.83

e 68.33 68.33 68.33 68.33

ho 254.00 254.00 254.00 254.00

S 390.53 390.53 390.53 390.53

¢ 45.00 45.00 45.00 45.00

Fy 248.21 248.21 248.21 248.21
Ultimate Loads 407.5 kN 407.0 kN 478.1 kKN 344.3 kN
Type of Failure | Web Buckling Web Buckling Web Buckling Web Buckling

Four castellated beams fabricated from W10x15 @estiwere tested by
Galambos et al in 1975. The objective of these exymats was to confirm a
numerical analysis approach to determine the optinexpansion ratio based
on both elastic and plastic methods of analysisA9%ingle concentrated load
was applied at mid-span of all beams. The spanveeld lengths of beams
were taken as constants, but the depth of beame wamied based upon
distinct expansion ratios. Ultimate load capac#jues of each test beams were
recorded, but no further discussion about the modlésilure was given. The

test data and results of these beams are showmmwith detail in Table 1.6.
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Table 1.80ptimum expansion ratio of castellated beams (1975)

Beam W10x15-I W10x15-1I W10x15-1l  W10x15-IV

dg 302.65 354.58 381.00 381.00

o 101.60 101.60 101.60 101.60

tw 5.84 5.84 5.84 5.84

tf 6.86 6.86 6.86 6.86

e 152.40 152.40 152.40 152.40

ho 100.89 202.59 176.58 302.51

S 425.45 425.45 425.45 425.45

[0} 39.9 59.30 55.68 68.30

Fy 333.43 333.43 333.43 333.43
Ultimate Loads 225.2 kN 244.6 kN 238.9 kN 266.8 kN
Type of Failure | Web Buckling Web Buckling Web Buckling Web Buckling

Then, Zaarour and Redwood tested fourteen cas@lla@ams to examine the
buckling of the web post between openings [10]. 8@hthese beams had
plates welded between the halves at the web-posingie concentrated point
load was applied at mid-span of all light beamse Thimate strength values of
each beam were measured depended upon load cepaciie first two tests
were reported to fail by local buckling of the t®m:tion above the holes
through greatest bending moments taken placed. Miekling failure mode
was described for other ten specimens. Finally, tlae experiments omitted
from consideration because of lateral torsionakbang. Finite element model
analysis was also used to predict ultimate web lngkoad and compared
with experimental results. The test data and resilthese beams are tabulated
in Table 1.7.

18



Table 1.7Web buckling in thin webbed castellated beams (1996

Beam B8-I B8-lI B8-l1I B8-IV
dg 302.64 359.66 307.34 358.90
by 59.44 58.42 58.42 58.93
tw 3.43 3.48 351 3.48
ts 4.69 4.72 4.57 4.72
e 48.51 48.26 57.40 58.67
ho 222.25 270.26 222.25 270.00
s 224.02 222.25 342.90 342.90
(0} 60.1 60.1 44.00 44.00
Fy 374.40 374.40 374.40 374.40
Ultimate Loads| 248.6 kN 178.4 kN 205.9 kN 145.4 kN
Type of Failure| Shear Mech.  Web Buckling  Shear Mech. = Web Buck
Beam B10-I B10-II B10-lII B10-1V
dg 370.59 417.83 376.43 425.45
by 69.09 69.85 70.61 70.61
tw 3.58 3.61 3.61 3.68
ts 4.39 3.98 4.45 4.27
e 58.17 57.66 57.91 58.93
ho 245.87 295.15 260.53 308.10
S 254.00 254.00 368.30 368.30
(0} 60.30 60.30 45.40 45.40
Fy 357.10 357.10 357.10 357.10
Ultimate Loads 217.6 kN 190.6 kN 213.8 kN 182.9 kN
Type of Failure | Shear Mech. Web Buckling Shear Mech. Web Buck
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Beam B12-1 B12-II B12-lll B12-1V

dg 476.25 527.81 449.58 501.65

o 78.49 77.98 78.23 77.98

tw 4.69 4.59 4.62 4.69

tf 5.33 5.36 5.35 5.33

e 73.41 74.42 71.37 68.33

ho 352.81 403.86 302.51 349.75

S 355.60 355.60 438.15 438.15

¢ 59.90 59.90 45.20 45.20

Fy 311.60 311.60 311.60 311.60
Ultimate Loads 214.4 kN 217.3 kN 192.8 kN 189.0 kN
Type of Failure | Web Buckling Web Buckling Web Buckling Web BucinTg

In 1998, Redwood and Demirdijan focused to exarttieebuckling of the web
post between holes and to investigate the effdctaament-to-shear ratio on
the mode of failure in their experiments [11]. Foastellated beams with same
cross sectional but different number of openingseviested. All beams were
simply supported and subjected to a central poeudihg. Two identical beams
with four openings, 10_4B1 and 10_4B2, and bearh siit openings, 10_6B,
were failed by web-post buckling mode. Beam witgheiopenings, 10_8B,
was excluded from study since failed by laterakitmmal buckling. Elastic
finite element analysis was then used to simulatnis tested and compare the
buckling loads were reported between experimemdlfenite element analysis
results. The test data and results of these beemshawn with more detail in
Table 1.8.
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Table 1.8Ultimate strength designs of beams with multipleripgs (1998).

Beam Beam_10A Beam_10B Beam_10C Beam_10D
dg 380.50 380.50 380.50 380.50
by 66.90 66.90 66.90 66.90
tw 3.56 3.56 3.56 3.56
ts 4.59 4.59 4.59 4.59
e 77.80 77.80 77.80 77.80
ho 266.20 266.20 266.20 266.20
S 306.40 306.40 306.40 306.40
0} 60.20 60.20 60.20 60.20
Fy-web 352.90 352.90 352.90 352.90
Fy-flange 345.60 345.60 345.60 345.60
Ultimate Loads 338.2 kN 366.8 kN 382.5 kN 362.9 kN
Type of Failure Web Web Flange-Tee
Buckling Buckling Buckling

Lastly, Erdal and Saka studied optimum design #lyorwhich based on one
of the recent meta-heuristic technique called hagmeearch method for
castellated beams in 2009 [12]. The design probdéroastellated beams is
formulated as optimum design problem. The minimueight is taken as the
design objective while the design constraints arplemented from The Steel
Construction Institute (SCI). The design methodspaed in this publication
are consistent with BS5950. Discrete programmirgplem comes out when
the design problem of steel castellated beamsareutated considering the

design limitations mentioned in the previous puddimn. The design algorithm
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presented selects the optimum UB steel sectior tasked in the production of
a cellular beam subjected to a general loading,offtenum hexagonal hole

dimensions and number of holes in the castellatedns.

In comparison with castellated beams; there ardtddntheoretical and
experimental studies on cellular beams. These be&ars firstly used on full
scale destructive tests to confirm structural intggand design criteria at
Bradford University in 1988 with supervision of eteconstruction institute
(SCI).After several tests, web post buckling wascdeed as failure mode at
cellular beams. Afterwards, the evaluation of ressulere performed of design
methods for web beams and analytical studies wadentaken using non-
linear finite element analysis to seek the capacftfhe web posts and the

upper and lower tees [13].

Then, design for simply supported steel and compasllular beams as used
in structures was presented by Ward J.K. in 1940 Resign procedures were
associated with British Standart 5950: Part | amdt B.1 provisions. The

behaviour of these beams was described and fleXacall, web-post strengths
and bending modes of non-composite and compoditdazebeams were also

derived from parametric study involving detaileditie element analysis. On
the basis of plastic analysis of cellular beamsilaimate loads and elastic
analysis at serviceability loads, design proceduer® applied to beams.

Later, the stress distribution around the holesalfular beams under load
combinations are investigated by Dionisio et al.2@04 [15]. The main

objective of this research was to describe thécatitocation around a typical
circular cell under load conditions. The study ¢stesl of experimental tests
and analytical modeling using finite element maugliln the experimental

part of research, twelve simply supported cellldaams were subjected to
monotonically loading. Primary and vierendeel bagdstress around circular
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holes were defined as failure modes. 3D finite €etmodel of tested cellular

beams were then built up in ANSYS to compare wibegimental results.

In 2006, in addition to an overview of cellular bes stress distribution around
the web openings and effect of cope geometry tar&apf cellular beams were
studied by Hoffman et al. In this research [lhear elastic for service
loadings and nonlinear buckling finite element el of cellular beams were
evaluated and then compared with experimental tesélor this purpose,
eighteen A570 steel cellular beams with span o7-4bwere tested in a self
reacting frame. Ultimate load and vertical disptaeet values for every beam
were recorded to compare with FEM results. Web-poskling around first

holes and regional buckling between the edge oé @l the edge of the first
hole were determined as failure modes in experiat¢ests.

The optimum design algorithm which based on onda®frecent meta-heuristic
technique called harmony search method was presémtecellular beams by
Erdal and Saka in 2008 [17]. The design problemceliular beams is
formulated as optimum design problem. The minimueight is taken as the
design objective while the design constraints amplémented from SCI
publication number 100. The design methods adoptdtiis publication are
consistent with BS5950 part 1 and 3. Discrete @nagning problem comes
out when the design problem of cellular beams amadilated considering the
design limitations mentioned in the previous puddimn. The design algorithm
presented selects the optimum HEA section to bd irs¢he production of a
cellular beam subjected to a general loading, fhtenum holes diameter and
the optimum number of these holes in the cellulearb. Furthermore, this
selection is also carried out such that the ddgigitations are satisfied and the
weight of the cellular beam is the minimum. Erdalak were then adopted

particle swarm optimizer to cellular beams and eatdd performance of
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harmony search algorithm and particle swarm opemifor steel cellular
beams [18].

1.5 Objective and Scope of Research

The current dissertation research encompasses \@stigation into the
optimum design, experimental research and finismeht studies of non-
composite cellular beams. In this dissertationithehapters are arranged as

follows;

In Chapter 1, a general definition is given aboebvexpanded beams. Then,
the common types of open web expanded beams: beathshexagonal
openings and beams with circular openings are agaarespectively. Lastly,
a literature survey on the web opening beams isidiec in a historical order

and the practical applications of cellular beanessfrown with some pictures.

Chapter 2 presents failure modes of web-expandathd&end then the first
phase of the research with focus on the designepmoof cellular beams
according to BS5950 provisions to prevent the failof these beams. The
design procedure of cellular beams is taken frone Bteel Construction
Institute (SCI) Publication No: 100 titled “Desigif Composite and Non-
composite Cellular Beams”.

The design equations of cellular beams are expmlaineChapter 3. This
chapter also contains the general concepts of harnsearch and particle
swarm optimization methods in a detailed manner amdudes general
information about these stochastic-based optimunsigde techniques.

Furthermore, simply supported cellular beams abgested to different types
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of external loading are designed using the algoritldeveloped in this thesis

and the results are presented.

The experimental part of the research is preseme&hapter 4. In the
experimental phase of the study, 12 optimally desiignon-composite cellular
beams are tested in a self reacting frame. Thedestllular beam specimens

have been designed using harmony search optimizegahnique.

In chapter 5, three tension test coupons from welthe every NPI steel
cellular beams are tested. Besides modulus ofi@tgstyield and ultimate
stress values obtained from tensile tests areubked in finite element analysis

of these beams.

The last part of the thesis study, Chapter 6, fesum performing a numerical
study on steel cellular beams utilizing finite etsrh analysis. The finite
element code, ANSYS, is used to perform elastiklng analysis and predict
critical loads for all tested specimens. Finitengat analysis results of these
optimally designed steel cellular beams are congparigh the experimental

results.

Finally, in the last chapter, some brief discussicand conclusions are
presented.
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CHAPTER 2

THE DESIGN OF CELLULAR BEAMS

Structural design is one of the primary tasks sfractural engineer. The aim
of structural designer is to come up a structuag fiifills the criteria set by the
owner or builder of a building. The structure madso satisfy the safety
requirements regulated by the provisions of desmpges and in the mean time
it should be economical to be constructed. Desifira steel structure in
particular requires a meticulous attention to desifysteel members as well as
the details of their connections. Non-composite ‘@epanded steel beams are
no exception to this procedure. Structural desidnaerto consider all cases of
failure that can occur in such beam so that satetssured in their life time.
The failure modes that can take place in web-expansteel beams are

explained in the following subsections with moréadls.

2.1  Failure Modes of Web-Expanded Beams

There are mainly six different failure modes of shebeams according to
experimental tests carried out by Kerdal and Netiteon web-expanded
beams [19]. These failure modes are caused by bgaometry, web
slenderness, type of loading, and provision ofré&tsupports. Under applied

load conditions, failure is likely to occur duedoe the following modes:
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» Formation of a Vierendeel mechanism

» Lateral torsional buckling of the entire span
» Lateral torsional buckling of the web post
» Rupture of the welded joint

» Web post buckling

> Formation of a flexure mechanism

2.1.1 Formation of a Vierendeel Bending Mechanism

This failure mode is associated with transferrimghhshear forces across the
web holes, parallel to rate of change of bendingnert along the beam. The
formation of a Vierendeel mechanism often occursvab-expanded beams

with long horizontal opening lengths.

Yield in Compression
/1

N

Yield in Tension

Figure 2.1 High bending in the cellular beam
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The collapse of web-expanded beam has two reasdhs absence of regional
or overall instability. Firstly plastic tension ambmpression stresses in the
upper and lower tee parts in regions of high oVvéhding may lead to such a
collapse, shown in Figure 2.1. The second caus®lt#pse of these beams is
formation of plastic hinges at the all corners ¢ holes in regions of high

shear called Vierendeel bending moment, shown beldvigure 2.2.

Plastic Hinges

Figure 2.2 High shears in the cellular beam

When a web-expanded beam is subjected to a slmeatpp and bottom tee
sections must carry the applied shear, as welhasptimary and secondary
stresses. The primary stress is the formal bengiogent on the beam cross-
section. This stress is applied uniformly over déineas of the upper and lower
part of tees. The secondary stress, also calle&/igrendeel bending, comes
from the transfer of shear force in the tee sestver the horizontal length of
the web opening. The resulting overall stress & sam of the primary and

secondary stresses.
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2.1.2 Lateral Torsional Buckling

This mode of failure is mainly brought about by adfitplane motions of the
beam which does not have web distortions in origimeb beams. Lateral
torsional buckling, as shown in Figure 2.3, is lisuassociated with longer
span beamsvith inadequate lateral support to the compression dafde

reduced torsional stiffness of the web-expandednbeahich is a result of
relatively deeper and slender section propertiestributes to lateral buckling

mode.

Figure 2.3 Lateral torsional buckling along beam
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This mode of failure was first investigated in 1982 Nethercot and Kerdal
[20]. After experimental tests, they concluded thvatb openings only had a
negligible effect on the overall lateral torsiomaickling behavior of the web-
expanded beams. Furthermore, they stated that authet reduced cross
sectional properties, web-expanded beams can hecsed to the same design

procedures as original solid beams, to settledterdl buckling strength.

2.1.3 Web-Post Buckling

Web post buckling has been a subject matter for ymanalytical and

experimental studies on web-expanded beams. Thisefaype is caused by
concentrated loading or reaction points applieeally over a web-post of
beam. Horizontal shear in the web-post of the bsadue to double curvature
bending over the depth of the web-post.

Figure 2.4Web buckling on web-expanded beams
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Web buckling is also related with on web thicknessl the ratio of pitch
opening and hole diameter. The first inclined edfhe opening is stressed in
tension and the other edge of the hole in comprassil of which in a twisting

effect of the web post along its depth, shown guFe 2.4.

2.1.4 Rupture of Welded Joints

This mode of failure depends upon the length ofwie&led joint. Hussain and
Speirs [7] have found this mode after tested sstadited beams with short
welded throat. These tests showed that if the bota shear stresses exceed
the yield strength of the welded throat, weld jailefpth of the web between
two openings could be ruptured.

Figure 2.5Rupture of welded joints on web-expanded beams
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Figure 2.5 demonstrates that the failure of welggidts owing to high

horizontal shear and short weld length at web-edpdrbeam. The horizontal
length of the openings is equal to the weld lengtid if the distance between
these openings is reduced to decrease secondargmmrthe welded throat of

the web-post becomes more vulnerable to failutaisxmode.

2.1.5 Flexure Mechanism

Under pure bending conditions, provided the seasocompact, which means
that the beam does not exhibit buckling behavioe, tee sections above and
below the openings yield in tension and compressiatil they become fully
plastic. This mode of failure was reported in therkg of Toprac and Cooke
(1959) [4]. They concluded that yielding in the wEctions above and below
the openings of a web-expanded beam was similtiratoof an original solid

beam under applied pure bending forces.
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2.2 Design Process of Cellular Beams

The design process of a cellular beam consisthetks such that the above
mentioned failure modes do not occur. The stremgth beam with various
web openings shall be determined based on theactien of flexure and shear
at the web opening. Design constraints includedisplacement limitations,
overall beam flexural capacity, beam shear capaowgrall beam buckling
strength, web post flexure and buckling, Vierehdssnding of upper and
lower tees, local buckling of compression flangel gractical restrictions

between cell diameter and the spacing between cells

The design procedure given here is taken from Thael &onstruction Institute
(SCI) Publication No: 100 titledDesign of Composite and Non-composite
Cellular Beams’ [14]. The design methods are consistent V85950 part 1
and 3, [21].

« 5 b
% Upper Tee

tw

4> ‘7
. % Lower Tee
f

Figure 2.6 Geometrical parameters of a cellular beam

Q Hs

The basic geometry and notations used for celbhgams are shown in Figure
2.6. Although the diameter of holes and spacingveen their centers are left

to designer to select the following ratios are regglito be observed.

33



108< i< 15 (2.1)
D

0

125< s < 175 2.2)
D

0

2.2.1 Overall Beam Flexural Capacity

Under unfavorable applied load combinations théutzal beam should have
sufficient flexural capacity to be able to resks external loading. That is the

maximum momentM ; under applied load combinations should not exceed

plastic moment capacitil , of the cellular beam.
M, =A; R H, <M, (2.3)
Where A ; is the cross sectional area of lower t€ejs the design strength of

steel andH, is distance between centrals of upper tee andrlteee

2.2.2 Beam Shear Capacity

It is necessary to check two shear failure modeiiular beams. The first one
is the vertical shear capacity check in the beafme Tum of the shear
capacities of the upper and lower tees gives tintcae shear capacity of the

beam. The factored shear force in the beam shaildxteed, :
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R, =06R,(09A,,) (2.4)

Where A, is the total cross sectional areas of webs of fBles other check
is for the horizontal shear failure. The horizordlaéar is developed in the web
post due the change in axial forces in the teehasvis in Figure 2.7. The

horizontal shear capacity in the web post of be&woulsl not exceedR,,

where:

R, =06R (09A,,) 5P

0

Vi

€]

Figure 2.7 Horizontal shear in the web post of cellular beam

Where A, is the minimum area of the web-post. Neglectirg ¢ffect of the

applied load and considering the vertical equilibri and the rate of the
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variation of bending moment as shown in Figure 2hién the following

equations can be written for cellular beams.

Mi :Ti X(HS_ZXO )

_dM M, =My o (Hs=2X)
Vig =g =R = (T T =
For horizontal equilibrium:
S

(2.6)

(2.8)

(2.9)

WhereV is shear forcel is axial force andM is bending moment at the

cross section of the cellular bedt,is distance between circular opening

centers,x, is the distance between the axial force to flange.

2.2.3 Flexural and Buckling Strength of Web-Post

In this dissertation study the compression flandgethe cellular beam is

assumed to be sufficiently restrained by the flegstem it is attached to.

Hence the overall buckling strength of non-composgllular beam is omitted

from the design consideration. Instead the web flesural and buckling

capacity is checked using equation 2.10.
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M yax {CI(EJ_CZ(EJ _Cs} (2.10)
M D, D,

Where M, is the maximum allowable web post moment &hd is the web
post capacity at sectiof-A of Figure 3 which is computed as elastic section

capacity of design strengtR, of the steelSis the spacing between the centers
of circular openings andD, is the circular opening diameter. Both should be
substituted in the equation mmunit. C,,C, andC, are constants evaluated

from the following expressions whetg is the web thickness.

2
C, =5.097 + 0.1464[%J - 0.00174 [%} (2.11)
DO DO i
C, =1441+0062% -~ | ~0000683 - (2.12)
DO DO i
C; =3645+00853 — | 000108 — (2.13)

2.2.4 Vierendeel bending of upper and lower tees

The flexural capacity of the upper and lower teedau Vierendeel bending is
critical. The transfer of shear forces across a@lsirweb opening causes
secondary bending stresses. The Vierendeel berstiiagses around the hole
may be calculated using Olander’'s approach [22an@&r utilizes a circular

section for the position of the critical sectiordahe ultimate resistance of the

tees shown in Figure 2.8.
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Figure 2.8 Olander’s curved beam approach

For asymmetrical sections, the shear force is tezbsigy the upper and lower
web sections in proportion to their depth squaFed.symmetrical sections, the
shear force is divided equally between upper amgetoweb sections. The
interaction between Vierendeel bending moment aiml #orce for the critical

section in the tee should be checked as follows:

P M 10 (2.14)
P, M,
VvV .
P, :Tcosﬁ—E sind (2.15)
VvV H
M=T (Xso - Xo)+5 (78_ Xso) (2.16)

Where P, and M are the force and the moment on the section rasphc

R, is equal to area of critical sectier?,, M, is calculated as the plastic
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modulus of critical sectior R, in plastic sections or elastic section modulus of

critical sectionx R, for other sections.

2.2.5 Classification of Cellular Beams

The computation of the nominal moment strenith of a laterally supported

beam necessitates first the classification of #lkilar beam. The beam can be
plastic, compact, non-compact or slender accorttir§S5950 provisions [14].
In compact sections, local buckling of the compmsdlange and the web
does not occur before the plastic hinge develophencross section. On the
other hand in compact sections, the local buckbhgompression flange or
web may occur after the first yield is reactedhat duter fiber of the flanges.
Classification of I-shaped sections is carried aotording to Table 2.1 of
BS5950 which is repeated below.

Type of Element Plastic Compact Semi-compact

Outstand Element

i P <850 P <950 b 150
of Compression o - : S : %, =
Flange

For web, with
H S 2tf H S 2tf H S 2tf
neutral axis at B <790 | ———<980 — <1200

mid-depth

Table 2.1Limiting width to thickness ratios
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M =P, xS,

P( plastic)

M =P, xZ,

p(elastic)

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

22)

The moment capacity of beams for plastic or compactions and semi-

compact sections is calculated respectively in 21id 2.18. In these equations;

y

P, is the design strength of steeb, is the plastic modulus and, is the

elastic modulus of section about relevant axisedoation 2.19¢ defines a

constant in connection with limiting with to thickss ratios.A. given in

equation 2.20 is slenderness ratio for I-shaped Imeenilanges and the

thickness in whichb. andt. are the width and the thickness of the flange.

Equation 2.21 describe, , slenderness ratio for beam web, in whighplus

allowance for undersize inside fillet at compressilange for rolled I-shaped

sections shown in equation 2.22, wheteis the overall depth of the section

and t, is the web thicknessH/t, is readily available inUB-section

properties table.
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2.2.6 Deflection of Cellular Beams

The limiting values for deflection of a beam undeplied load combinations
are given in BS5950, Part 1. According to theseaitdiions the maximum
deflection of a cellular beam should not exceech&&0. The deflection of
cellular beam is computed using the virtual workhod which is explained in
detail in [14]. Figure 2.7 shows points of inflexti at sections and i +1.

Shear force under applied load combinations isibiged equally to upper and

lower tees. The axial and horizontal forces in ¢he®s are given by;

M.
T =—L 2.23
T (2.23)
SV +V,
V, :% (2.24)

Where; h is the distance between the centroids of uppel@mdr tees ands
is distance between centrals of holes. The deflecik each point is found by
applying a unit load at that point.

Internal forces under a unit load are given by

YN Y
2 (2.25)
Deflection due to bending moment in tee;
0.094D,/2)°®  —
mt 3E|T (\/I ) ( )
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Deflection due to bending moment in web post onlnea

Yo =75 S-20(D, /2) S-09(D,/2)) 2\S-09(D,/2)) 2|

W

_ 13.15{|oge[s— 09(D, /2)) . 2[3— 20(D, /2)] _1(5— 20(D, /2)] _3}/ 7 (2.27)

Deflection due to axial force in tee;

_ 25 1%
Ya = EA (TiTo) (2.28)

Deflection due to shear in tee;

045D, /2) . —
N A ) @2

Deflection due to shear in web post;

g = 1636y 100 S-09(D, /2) T (2.30)
Gt,, S-20(D, /2)

Where E is the elasticity modulus of steel cellular bealm,is total moment

of inertia of cell beam( is shear modulus of steel andis the web post form
factor. The total deflection of a single openinglenapplied load conditions is

obtained by summing the deflections computed alo¥s. 2.26-2.30.
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Yr =Yt Yup T Ya T Ve T Va (2.31)

On the other hand the deflection of the cellulamrbeis calculated by
multiplying the deflection of each opening by tla¢éat number of openings in

the beam as given in [14].
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CHAPTER 3

THE DESIGN OPTIMIZATION OF CELLULAR BEAMS USI NG

META-HEURISTIC SEARCH TECHNIQUES

3.1 Optimum Design Problem of Cellular Beams

The design of a cellular beam requires the chofcanooriginal rolled beam

from which the cellular beam is to be produced;war opening diameter and
the spacing between the centers of these circal@stor thetotal number of

holes in the beam. Hence, the sequence numbee ablled beam sections in
the standard steel section tables, hole diamewtrtlan total number of holes
are taken as design variables in the optimum dgsighlem considered. For
this purpose, a design pool is prepared consigstinfist of standard rolled

beam sections, a list of various diameter sizes aridt of integer number
starting from 2 to 40 (this number can be increasedecreased according to
length of span) for the total number of holes icellular beam. The optimum
design problem formulated considering the desigmstaints explained in the

previous sections yields the following mathematroaldel.

Find an integer design vectdi}={1,,1,,1,}" where I, is the sequence
number for the rolled beam section in the standéed| sections listl, is the

sequence number for the hole diameter in the descset which contains

various diameter values and is the total number of holes for the cellular
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beam. Oncel, is selected, then the rolled steel beam desigmdigromes
known and all cross sectional properties of tharbbacome available for the

design. The corresponding valuesltoand | ,in the design sets make the hole

diameter and the total number of holes also availi the cellular beam.

Therefore, the design problem for the minimizatiohthe weight of the

cellular beam turns out to be:

Weg = 05 Acg Leg — p{ﬂ(%j Nhole] (3.1)

Where; W, denotes the weight of the cellular beam,is the density of steel.

Ace Les, Do, @andN,e represent the total cross-sectional area of d gteéle,
span of the cellular beam, diameter of the webdaled the total number of

holes in the beam, respectively.

Design of a cellular beam requires the satisfactbsome geometrical and
behavioral restrictions that are formulated throtgjms. (3.2-3.13). Depending
on the values of diameter of holes, distance betwke hole centers and the
final depth of the beam determined, following getmoal constraints must be

satisfied;

9,=108D,-S< 0 (3.2)
9,=S-160D,< O (3.3)
9,=125D,-H,< O (3.4)
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9,=Hg—-175D,< 0 (3.5)

In Egns. (3.2-3.5)S denotes the distance between centers of circpkemings

and H¢ is the overall depth of cellular beam.

The maximum momenk],, under applied load combinations should not

exceed the plastic moment capachy,, of the cellular beam for a sufficient

flexural capacity.

g =M, -M,=< O (3.6)

It is also required that the shear streg3&s,,, CoMputed at the supports are
smaller than allowable shear stresg#% , the ones at the web openings
Momax) are smaller than allowable vertical shear streg&s) and finally,
the horizontal shear stress@g,,,.x are smaller than the upper lir(it,, of

the same; as formulated in Eqns. (3.7-3.9).

J6 :VMAXSUP_ I:)v < 0 (3-7)
9, :VOMAX - va S 0 (3-8)
Js :VH MAX PVH < 0 (3-9)

The web post flexural and buckling capacity of welt beam is checked in the

Eqn.3.10. In this expression, the maximum mometdrdened at A-A section
(M o_auax) should be smaller than the maximum allowable wedstp

momen(Myyx )
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Oy = M A-AMAX MWMAX <0 (3-10)

Egns. 3.11 and 3.12 check the interaction betweesécondary bending stress

and the axial force for the critical section in the.

0y =Voee —05Ry < 0 (3.11)
P M
=02 _1<0 3.12
Oy R, M, (3.12)

Where; V;. is referred to as the vertical shear on the teé a0 of web
opening, P, and M are the internal forces on the web section as shoviing

4. The deflection constraint is imposed such thathaximum displacement is

restricted td-/360, wherey,,,, denotes the maximum deflection.

L
012 = Yuax _ﬁ <0 (3.13)

3.2 Stochastic Search Techniques in Optimization

The solution of the optimum design problem desdrilbe previous section
necessitates the selection of appropriate steehlseation from a standard list,
an opening diameter and the total number of openiodpe used in the cellular
beam such that with these selected parametersieipwnse of the cellular
beam remains within the limitations imposed in egsions (3.2)-(3.13) and its
weight given in expression (3.1) is the minimum.sTts clearly a discrete
programming design problem. The solution methodailalvie among the

mathematical programming techniques to obtain ®wiat to discrete
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programming problems are somewhat cumbersome andeny efficient for
practical use. Fortunately, the emergence of sgithaearch techniques that
are based upon the simulation of paradigms foundhinre has changed this
situation altogetherThe basic idea behind these search techniques is to
simulate the natural phenomena, such as survivaheffittest in genetic
algorithms, flock migration in swarm intelligenchortest path to food source
in ant colony optimization, best harmony of instents in harmony search
algorithm, the cooling process of molten metalsotigh annealing into a
numerical algorithm and staying alive of the fittesidd most experienced in
memetic algorithm [23-31]. These innovative stoticassearch and
optimization methods, simulated annealing [32], letron strategies [33],
particle swarm optimizer [34], tabu search methdb],[ ant colony
optimization [36], harmony search method [37], denalgorithms [38] and
etc., are very suitable and effective in finding tbolution of combinatorial
optimization problems. They do not require the gratlinformation of the
objective function and constraints and they useotiobabilistic transition rules
not the deterministic ones. The optimum structdesign algorithms that are
based on these techniques are robust and quitie#fén finding the solution
to discrete programming problems. There are largenbers of such
metaheuristic techniques available in the liteatmowadays. A detailed
review of these algorithms as well as their applices in the optimum
structural design is carried out in Saka [39] arddhcebi et al [40].

In the present dissertation research, the solufahe discrete non-composite
cellular beam design problem given by Eqgns. (3138is investigated using
two meta-heuristic search techniques; namely haynsearch algorithm and

particle swarm optimizer.
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3.2.1 Harmony Search Method

One of the recent additions to the meta-heurisBarch techniques of
combinatorial optimization problems is the harmsegrch method initiated by
Geem and Kim [37]. This presented stochastic teglaniis based on the
musical performance process that takes place whensician searches for a
better state of harmony [41]. In the process ofipaligroduction, a musician
chooses and brings together number of differenéesnétom the whole notes
and then plays these with a musical instrumentri déut whether it gives a
pleasing harmony. The musician then tunes soméaeset notes to achieve a
better harmony. Similarly, a candidate solutiorgenerated in the optimum
design process by modifying some of the decisiamabbes to find optimum
solution. Structural designer in a design of algacture selects steel profiles
for the members of a structure randomly or usinghie previous experience.
This selection constitutes a potential design fbe tstructure under
consideration. The candidate solution obtainedhés tchecked to see whether
it improves the objective function or not, as itilsthe case of finding out
whether euphonic music is obtained or not. Like ttker meta-heuristic
techniques, harmony search algorithm uses stochastilom search instead of

gradient search.

HS algorithm was used in structural optimization @emputational structural
mechanics immediately after its emergence. Thenteepplications have
shown that this method is an efficient and robusierical optimization
technique that can be utilized in finding the optim solution of structural
optimization problems. Amongst these studies, lrebGeem [37, 41] used the
technique for optimum design of space truss strastur'he minimum weight
design of planar frames formulated according td li#8$5950 [21] and LRFD-
AISC [42] design codes were carried out using Hfd@hm in [43] and [44],
respectively. In Ref. [43], a harmony search basellition algorithm for
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optimum design of geodesic domes was developedaky, Svhere in addition
to size variables; a single shape variable is usethodify the height of the
dome under consideration. Then, the success ofmttbod in optimum W-
sections for the transverse and longitudinal beafgrillage systems was
examined in Erdal and Saka [45-46]. Besides, i} pgdmony search method
is used in the optimum design of real size trusdesre the design problem is
formulated according to ASD-AISC [47] and its penfiance is compared to
other metaheuristic techniques. Finally, Hasaneehi. developed an adaptive
harmony search algorithm for the optimum desigrstofictures. In adaptive
harmony search method, unlike the standart apmitadf the technique,
algorithm parameters adjust automatically durirgdptimization process. The
efficiency of the proposed algorithm is numericalhyestigated using two
large-scale steel frames that are designed fommuim weight according to the
provisions of ASD-AISC specification [48]. The sbhans obtained from this
proposed method are compared with those of thelatdralgorithm as well as
of the other metaheuristic search techniques. llthake applications, it was
concluded that harmony search was a very effedd@ehnique to obtain the

optimum solution to various structural design peois.
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The basic components of the harmony search algorn now be outlined in

five steps as follows.

Step 1 Initialization of a Parameter Set: A harmony search optimization
parameter sets are initialized first. These pararmetonsists of four
entities called as a harmony memory siben§), a harmony memory

considering rate li{mcr), a pitch adjusting rategar ) and a maximum

search numberN_ ). It is worthwhile to mention that in the standard

oyc
harmony search algorithm these parameters areedreat static
guantities, suitable values are chosen within treiommended ranges
of hmer(070~ 095) and par0(020~ 050) [37, 41]. It should be
mentioned that the selection of these values aelggn dependent and

it requires number of trials to identify the appiage ones.

Step 2 Initialization and Evaluation of Harmony Memory Matrix: A
harmony memory matriXd is generated and randomly initialized next.
This matrix incorporates hins) number of feasible solutions. Each
solution (harmony vectorn,') consists ofnv integer numbers between
1 to ns selected randomly each of which corresponds seguammber
of design variables in the design pool, and iseeg@nted in a separate

row of the matrix; consequently the sizetbfis (hmsx nv).

[ - o B (|
| 2 I | 2
H - 1 2 nv ﬂ ) (314)
_| 1hms | gms I:\;ns_ ﬂ' th)

| is the sequence number of tHedesign variable in thg"randomly

selected feasible solutionhifs) solutions shown in Eqgn. (3.14) are
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then analyzed, and their objective function valaes calculated. The

solutions evaluated are sorted in the harmony megmmaatrix in the

increasing order of objective function values, tsap(l*)< ¢(1%)< ...<

(dl th) .

Step 3 Generating a New Harmony:A new harmony solution vector

I’ =[I1',I;,..,I,'W] is improvised by selecting each design varialenfr
either harmony memory or the entire discrete se¢ drobability that a
design variable is selected from the harmony mersocpntrolled by a
parameter called harmony memory considering ratecf). To execute

this probability, a random number is generated between 0 and 1 for
each variablé, . If r, is smaller than or equal tomcr, the variable is
chosen from harmony memory in which case it isgaesi any value
from thei-th column of theH, representing the value set of variable in

hms solutions of the matrix (Eqn. 3.15). Otherwisé i{ > hmcr), a

random value is assigned to the variable from thigeediscrete set.

' 1,2 hms| :
ll_{liD{li,li,...Ji }if 1, <hmer 315

o L O{L e pg if ri >hmer

If a design variable attains its value from harmangmory, it is
checked whether this value should be pitch-adjusiednot. Pith
adjustment simply means sampling the variable’s arfe the
neighboring values, obtained by adding or subtngctone from its
current value. Similar tohmcr parameter, it is operated with a

probability known as pitch adjustment ratpaf ), (Egn. 3.16). If not

activated bypar ; the value of the variable does not change.
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I'+1 if r. < par
={ =P (3.16)

|
I/ if r, > par

Constraint handling: The new harmony solution vector obtained using
above-mentioned rules is checked whether it visldisign constraints.
If this vector is severely infeasible it is discagidand another harmony
vector is sought. However, if it is slightly infélale, it is included in the
harmony matrix. In this way the slightly infeasibdllarmony vector is
used as a base in the pitch adjustment operatiprotoade a new vector
that may be feasible. This is achieved by usingedaerror values
initially for the acceptability of the new desigerators. The error value
is then gradually reduced during the design cyoldd it reaches to its
final value. This value is then kept the same uh#l end of iterations.
This adaptive error strategy is found quite effextin handling the

design constraints in large design problems.

Step4 Update of Harmony Matrix: After selecting new values generating the
harmony solution vector, its objective function walis calculated.
After selecting the new values for each designakdei the objective
function value is calculated for the newest harmeagtor. If this value
is better than the worst harmony vector in the loaryrmatrix, it is then
included in the matrix while the worst one is talarnt of the matrix.
The harmony memory matrix is then sorted in desogndrder by the

objective function value.

Step 5 Termination: The steps 3 and 4 are repeated until a pre-assigned

maximum number of cycled . is reached. This number is selected

large enough such that within this number no furihgrovement is

possible in the objective function.
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3.2.2 Particle Swarm Optimization Method

Particle swarm optimization (PSO) method is a patoh based stochastic
search technique inspired by social behavior af Blacking or fish schooling.
This behaviour is concerned with grouping by sofmetes that depend on both
the memory of each individual as well as the knolgke gained by the swarm
[49-51]. As a meta-heuristic search and optimizatexhnique, PSO algorithm
has gained a worldwide popularity and found impdri@pplications in many
disciplines of science and engineering. In thedfied structural optimization,
the method is successfully utilized to determine tptimum solutions of
different design problems. Amongst recent studi=ez and Behdinan [52]
have extended the algorithm to cover the optimusigteof space structures.
They carried out the effect of different settinggraeters and functionality on
truss structures. He, Prempain and Wu [53] proposedimproved PSO
algorithm to solve mechanical design problems wwng problem-specific
constraints and mixed variables. In Ref. [54], F@and Groenwold developed
a particle swarm based solution algorithm for stamtous optimum design of
small scale pin-jointed structures, where optimime and shape of a structure
were sought concurrently to minimize its structwvaight. Later, Hasancebi et
al. [40] have compared the performance of PSO ndetiwdh other six
stochastic search techniques including harmonyckealgorithm in the
optimum design of real size pin-jointed structufesmulated according to
ASD-AISC [47].

The particle swarm optimization procedure invohaesiwumber of particles
which represents the swarm initialized randomlythe search space of an
objective function. Each particle in the swarm es@nts a candidate solution
of the optimum design problem. Originally particksvarm optimizer is
developed for continuous design variables. To de &b use the method for

discrete design variables, some adjustments atgreel
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The basic steps of the particle swarm optimization a general discrete
optimization problem can be outlined as follows.

Step 1Swarm of particles is initialized randomly withgsence number$(')
which corresponds positionﬂ;(i) and initial velocitiesv}J that are

randomly distributed throughout the design spacaeH(i) represents

the sequence number of values in the discreteThese are obtained
from the following expressions.

|(i) = |NT[| min T r(l max ~ | min )] (3.17)
V{) = [(I min r(l max ~ | min ))/At] (3.18)

Where the term r represents a random number betvaed 1,| i, is

equal to 1 and | 5 is the total number of values in the discrete set

respectively. Oncé (')is computed, the correspondilxg value is taken

from the discrete set.

Step 2 The objective function value$ (xli() are evaluated using the design

space positions, .
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Step 3 The optimum particle positiorp:< at the current iteratiokk and the
global optimum particle positiop are updated by equatinqpli( to

f(x,) and p¢ to the bes ().

Step 4The velocity vector of each particle is updatedsidering the particle’s
current velocity and position, the particle’s bessition and global best

position, as follows:

(3.19)

wherer; andr, are random numbers between 0 ancp;L,is the best

position found by particleé so far, andpﬁJI Is the best position in the

swarm at time k.w is the inertia of the particle which controls the
exploration properties of the algorithra. and ¢, are trust parameters

that indicate how much confidence the particle inaisself and in the

swarm respectively.

Step 5The sequence number for the position of eachgbauis updated from

[ i [
lhpq = INT(I} +V) A (3.20)

Wherel li(+1 is the sequence number in the discrete sek}{(p{ which

is the position of particlé at iterationk +1 , V|i(+1 is the corresponding

velocity vector andAt is the time step value.
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Step 6Steps 2-5 are repeated until pre-determined maximumber of cycles

is reached.

In the particle swarm method algorithm parametaes @meated as static
quantities, and hence they are assigned to suitables selected within their

recommended ranges of following valuesl(005~ 050), x0(10~50),
c,and ¢, 0(10~ 20) and At 0 (LO) [55-58].

3.2.3 The Comparison of HS and PSO Algorithms with An Eample

Harmony search method and particle swarm basedoptidesign algorithm
presented in the previous subsections are useadigrda cellular beam to
compare which method is better while finding theéimpm solution. Due to
unavailability of UB sections in Turkey, the testse performed using NPI
sections. However, UB sections are used in two eoatye optimization
analyses. This is because, availability of largarety of UB sections to be
selected leads to more precise results to be usectdmparison of two
methods. Among the steel sections list 64 UB sastigtarting from
254x102x28 UB to 914x419x388 UB are selected tcttioe the discrete set
of steel profiles from which the design algorithrelests the sectional
designations for the cellular beams [59]. For tbke ldiameters discrete set that
has 421 values ranging from 180 mm to 600 mm wiéhincrement of 1mm is
prepared. Another discrete set is arranged fontimber of holes that contains

numbers ranging from 2 to 40 with the increment .of
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3.2.3.1 Cellular Beam with 4-m Span

A simply supported beam shown in Figure 3.1 is etk as first design
example to demonstrate the steps of optimum dedgprithms developed for
cellular beams that are based on harmony searclpaidle swarm methods.
The beam has a span of 4 m and is subjected tdrh kiad load including its
own weight. A concentrated live load of 50 kN abstis at mid-span of the

beam as shown in the same figure.

50 kN

l 5 kN/m

4m

A

Figure 3.1 Loading of 4-m simply supported beam

The maximum displacement of the beam under thesa& pod distributed
loads is restricted to 12 mm while other designst@ints are implemented
from BS5950 as explained in Section 3.1. The malofielasticity is taken as
205 kN/mnf and Grade 50 steel is adopted for the beam wtastitie design
strength of 355 MPa. The size of harmony memoryrisna@nd number of

particles fims and ) is taken as 10 and maximum number of generaigns

kept the same for both harmony search and pasgieégm methods.
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In the use of the harmony search method, the @l@meterdymcr and par

are taken as 0.8 and 0.35 respectively. It tookyktes for the harmony search

method to fill the harmony memory matrix. This npats given in Table 3.1

Table 3.1The initial feasible designs selected by PSO a8dldorithms

PSO Algorithm (Initial) HS Algorithm (After 17 iterations)
Particle  Section Number Hole Dia. Weight| Row Section  Number Hole Dia. Weight
No (UB)  ofHoles (mm) (kg) | Number (uB) of Holes (mm) (k9)
1  356x127x33 8 386 120,53 1 356x127x39 10 316 144,80
2 406x140x39 8 429 137,71 2 406x178x60 6 412 231,48
3 406x140x39 7 366 148,20 3 406x178x74 7 538 255,95
4 305x102x33 8 342 124,06 4 406x178x74 7 396 284,50
5 406x178x74 8 380 280,79 5 457x191x74 7 352 287,56
6 356x171x57 10 291 217,60 6 457x191x98 5 581 371,18
7 305x127x37 9 371 132,54 7 533x210x109 6 558 398,71
8 356x171x45 8 324 172,20 8 533x210x122 5 560 464,99
9  406x178x67 8 365 255,68 9  610x229x125 6 499 476,21
10 305x127x37 8 349 139,32 10 686x254x140 4 590 543,51
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Table 3.2 Feasibledesigns obtained afte32 iterations by PSO and HS

algorithms
PSO Algorithm HS Algorithm
Particle  Section Number Hole Dia. Weight |[ Memory  Section  Number Hole Dia. Weight

No (UB) of Holes (mm) (kg) No (UB) of Holes (mm) (kg)
1 305x165x54 9 387 195,79 1 356x127x39 10 316 144,80
2 406x140x39 8 429 137,71 2 356x171x45 9 359 163,44
3 356x171x67 9 391 243,97 3 406x178x60 6 412 231,48
4 305x102x33 8 342 124,06 4 406x178x74 7 538 255,95
5  406x140x46 9 386 166,00 5 406x178x74 7 396 284,50
6 356x171x57 10 291 217,60 6 457x191x74 7 352 287,56
7 356x171x45 9 374 163,44 7 457x191x98 5 581 371,18
8  356x127x33 9 359 119,66] 8 533x210x109 6 558 398,71
9 305x165x54 9 389 195,39 9 533x210x122 5 560 464,99
10  305x127x37 8 349 139,32 10 610x229x125 6 499 476,21

The first row of this matrix has the least weightdacorresponds to
356x127%x39 UB section which is selected from theUBtsections list. The

cellular beam should be produced such that it shbave 10 circular holes

each having 402mm diameter in this cycle. HS algorican not find better

sections between T8and 31" cycles than the ones shown in Table 3.1.

However, 33 cycle gives a better harmony memory matrix as shimwT able

3.2.

The new objective function value 163.44 kg is battan the worst harmony in

the memory matrix 543.51 kg. Hence this new delsigniaced in the 2row of
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the harmony memory matrix and the worst design whth largest objective
function value is discarded from the harmony menroagrix. The new design
does not affect the first row of the harmony memoratrix in this search.
However later, when the harmony search algorithmticaes to seek better
designs another vector that is obtained in latelesychanges the harmony

memory matrix.

Table 3.3Feasibledesigns obtained aft@80 iterations by PSO and HS

algorithms
PSO Algorithm HS Algorithm

Particle  Section Number Hole Dia. Weight|Memory Section Number Hole Dia. Weight
No (UB) of Holes (mm) (kg) No No (UB) of Holes (mm) (kg)
1 305%102x25 9 374 86,27 1 305x102x25 9 402 82,19
2 305x102x25 10 365 83,19 2 305x102x25 10 345 82,50
3 254x146x43 10 336 157,78 3 305x102x25 10 342 82,80
4 305x102x25 9 351 89,10 4 305x102x25 10 315 82,90
5 305x102x25 10 348 85,81 5  305x102x25 10 312 83,11
6 305x102x25 11 334 84,15 6  305x102x25 9 335 83,52
7 305x102x25 11 330 84,80 7 305x102x25 10 305 83,72
8 254x146x37 12 303 133,65 8 305x102x25 9 328 83,82
9 305x102x25 11 333 84,32 9  305x102x25 9 313 84,33
10 305x102x25 10 368 82,711 10 305x102x25 9 310 84,43

The optimum result presented in Table 3.3 is obkthiafter 780 iterations. It is
noticed that this design vector remained the sawem eéhough the design
cycles are continued to reach 5000 which was tleselected maximum

number of iterations.
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Table 3.4Comparison of optimum designs for 4-m simply supgbbeam

Search  Optimum Section Diameter of  Total Number ~ Minimum

Method  Designations (UB) Hole (mm) of Holes Weight (kg)
HS
305x102x25 402 9 82.19
Algorithm
PSO
305x102x25 368 10 82.71
Algorithm

It is apparent from the Table 3.4 that the optimdesign has the minimum
weight of 82.19 kg. In the optimum design the hampngearch algorithm
selects 305x102x25 UB section for the root beamthEunore it decides that

the cellular beam should have 9 circular holes éasing 402mm diameter.

Similar to harmony search algorithm the particleasw optimizer also starts
initializing the parameters. The valuesand c, are selected as 1, 2 is adopted
for w and the values oMt gnd V... are chosen as 2The total number of

particles is selected as 10. At the initial ruhe particle swarm algorithm
generates ten feasible design vectors each of whiabksigned to each particle
and the search for the optimum solution starts whik set of particles. The
initial set of feasible designs assigned to eactigkais listed in Table 3.1. In
this table, the first particle has the feasibleigiesvith minimum weight. This
design has the minimum weight of 120.53 kg wheeeuhiversal beam section
of 356x127x33 UB is selected for the root beam. Team should be
produced such that it should have 8 circular hatesh having 386mm
diameter at this weight. Design cycles are stamt#ti these values of the
particles and the positions and the objective foncvalues of particles keep

on changing iteration after iterations. The besbrgnthese positions is kept as
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the optimum design attained in the current iteratib this one is better than
the global one then it is assumed as the optimusigdeobtained up to the
present iteration. After 32 iterations the desighsained are listed in Table
3.2. It is apparent from the table thdt @article has a design with the least
weight of 119.66. Table 3.3 contains the desigrtained after 430 iterations.
It is noticed that the optimum design obtainedhis table does not improve
even though the iterations are continued until 58D0mparing to harmony
search method, the optimum design is obtained df6riterations in particle
swarm algorithm. It is apparent from Table 3.4 thatoptimum design has the
minimum weight of 82.71 kg which selects 305x102*23 section for the
root beam, total of 10 holes in the beam each lga@®8mm diameter. In

addition, the design history curve for both teclueisjis shown in Figure 3.2.
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Figure 3.2 The design history graph for 4-m cellular beam
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In this particular problem, these results demotestithat while both the
strength and geometric constraints are dominanid$ algorithm, in PSO
algorithm, only the strength constraints are sevéeesum up, the optimum
result of harmony search technique is compared vpérticle swarm
optimization method to show accuracy and perforraafanethods on cellular
beams. Although the algorithms of HS and PSO aréhenaatically quite
simple, they are quite robust in finding the sa@n$ of combinatorial optimum
design problems as it is demonstrated in the exammghsidered. Comparison
of the optimum designs attained by particle swatinuzer and harmony
search algorithm clearly demonstrates that the baymsearch algorithm yields
better solution than the particle swarm optimizerthis design example at the
same number of structural analyses. This reswt@dsnonstrates that harmony
search algorithm is a very rapid and effective raétfor optimum design of
small-scale problems that consist of a small numifedecision variables.
Consequently, the technique is recommended fapipdication to optimization
of the three different cellular beam problems, enésd in the next subsection,
which in fact led to its adoption in our experimr@ngtudy. The ultimate load
capacities of these optimally designed cellularnieaare tested under the

action of same concentrated loadings in experinh@rdek.

3.3 Design Examples

HS method based design algorithm presented inrthequs sections is used to
design of three different cellular beams. Thedetk method, harmony search
algorithm, will now be applied for optimization akllular NPl beams, on
which the tests are performed. Among the steeimectist 24 NPI sections
starting from NPI-80 to NPI-600 to constitute thiscdete set steel sections
from which the design algorithm selects the seefiatesignations for the

cellular beams [58]. There are 431 hole diametecafular beams which
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varies between 70 and 500mm with increment of 1iine. discrete set for the

number of holes starts with 2 and goes up to 40 initrement of 1.

3.3.1 Cellular Beam with NPI-240 Section

Simply supported cellular beams with a span of 3ama subjected to a
concentrated load; live load of 260 kN, as showFigure 3.3. The allowable
displacement of the beam space under live-loadm#eld to 9 mm. The
modulus of elasticity is taken as 205 kN/fand the design strength for Grade
50 of steel is 355 kN/mfmFor this simply supported beam, harmony memory
matrix size fmg is taken as 20. Harmony memory considering ratec() is
selected as 0.7 while pitch-adjusting ragar] is considered as 0.3 on the basis
of the empirical findings by Geem and Lee [37, 4fje maximum number of

searches was set to 10,000 for this example.

260 kN
) 2
1.5m 0 1.5m
VP %
/

% %
V) V)
L 3.0m K
¢ g

Figure 3.3 Typical cross section of beam with 3-m for NPI-240
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The feasible designs presented in Table 3.5 araraat after 650 iterations. It
is noticed that this design vector remained theesanen though the design
cycles are continued to reach 10,000 which wasptieeselected maximum
number of iterations. The optimum design of thikutar beam is carried out
by the algorithm presented and the optimum residtained are given in Table
3.6. This design is determined after 10,000 cyalas$ the minimum weight of
the cellular beam is 99.46 kg. Harmony search dlgor selects NPI-240
profile, 8 circular holes and 251mm for the holendeter. Design history graph
obtained with harmony search algorithm in the optimdesign of NPI_240
cellular beam is shown in Figure 3.4. The optimurape of the cellular beam

for the loading considered is shown in Figure 3.5.

Table 3.5Feasible designs obtained after 650 iterationd ®\algorithms

hms SSO (kN) Section Des. Diameter (cm) N. of Holes
1 0.98 9 251 8
2 1.22 11 331 7
3 1.26 11 306 7
4 1.26 11 329 6
5 1.28 11 246 9
6 1.31 11 244 7
7 1.31 11 239 7
8 1.31 11 230 8
9 1.44 12 298 5
10 1.45 12 315 5
11 1.45 12 247 9
12 1.48 12 248 7
13 1.48 12 233 7
14 1.50 12 205 9
15 1.58 13 359 6
16 1.59 13 352 4
17 1.60 13 381 5
18 1.68 13 216 9
19 1.68 13 212 8
20 1.79 14 387 4
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Table 3.60ptimum Design of NPI_240 Cellular beam with 3-rarsp

Maximum |
Optimum NPI-Section Designations Hole Total Minimum
: Strength .
Diameter| Number Weight
£ Hol Related (ka)
(mm) ol FHoles . g
NPI-240 Ratio
251 8 0.98 99.46
NPI_240_CB
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Figure 3.4 The design history graph for NPI_240 cellular beam
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Figure 3.50ptimum Shape of NPI-240 after 10,000 Iterations
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3.3.2 Cellular Beam with NPI-260 Section

Simply supported cellular beams with a span of 3ama subjected to a
concentrated load; live load of 200 kN, as showFigure 3.6. The allowable
displacement of the beam space under live-loadm#eld to 9 mm. The
modulus of elasticity is taken as 205 kN/fmamd the design strength for Grade
50 of steel is 355 kN/mfmFor this simply supported beam, harmony memory
matrix size img is taken as 30. Harmony memory considering ratec) is
selected as 0.9 while pitch-adjusting ragar] is considered as 0.1 on the basis
of the empirical findings by Geem and Lee [37, 4fje maximum number of

searches was set to 10,000 for this example.

200 kN
/////////////////// D
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Figure 3.6 Typical cross section of beam with 3-m for NPI-260

The feasible designs presented in Table 3.7 a@rmat after 900 iterations. It
Is noticed that this design vector remained theesamen though the design
cycles are continued to reach 10,000 which wasptieeselected maximum
number of iterations. The optimum design of théutal beam is carried out by

the algorithm presented and the optimum resultaiodtl are given in Table

69



3.8. This design is determined after 10,000 cyalas$ the minimum weight of
the cellular beam is 113.95 kg. Harmony searchrdlgn selectsNPI-260

profile, 7 circular holes and 286mm for the holeardeter. Figure 3.7
demonstrates the design history graph obtained atmony search algorithm
in the optimum design of NP1_240. The optimum shapéhe cellular beam

for the loading considered is shown in Figure 3.8.

Table 3.7Feasible designs obtained after 900 iterationd ®\lgorithms

hms SSO (kN) Section Des. Diagre(cm) N. of Holes
1 1.12 10 286 7
2 1.24 11 321 7
3 1.29 11 289 6
4 1.44 12 276 8
5 1.46 12 293 6
6 1.47 12 255 8
7 1.49 12 221 8
8 1.60 13 381 5
9 1.84 14 280 7
10 1.87 14 213 10
11 2.01 15 315 7
12 2.01 15 398 4
13 2.03 15 353 5
14 2.04 15 329 5
15 2.08 15 220 10
16 2.20 16 323 7
17 2.21 16 349 6
18 2.25 16 259 9
19 2.30 16 219 10
20 2.51 17 233 10
21 2.52 17 229 10
22 2.67 18 380 6
23 2.79 18 328 5
24 2.80 18 313 6
25 3.11 19 322 5
26 3.28 20 390 6
27 3.36 20 331 7
28 3.38 20 300 8
29 3.45 20 325 5
30 4.45 22 372 5
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Table 3.80ptimum Design of NPI_260 Cellular beam with 3-rarsp

Maximum o
Optimum NPI-Section Designations Hole Total Strength Minimum
Diameter| Number Weight
 Hol Related (ka)
(mm) or noles . g
NPI-260 Ratio
286 7 0.95 113.95
NPI_260 CB
180 ;
160 - i
Ej |
£140 |
2 |
() |
= :
120 :
A A A A
100 ‘ ‘ 3
0 500 1000 1500 2000
Number of Iterations

Figure 3.7 The design history graph for NPI1_260 cellular beam
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Figure 3.8 Optimum Shape of NPI-260 after 10,000 Iterations
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3.3.3 Cellular Beam with NPI-280

Simply supported cellular beams with a span of 3ama subjected to a
concentrated load; live load of 340 kN, as showFigure 3.9. The allowable
displacement of the beam space under live-loadm#eld to 9 mm. The
modulus of elasticity is taken 285 kN/mrhand the design strength for Grade
50 of steel is 355 kN/mfmFor this simply supported beam, harmony memory
matrix size img is taken as 40. Harmony memory considering ratec) is
selected as 0.9 while pitch-adjusting ragar] is considered as 0.3 on the basis
of the empirical findings by Geem and Lee [37, 4fje maximum number of

searches was set to 10,000 for this example.

340 kN

1.5m 1.5m

¥

30m

Figure 3.9 Typical cross section of beam with 3-m for NPI-280

The feasible designs presented in Table 3.9 amgraut after 1200 iterations. It
Is noticed that this design vector remained theesanen though the design
cycles are continued to reach 10,000 which wasptieeselected maximum
number of iterations. The optimum design of théutal beam is carried out by
the algorithm presented and the optimum resultaiodtl are given in Table
3.10. This design is determined after 10,000 cyatekthe minimum weight of
the cellular beam is 132.11 kg. HS algorithm sel&Etl-280profile, 6 circular
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holes and 251mm for the hole diameter. Design hisgpaph obtained with
harmony search algorithm in the optimum design & 40 cellular beam
and optimum shape of the cellular beam for the it@pdconsidered is

respectively shown in Figure 3.10 and Figure 3.11.

Table 3.9Feasible designs obtained after 1200 iterationd ®ylgorithms

HMS SSO (kN) Section Des. Diameter (cm) N. of Holes
1 1.30 11 277 6
2 1.48 12 250 7
3 1.48 12 248 7
4 1.60 13 346 6
5 1.60 13 343 6
6 1.61 13 306 7
7 1.64 13 302 6
8 1.79 14 342 6
9 1.80 14 335 6
10 1.82 14 319 6
11 1.84 14 297 6
12 1.84 14 280 7
13 1.88 14 226 8
14 2.01 15 398 4
15 2.07 15 271 6
16 2.10 16 399 6
17 2.10 15 209 10
18 2.13 16 385 6
19 2.17 16 368 6
20 2.22 16 400 4
21 2.22 16 393 4
22 2.43 17 324 7
23 2.44 17 344 6
24 2.47 17 356 5
25 2.47 17 329 6
26 2.51 17 246 9
27 2.53 17 247 8
28 2.65 18 389 6
29 2.78 18 349 5
30 3.03 19 395 5
31 3.05 19 323 7
32 3.11 19 314 5
33 3.11 19 318 6
34 3.24 20 400 6
35 3.71 21 361 6
36 3.73 21 301 8
37 3.74 21 383 4
38 3.74 21 349 6
39 3.75 21 372 5

40 4.30 22 393 6
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Table 3.100ptimum Design of NP1_280 Cellular beam with 3-narsp

Maximum |
Optimum NPI-Section Designations Hole Total Minimum
_ Strength ,
Diameter| Number Weight
£ Hol Related (ka)
(mm) ol FHoles . g
NPI-280 Ratio
277 6 0.97 132.11
NPI_280_CB
300 ‘ ‘
260 i
;52207 i
= l
2 !
Q l
=< 180 | |
140 - i
100 : : :
0 500 1000 1500 200
Number of Iterations

Figure 3.10 The design history graph for NPI_280 cellular beam
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Figure 3.11Optimum Shape of NPI-280 after 10,000 Iterations
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CHAPTER 4

EXPERIMENTAL TESTS ON OPTIMALLY DESIG NED

STEEL CELLULARBEAMS

4.1 Experimental Studies on Steel Cellular Beams

In the experimental part of this dissertation, thiimate load carrying

capacities of optimally designed steel cellular rbgaare tested in a self
reacting frame. The tested cellular beam specina@asdesigned by using
harmony search optimization method as explaingterprevious chapter. The
tests have been carried out on twelve full-scale-camposite cellular steel
beams. There are three different typesNéfl_CB_ 240, NPI_CB_260 and

NPI_CB_280 I-section beams, and four tests have been condiuctedach

specimen. These optimally designed beams which hmeéminary span

lengths of 3000 mm are subjected to point loachgaii the mid-span.

An illustration of test set up and one of thesecspen cellular beams is given
in Figure 4.1. Finite element models of each testpdcimens are then
generated in ANSYS program to perform elastic bagklanalysis, predict
critical loads and compare FEM results with expental test results for each

tested cellular beam.
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@

(b)

(©)

Figure 4.1Cellular Beam in Test Frame

Symmetrical non-composite NPI_CB_240 cellular beamsThis
cellular beam has been produced on the basisgifialiNPl_240 beam
as a top tee and bottom tee section. Final depdhspan of the beam
has been established as 355.6 mm and 2846 mm agtienization,
respectively.

Symmetrical non-composite NPI_CB_260 cellular beamsThis
beam has been produced on the basis of hot rolRId2$0 steel beam
as an upper and lower tee section. Final depthspad of beam has
been established as 394.9 mm and 2831 mm aftemiagtion,
respectively.

Symmetrical non-composite NPI_CB_280 cellular beamsThis
beam has been produced on the basis of NPI_28Dbstas as a top
tee and bottom tee section. Final depth and spabpeafm has been
established as 406.9 mm and 2820 mm after optimizgtrocess,
respectively.
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All steel cellular beam specimens are placed omplgirsupports at both ends. A
pair of lateral supports is provided at the en@ath beam end for preventing
lateral torsional buckling. The consequence of rédtestability for web
expanded beams is defined by Chen and Lui in 1887 4s “...if sufficient
lateral bracing is not provided to the compress$iange, out of plane bending
and twisting of the cross section will occur whéwe applied loads reach a
certain limit.”

The simply supported steel cellular beams are desteler the action of a
concentrated load. The load is provided by hydcajdck reacting on the
laboratory floor and aligned equally on each sifieghe beam. The canister
type load cell used for the experiments is caldabefore testing procedure
took place. To record overall displacements of dedular beams, three
transducers are mounted. Figure 4.2 is a picturevisiy the test setup and the
equipment used to record the experimental datthéoflexural loading of steel
cellular beams.

Lateral By
Supporter . / /

LVD /Y
Lateral \

Supporter

Fixed R;%r

Figure 4.2 Experimental set up and load introduction
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4.2 Fabrication of Optimally Designed Cellular Test Bams

Using web-expanded beams together with cellulamiseia founded on special
use of original hot rolled I-section beams. Thessbigxpanded beams are
formed by double cutting two semi-circular secti@sng their centerline in
the web of steel I-beam section along the lengtth@fspan. The first cut of the
original beam shown in Figure 4.4 generates thectagbe of the cell and the
second one shown in Figure 4.5 creates the oppafsites top circle. When the
cutting processes are completed, two parts of maigsolid I-beam are then
separated, shifted and welded together to obtdieaan of greater depth with
halves of circular holes in the steel section. €hascular web holes made up
of the original rolled I-section beam raise the ralledbeam depth, moment of

inertia and section modulus.

N “,‘J"{ﬁg& q&]{ Nmoagg 0. 000
vl 220 |pH:0B | g o :
frHe|oN - _l 0asAIR 130A ‘l I g gﬂ - O.000m

'

£.100_ Baslana Noio Bitis Net CAMsat irNe {0
FikosturFasakla FaDesua FAS .§i1 F&S .Ek1eFbResuneFr7DrURUNFBSatir FOBiItir ElOMenu

Henu (o

Figure 4.3The appearance of the computer drawing of theleelbeam
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The cutting process is done with CNC (Computer Nurak Control) plasma

method to obtain smooth and perfect matching ofhibles, shown in Figure
4.3. Figure 4.4 and Figure 4.5 show the first amcbad flame cutting process
of beams, respectively.

Cutting /" 1

Head o b I
/ First Cutting
of beanr

Figure 4.4 The first flame cutting process of original I-3eatbeam

Second Cutting™
of be

Figure 4.5The second flame cutting process of original secheam
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After flame cutting process, the top and bottomdgeetions are then separated
and welded back together to increase the heigliheotbeam. The separation

and assembling of the upper and lower sectionsrespectively shown in
Figure 4.6 and Figure 4.7.

Figure 4.6 The separation of tee sections of the beam

Figure 4.7 The assembling of the tee sections

It can clearly be seen from the Figure 4.7 and feigu8 that the weld line of

the cellular beam is limited and weld seams of beaeninspected visually.
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During the welding process, to prevent bendinghef ¢ellular beam as shown
in Figure 4.7 the upper and lower portions arechttd to each other. Under the
applied load conditions, the cellular beam consiétareas to be welded, as
shown below to prevent the break with both the tfrand the back of the

welding operation in the location of the junction

Figure 4.8 The welding of upper and lower tees of the cetlblzam

After cutting, separating and re-welding processias,resulting cellular beam
shown in Figure 4.9 becomes much deeper whichdrgerl moment of inertia

and sectional modulus than the original I-beam.

Figure 4.9 The appearance of cellular beam after cuttingransleld process
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4.3 Load Cell Calibration

Load cells convert applied force into a recordadmal that comes out of an
electronic system as a strain gage based transdilvey are calibrated before
starting the testing procedure. On the basis ofiggad output signal type,
load cell designs can be separated to the waydbteye weight such as shear,
bending, tension and compression. In this studyister type load cells shown
in Figure 4.10 are used for single and multi-weigdapplications.

Figure 4.10Canister Load Cell for heavy duty design

Load cells offer accuracies from within 0.03% t®%. full scale and are
suitable for almost all industrial applications.ner type load cell design is
ideal for axial compression applications. NT-501#0wn in Figure 4.11 is
used for the experiments was calibrated in sevemsstomCAL1 to CAL7 in
order before the testing procedure took place [61].

Figure 4.11NT-501A Indicator for calibration
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Calibration Menu:

CAL 1 : Maximum Capacity Set (range : 1-99.999)

(Maximum capacity means maximum weight that théescan be measured)

CAL 2 : Minimum Division Set (range : 0.001-500)

(The minimum division means the value of one dongi

CAL 3: Setting Weight in Span Calibration

(The setting weight must be within %10 to %100 emum weight)

CAL 4: Zero Calibration

(If zero calibration is done without any error, Sess message is displayed)

CAL 5: Span Calibration

(If span calibration is done without any error, &g&s message is displayed)

CAL 6: Check if the calibration is done properly

(If the displayed weight is equal to the settingghé you entered i€AL3)

CAL 7: Input weight constant calibration after selectiagional code
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If the minimum division is taken as 100, the vadatof setting weight is
shown in Table 4.1 and Figure 4.12.

Table 4.1The variation of setting weight with minimum divesi setL00

Calibration Applying Load | Setting Weight | Accuracies within
Number (kg) (kg) (%)
1 5000 5000 0,0
2 10000 10000 0,0
3 15000 15100 0,6
4 20000 20100 0,5
5 25000 25100 0,4
25000 - 25009222200
B Applied Load 2000020100
—~ 20000+ B Gauge Load
g
= 5100
£ 15000, 15000%
g
0000
210000- 100000
5
N
5000 4 50005000
0 J_‘
1 2 3 4 5
Number of Calibration

Figure 4.12The variation of setting weight for minimum divasi set 100
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If the minimum division value is taken as 50, tlaiation of setting weight is
shown in Table 4.2 and Figure 4.13.

Table 4.2The variation of setting weight with minimum divasi set50

Calibration Applying Load Setting Weight | Accuracies within
Number (kg) (kg) (%)
1 500( 500( 0.C
2 1000( 1005( 0.k
3 1500( 1505( 0.2
4 2000( 2005( 0.2
5 2500( 2510( 0.4
25000 4 25000 25100
B Applied Load
20000 o Gauge Load 2000020050
g
£ 15000 15000 15050
g
10050
2 10000 10000
5
n 50005000
5000 |
0 J_‘
1 2 3 4 5
Number of Calibration

Figure 4.13The variation of setting weight for minimum divosi set 50
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If the minimum division value is taken as 20, tlaiation of setting weight is
shown in Table 4.3 and Figure 4.14. Table 4.3 alsows that accuracies of
load cell is sufficient for this division value atitk difference between applied

load and setting weight is acceptable to justifythese experimental studies.

Table 4.3The variation of setting weight with minimum divesi set20

Calibration Applied Load Setting Weight Accuracies
Number (ka) (ka) within
1 5000 5000 0.0
2 10000 10040 0.4
3 15000 15060 0.4
4 20000 20060 0.3
5 25000 25080 0.3

25000 £ZOUUVUU £ZoUoU
® Applied Load 2000020060
20000 1 O Gauge Load
(@]
=
= 1500015060
5 15000 |
2
o 1000010040
£ 10000 -
[}
2 50005000
5000 J—‘
0 - ‘ ‘
1 2 3 4 5
Number of Calibration

Figure 4.14The variation of setting weight for minimum divosi set 20
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4.4  Flexural Bending Testing with Hydraulic Power Unit

Before initiating the experimental studies on dallubeams, the simply
supported NPI-200 steel beam whose cross sectiorglerties are given
below was tested under the action of a point load self-reacting frame in
order to verify the accuracies of load and dispia@et values detected by

compression cylinder and transducers.

90 mm

L— br= 90 mmt, = 7.5 mm,
lx = 2140 x 16 mm*
SO 200mm Z.= 214 x 16 mn?
Unit Weight = 26.2 kg/m,
11.3 mmL A

| = 1700 mm,E = 205000 N/mrh

h=200 mmg=11.3 mm,

The load is provided by hydraulic pump at leastate rof approximately 1
kN/sec. The capacity of compression cylinder is QL3{N. Load, vertical
displacement and strain values are measured bgdwaers for each beam in
the experimental studies which are transferred dmputer automatically.
Transducers offer accuracies from within £0.15% $ahle axial loading. The

details of NPI-200 steel beam section are givdmeiow.
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M =P_x|, . = Pl and g, = Pl L
4 48EI T4z,
- 359%123000%4 _ 1 5o88oN =125882KN
170¢
3
5 = PxI° _ 125882x1700  _, o400 9037%m

° " 48ElI  48x20500(x 214(x10*
Figure 4.15 shows applying concentrated load to-2® beam with a span of

1700 mm. When the 125.88\ concentrated load was applied this beam,
transducer recorded a 2.821mm deflection at mid-spahe beam.
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Figure 4.15NPI-200 beams under point loading in the selftieadrame

g

heory - 5experimental

2.937-2.821
2.937

Relative error= x100= x100= %394

theory

If we compare the theoretical displacement with theerimental result;
relative error has been found%894. This error is an acceptable interval for

starting the real tests.

4.5 Experimental Test Program of Optimally Designed Cdular Beams

The experimental tests are carried out in the MeiclsaLaboratory of
Engineering Sciences Department at Middle East flieah University
(METU). Three different beam sections are testedeurpoint loading to
investigate buckling of web posts and their flexusahaviour. All cellular

beams are fabricated by Karatepe Metal Producta &I sections produced
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by Kardemir Steel Company. The dimensions used amufacturing steel
cellular beams are based upon optimization resfiltise first part of the thesis

study.

4.5.1 Test Specimens

The details of the steel cellular beams used frpecisnen 1 till to specimen 12
are given following subsections. The dimensionstedt beams are also
demonstrated in the same figures. The main parasneteked in each test are
summarized in Table 4.4, Table 4.6 and Table 4IBbdams used in the tests
are fabricated from NPI (N-normal, P-parallel flasgl-section) beam sections
NPI_240, NPI_260 and NPI_280.

4.5.2 Test Arrangement

All cellular beams are provided with simple supportateral supports are
provided at the end of each beam to prevent lateraional buckling of
beams. The simply supported steel cellular beammgaibe tested under the
action of a concentrated loading. The load is medi by hydraulic jack
reacting on the laboratory floor. The load celledigor the experiments are
calibrated before the testing procedure took placerecord displacements of

the cellular beams, three transducers are mouatebt specimens.

4.5.3 Instrumentation of Tests

Instrumentation consisted of linear variable disptaent transducers (LVDT)

and load cell. Applied load values are recordecannAI8B data acquisition
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system. The linear variable displacement transdueee manufactured by
Tokyo Sokki Kenkyujo Co. The locations of these nsducers are

demonstrated in Figure 4.16.

_ «— LVDT bounded

Applied Load e ' laterallv

Cellular Beam
4« Specimet

4

LVDT bounded to
upper flange

LVDT bounded to
lower flanae

Figure 4.16 Demonstration of transducers on beam

The linear displacement transducers are placedcakyton upper flange and
bottom flange of middle of the beams. Besides, moee transducer is placed

laterally at upper flange of middle of the beams.

45.4 Test Procedure

For each cellular beam, the adjustment of loadiog positions has been

applied carefully. The purpose of this action iptevent the eccentric loading.

In all tests, load is applied in order until thebefailed. Increments of load are

used initially.
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4.5.5 Material Properties of Specimens

All steel beams are fabricated from sections frasmgame heat. A short length
of the NP1 section profile is provided for materiahsile testing. Three tension
test coupons from web of the every NPl beams atedeResults of the tensile
testing are given in Chapter 5 with more detaile Steel material conformed to
average Yyield stress for NPI_240 is 390 MPa, foit_[®B0 is 290 MPa, for
NPI_280 is 295 MPa.

4.5.6 Flexural Bending Tests of Cellular Beams

The main focus of the experiment is to investigaliemate carrying load
capacity of cellular beams and to observe what ofdailure would take place
after compression tests on the cellular beams. ha tollowing step,

experimental results are compared with numeridalutaions.

4.5.6.1 NPI_240 Section Cellular Beam

Four optimally designed cellular beams with eigpemings fabricated from
NPI_240 sections are tested to find out ultimatdl@arrying capacities of
such beams. These four simply supported test bedmeh have the same
dimensions are subjected to central single conatmutrioading shown in the

Figure 4.17 below.
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Figure 4.17NPI-240 Cellular Beams with Eight Openings

Dimensional properties of NPI_240 section exparstedl cellular beams and
test loads, which are the ultimate carrying loabdtimed during experiments,
were reported in Table 4.4.

Table 4.4Dimensional Properties an Ultimate Load of NP1_240

Beam NPI1-240 NPI-240 NPI-240 NPI1-240
TEST1 TEST2 TEST3 TEST4
dg 355.6 mm 355.6 mm 355.6 mm 355.6 mm
by 106 mm 106 mm 106 mm 106 mm
ts 13.1 mm 13.1 mm 13.1 mm 13.1 mm
tw 8.7 mm 8.7 mm 8.7 mm 8.7 mm
Do 251 mm 251 mm 251 mm 251 mm
S 94 mm 94 mm 94 mm 94 mm
2846 mm 2846 mm 2846 mm 2846 mm
Fu 270.5 kN 273.7 kN 284.1 kN 286.2 kN
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Lateral
Displacement at
Upper Flange

Figure 4.18Lateral torsional buckling on NPI-240_TEST1
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Figure 4.19Load-Deflection Graphic for NPI1-240_TEST1
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Figure 4.21Load-Deflection Graphic for NPI1-240_TEST?2
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The results obtained from experimental tests on_ R0 section beams
demonstrate that the first two beams failed frotertd torsional buckling due
to a lack of lateral support. These results anestithted in Figure 4.18 and
Figure 4.20. Figure 4.19 and Figure 4.21 eviderghow that lateral

movements on the middle part of the upper flangbezms are very high in
comparison with the vertical displacements on thants. In Figure 4.19, the
vertical deflections for the lower and upper flamgeere measured 3.358 mm
and 4.286 mm respectively. The horizontally mounit®DT measured the

lateral deflection as 11.375 mm for the first tesam. In Figure 4.21, On the
other hand, the vertical deflections for the loveerd upper flanges were
measured 3.787 mm and 3.386 mm respectively. Thizdmbally mounted

LVDT measured the lateral deflection as 12.512 rantlie second test beam.
These results occurred owing to lateral instabditgellular test beams. It was
also observed that these two laterally torsionatkled beams have failed
respectively under the applied values of 270.5 kid 273.7 kN.During the

optimization process of steel cellular beams adngrdto BS5950

specifications, lateral movement is completely as=stito be blocked. For this
purpose, lateral bracing is integrated to the neidathrt of the test beams to
prevent lateral movement along the span on theam$eén an experimental

study (shown in Figure 4.22).
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Figure 4.23Load-Deflection Graphic for NPI1-240_TEST3
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Figure 4.24\Web-post buckling on NP1-240_TEST4

NPl 240 TEST4

350 : ; ‘
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Figure 4.25Load-Deflection Graphic for NPI1-240_TEST4
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The results obtained from experimental tests on_ R0 section beams
demonstrate that NPI-240_ TEST3 and NPI-240_ TEB&d@ms failed from

web buckling. This is illustrated in Figure 4.22daRigure 4.24. When the
beam was laterally supported in the middle withyatem, ultimate load

capacity has been increased. Vertical displacenmanthie middle part of the
upper and lower flange of beams are respectivebyvahin Figure 4.23 and

Figure 4.25. Upper and lower deflection valuesafutar beams are shown in
Table 4.5 with more detail. Lateral displacemennh@ shown in the load-

deflection graph for the reason that lateral movanvalues can be neglected
as they are very small. The reason for web buckBngeb thickness, the ratio
of pitch opening and hole diameter. These two watkled beams have failed
respectively with 284.1 kN and 286.2 kN applieddia@lues shown in Table
4.5. These results demonstrate that the strengtbelddlar beams increase
approximately of 13-14 kN after the lateral suppate placed in the middle

part of the beams.

Table 4.5Ultimate Load Capacities and Failure Modes of NBD Sections

NPI-240 NPI-240 NPI-240 NPI-240
SPECIMENS
TEST1 TEST2 TEST3 TEST4
Ultimate Loads 270.5 kN 273.7 kN 284.1 kN 286.2 kN
Upper Flange
) 4.286 mm 3.787 mm 13.892 mm 14.146 mm
Deflection (U_F_Def)
Lower Flange
) 3.358 mm 3.386 mm 12.986 mm 13.195 mm
Deflection (L_F_Def)
Lateral Deflection
11.375 mm 12.512 mm 2.468 mm 2.131 mm
(Lat_Def)
Lateral Lateral
_ . . Web-Post Web-Post
Failure Type Torsional Torsional . )
. . Buckling Buckling
Buckling Buckling
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4.5.6.2 NPI_260 Section Cellular Beams

In the second experimental tests of this sectiom, €ellular beams with seven
openings fabricated from NPI_260 beam sections wested to determine
their ultimate load carrying capacity. Simple supp@and a central single point
load were used for all four specimens. Dimensiquralperties of NPI_260

profile sections and the ultimate loads at whichrbg lost their load carrying

ability during experiments are illustrated in Ta#lé.

Table 4.6Dimensional Properties and Ultimate Load of NPD 26

NPI1-260 NPI1-260 NPI-260 NPI-260
Beam TEST1 TEST2 TEST3 TEST4
dg 394.5 mm 394.5 mm 394.5 mm 394.5 mm
by 113 mm 113 mm 113 mm 113 mm
ts 14.1 mm 14.1 mm 14.1 mm 14.1 mm
tw 9.4 mm 9.4 mm 9.4 mm 9.4 mm
Do 286 mm 286 mm 286 mm 286 mm
S 103 mm 103 mm 103 mm 103 mm
L 2831 mm 2831 mm 2831 mm 2831 mm
Fu 216.9 kN 214.9 kN 211.7 kN 224.4 kKN
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Figure 4.26Vierendeel Bending and Web Buckling on NPI-260_TEST

NPI_260 TEST1

Displacement (mm)

Figure 4.27Load-Deflection Diagrams for NPI-260_TEST1
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Figure 4.28Vierendeel Bending and Web Buckling on NPI-260_ TES

NPl _260 TEST?2
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Figure 4.29Load-Deflection Diagrams for NPI-260_TEST2
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Figure 4.30Vierendeel Bending and Web Buckling on NPI-260_TBST
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Figure 4.31Load-Deflection Diagrams for NPI-260_TEST3
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Buckled -

Figure 4.32Vierendeel Bending and Web Buckling on NPI-26 0_TES

NPI_260_TESTA4
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Figure 4.33Load-Deflection Diagrams for NPI1-260_TEST4

106



The results obtained from experimental tests on_RE0 section beams
demonstrate that all of the beams failed from wabkbng and Vierendeel

bending as revealed in Figures 4.26, 4.28, 4.304a8@2l The flexural capacity

of the upper and lower tees under bending is afitBecause the load applies
above the holes similar to this NP1_260 beams cdm¥endeel bending has
occurred on the beams in addition to web bucklwegrtical displacements in

the middle part of the upper and lower flange arbse and lateral movements
are respectively shown in Figures 4.27, 4.29, 48t 4.33. It was also

observed that these four buckled steel cellulamsehave failed respectively
under the applied values 216.1 kN, 214.9 kN, 2kN7and 224.4 kN. Besides

the measured ultimate loads, deflection valuesfaihgre types are illustrated

in Table 4.7.

Table 4.7Ultimate Load Capacities and Failure Modes of NBD Sections

NPI-260 NPI-260 NPI-260 NPI-260
SPECIMENS
TEST1 TEST2 TEST3 TEST4
Ultimate Loads 216.9 kN 214.9 kN 211.7 kN 224.4 kN
Upper Flange
) 20.976 mm 20.863 mm 20.494 mnm 21.238 mm
Deflection (U_F_Def)
Lower Flange
) 14.181 mm 13.846 mm 13.663 mm 14.429 mm
Deflection (L_F_Def)
Lateral Deflection
1.576 mm 1.405 mm 1.223 mm 1.281 mm
(Lat_Def)
Vierendeel Vierendeel Vierendeel Vierendeel
Failure Type Bending and | Bending and | Bending and | Bending and
Web buckling | Web buckling | Web buckling| Web buckling
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4.5.6.3 NPI_280 Section Cellular Beams

In the last part of the experimental study, follutar beams with six openings

fabricated from NPI_280 sections were tested tedatltimate load carrying

capacity of these beams. Simple supports and aatemigle point load were

used for all four specimens as with other testsnddisional properties and

values of NPI_280 profile section beams and ultartast loads were reported

as the ultimate loads obtained during experimeatsahstrated in Table 4.8.

Table 4.8Dimensional Properties an Ultimate Load of NP1_280

Beam | NPI-280_ A  NPI-280 B NPI-280_ C  NPI-280_D
dg 406.9 mm 406.9 mm 406.9 mm 406.9 mm
oF 119 mm 119 mm 119 mm 119 mm
ts 15.2 mm 15.2 mm 15.2 mm 15.2 mm
tw 10.1 mm 10.1 mm 10.1 mm 10.1 mm
Do 271 mm 271 mm 271 mm 271 mm
S 163 mm 163 mm 163 mm 163 mm
L 2820 mm 2820 mm 2820 mm 2820 mm
Fu 377.6 kKN 384.2 kN 372.4 kKN 368.9 kN

108



-280 TEST1

Figure 4.34Web buckling on NPI
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Figure 4.35Load
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Buckling

Figure 4.36Web buckling on NPI-280_TEST?2
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Figure 4.37Load-Deflection Graphs for NPI-280_TEST2
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Figure 4.38Web buckling on NPI1-280_TESTS3

Load (kN)

NPI_280 TEST3

570

475 -

Deflection (mm)

Figure 4.39Load-Deflection Graphs for NPI1-280_TEST3
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Figure 4.41Load-Deflection Graphs for NPI-280_TEST4
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The results obtained from experimental tests on_R®0 section beams
demonstrate that all of the beams failed from westpuckling as exposed in
Figures 4.34, 4.36, 4.38 and 4.40. The failureheké NPI_280 steel cellular
beams under directly applied concentrated loadirey @ web-post is defined
as web-post buckling. One of the reasons for §pe of failure to happen is
web geometries of these expanded beams. Anotheorrea web buckling is
horizontal shear in the web-post of these testednisedue to double curvature
bending over the depth of the web-post. The fiistined edge of the opening
Is stressed in tension and the other edge of tie inocompression, all of
which results in a twisting effect of the web paking their depth. Vertical
displacements on the middle part of the upper amei flange of beams and
lateral movements are respectively shown in Figdr8s, 4.37, 4.39 and 4.41.
loads are

Ultimate loads and measured deflection values unihese

respectively shown in Table 4.9.

Table 4.9Ultimate Load Capacities and Failure Modes of NBBD Sections

NPI-280 NPI-280 NPI-280 NPI-280
SPECIMENS
TEST1 TEST2 TEST3 TEST4
Ultimate Loads 377.6 kN 384.2 kN 372.4 kN 368.9 kN
Upper Flange
] 20.181 mm 20.694 mm 19.805 mm 19.891 m
Deflection (U_F_Def)
Lower Flange
) 17.878 mm 18.363 mm 17.384 mm 17.105m
Deflection (L_F_Def)
Lateral Deflection
1.308 mm 0.903 mm 1.129 mm 0.997 mn
(Lat_Def)
) Web-post Web-post Web-post Web-post
Failure Type i ) i ]
buckling buckling buckling buckling
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CHAPTER 5

TENSILE TESTS ON OPTIMALLY DESIGNED

STEEL CELLULAR BEAM SPECMENS

Tensile tests were performed to define the matedearacteristics of steel
profiles from which cellular beam are produced. Thaterial characteristics
cover the yield strength, ultimate strength and nhaglof elasticity of the steel.

For this purpose coupons are cut from steel beatioas and tensile test are
applied these coupons in the testing machine t their strength values and
the amount of elongation. Although all mechanicabperties of beam

specimens can be defined from tensile coupon tdstsmain purpose of this
device is to find out the relationship between #verage normal stress and

strain values.

5.1 Sample Requirements

Tensile tests on steel sections are conductedaoatd shaped test specimens.
These specially prepared beam coupons can be tutrbthe form of cylinder
or flat samples. In order to produce repeatablalltesand observe with
standard test method requirements, steel beam newqub from cellular beams
should have a specific ratio of length to widtlda@meter in the test area.
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A 4

Figure 5.1 Standard dimensions for tensile test specimen

American Society for Testing and Materials (ASTM) E 8M-04 is applied in
the standard tensile test of rectangular test spEt{62]. This process is called
“Standard Test Methods for Tension Testing of MetdMaterials’. The
notations for rectangular specimens and their dsioeis are demonstrated

respectively in Figure 5.1 and Table 5.1.

According to ASTM standard; recommended dimensionsrectangular test
specimens are presented in the table next paganhe cases, specified in the
NOTE-5 of ASTM standardthere should be a parallelism between the sextion
in terms of width. That is to say, the width of tteeluced section should not be
smaller than the width of tested material. If thielttv of the standard or sub
size coupon specimend/| is less than values given in the Table 5.1, ttless

can be taken as parallel throughout the length@tpecimen.
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Table 5.1Dimensions for standart tension test specimens

Standard Specimens Sub Size Specimen
Plate Type, 40-mm Wide
200-mm 50-mm 12.5-mm 6-mm
Gauge Length  Gauge Length Wide Wide
"G’ 200+0.25 50+0.10 - -
Gauge Length - -
W 40+3 40+3 12.5+0.25 6.25+0.05
Width = =
R 13 13 13 6
Radius of fillet
L 450 200 200 100
Overall length
“pr
Length of 225 60 60 32
reduced section
“BH
Length of grip 75 50 50 32
section
HC ”
Width of grip 50 50 20 10
section

In this dissertation study, test specimens arefromt NP1-240, NPI-260 and
NPI-280 steel cellular beams. Due to web geometiythese profiles,
rectangular test specimens have taken accordinghS®M international

standards organizaticdOTE-5
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Rectangular test specimens cut from within the WNifiles using computer
numerical control method (CNC). This method is ligussed for complex and
intricately shaped part fabrication can be perfarméh greater accuracy and
faster turnover rates. Cutting process of testispats from cellular beams
using CNC method are shown in Figure 5.2.

Figure 5.2 Cutting process of standart test specimen with @Mthod
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Test specimens shown in Figure 5.3 are rectangataions of 200 mm total

length, 20 mm width and a gage length of 100 mmst@él profiles.

Grip
Sectior

Grip
Sectior

Figure 5.3 Standart tension test specimen from NPI profiles

The notations for rectangular specimens and theiexsions are demonstrated

respectively in Figure 5.4.

| 5cm | 10cm | 5cm |
= T T L
IZ cm
Length of Grip Section Gauage Length Length of Grip Section
| 20cm |

Figure 5.4 Dimensions for rectangular coupon cut from cellulz@am

specimen
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5.2 Test Setup and Equipment

The universal hydraulic servo-controlled machinevah in Figure 2.4 is used
to test the tension capacities of coupons. Thishinaccan also perform
compression and bending tests as well as tensieramine steel specimen in
all mechanical properties. TF-H1000 test frame wathmputerized control
system, shown in the Figure 5.5 below, which hasséng capacity of 1000
kN, a crosshead speed range of 5 to 40 mm/min avitaccuracy of 0.1%, is

used for tension tests.

Figure 5.5 Universal testing machine
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5.3 The Objective of Tension Test

The objective of this tensile experiment is to d®eiee the following
properties of three different steel profiles (NBB2 NPI-260, and NPI-280)

from standard test specimen. The properties tovestigated include;

* Yield stress

» Ultimate stress

* Modulus of elasticity
* Ductility

* Proportional limit

5.4 The Procedure of Tensile Testing

The tensile test procedure of cellular beam coupemsirried on as following
in accordance with ASTM E 8M-04 as shown in Figbu@ and Figure 5.7.

« The dimensions and properties for each beam spaciveee defined.

* 10-cm gage length on each test specimen was mafked

* The initial dimensions of each specimen were detexth

* The specimen was fixed in the tensile testing nrechising standard
mechanical pneumatic clamps, then attaching treatiextensometer,
Novotechnik-LWH300, recorded applied load and rasgldeflection
and load values at failure.

* The speed of test was set to a constant speedhai/min. and then the
tension test was started.

* Load, stress and strain data for each test wasdeddo plot of the

stress-strain curve.
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Figure 5.7 View of test specimens after rupture
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5.5 Test Results

The load and strain data are taken until the faibfrthe steel beam specimens.
After failure of these test specimens, it was measuinal length of the
specimens, final gage lengths and was observedhhmacter of the fracture.
Figure 5.8 illustrates the geometric configuratiohd®roken piece specimen at
the end of the tension test.

Figure 5.8 One of test specimens after tension test

Observed data from tensile tests were used to letdcthe ultimate tensile
strength of the specimens, and at the same tinmvected and plotted a stress-
strain curve for each specimen and determine theesandicated above and to
compare test results with published values forehmsiterialsThese stress-
strain graphs are then used in determination ofitbdulus of elasticity of the
specimens. For this purpose, the slope of theielssgion of these curves is
determined by fitting a straight line, with the de@quare method. Stress-strain
graphs for each specimen (NPI-240, NPI-260, and-28®) plotted in MS
Excel Software are demonstrated respectively inr€i¢.9-5.11.
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Figure 5.9 Stress-Strain graph of tensile test of NPI_240Gileso

Using the stress-strain graphs in Figure 5.9, ia #tudy, average values of

elasticity modulus and elongation are determin€x1® Mpa and 25.65%.

After tension tests, the average values of tengé#l strength and ultimate

strength are respectively determined 390 MPa aidMiPa for NP1_240 steel

beam profile sections.
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Figure 5.10Stress-Strain graph of tensile test of NP1_260iles

Using the stress-strain graphs in Figure 5.10, agesrvalues of elasticity

modulus and elongation are determined 1.95X¥#i@a and 39.21%. After

tension tests, the average values of tensile wekhgth and ultimate strength
are respectively determined 285 MPa and 400 MPa\fr 260 steel beam

profile section.
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Figure 5.11 Stress-Strain graph of tensile test of NP1_280iles

Using the stress-strain graphs in Figure 5.11, ameervalues of elasticity

modulus and elongation are determined 1.88Xll@a and 36.82%. After

tension tests, the average values of tensile wihgth and ultimate strength

are respectively determined 290 Mpa and 405 Mpa\fer 280 steel profile

section. In addition to these values, poisson natimken as 0.3 for each NPI

steel sections. Modulus of elasticity, poissionoragield strength and ultimate

stregth values found at tensile test section agd un finite element analysis of

celluar beams at the next chapter.
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CHAPTER 6

NONLINEAR FINITE ELEMENT ANAL YSIS OF

OPTIMALLY DESIGNED STEEL CELLULAR BEAMS

6.1 Introduction to Finite Element Modeling

The objective of this chapter is to carry out nme#r finite element analysis
of the cellular beams that were considered in ¥peemental study in order to
determine their ultimate load capacity for comparis The finite element
method has been used to predict their entire regptm increasing values of
external loading until they lose their load cargyinapacity. Finite element
model of each specimen that is utilized in the expental studies is carried
out as illustrated in Figure 6.1.

Z
@
0.00 500.00 1000.00 {ram)
I I ]

250.00 750.00

Figure 6.1Finite element model of non-composite cellular beam
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These finite element models are used to simulateettperimental work in
order to verify of test results and to investigdie non-linear behaviour of
failure modes such as web-post buckling, shear Imgckand vierendeel
bending of NPI1_240, NPI_260 and NPI_280 sectioalstellular beams.

ANSY S-workbench finite element modeling programised to develop a three
dimensional finite element beam model in this stidgnlinear finite element
models of these NPI steel cellular beam specimeasbailt to determine
maximum values and locations of stress, strain aidplacement
concentrations under point loading. The non-linaaalyses results of NPI
profile steel cellular beams have been comparel vasults obtained from

experimental studies.
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6.2 Finite Element Modeling on Cellular Beams

Before starting the process of analysis, geomdineensions of cellular beams
are drawn wittS5OLIDWORKS$rogram shown in Figure 5.2 below.

” Edt Yiew Inser v
DeHER R 9 ¢ kvt Bn-HE 22| aqqacenm 00000 an o |[=ex
@ ' ‘

Mave Rotate Smart  Exploded - Interfer.
Component Component Fasteners w i Lol Detecton

1 [CEE

Figure 6.2 The geometry of Cellular Beam wi8OLI DWORKS

After applying inputs related with prepared modefssteel cellular beams,
analysis process is initiated by using the softwekSYS. Material properties
of steel cellular beams are extracted from matditbahry; the library which
covers standard concrete, steel and has the dbildseate user defined custom

materials for non-standard applications.
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Nonlinear elastic material model is used for NPD,2MPI_ 260 and NPI_280
steel NPI sections with Young's modulus of 1.9%10.95x16 and 1.85x10

MPa with average values found from tension testsRwisson’s ratio taken as
0.3 and the density of steel taken as 7.85E-006kyg/Tensile yield stress
values obtained are respectively 390, 285 and 2P@a fr NPI1_240, NP1_260
and NPI_280 steel profiles according to tensilériggesults. In the same way,
tensile ultimate stress values obtained are reispécd95, 400 and 405 MPa
for NPI1_240, NPI_260 and NPI_280 steel beam prafil@dhe material

properties and their values for NPI_240 steel pgadire shown in figure 6.3

below.

- Structural Add /Remaove Properties
Young's Madulus 1.%2+005 MPa &
Poisson's Ratio 0.3 |1‘_\__|
Density 7.85e-006 kg/mm[\
Thermal Expansion 1.2e-005 1/°C h
Alternating Stress h
Strain-Life Parameters M
Tensile Yield Strength 320, MPa
Compressive Yield Strength 390, MPa
Tensile Ultimate Strength 495, MPa
Compressive Ultimate Strength 425, MPa
Bilinear Isotropic Hardening |\_\__I

= Thermal Add/Remove Properties
Thermal Conductivity 6.052-002 Wimm-=C |1_\__|
Specific Heat 434, kg =C A

- Electromaagnetics Add /Remove Properties
Relative Permeability 10000
Resistivity 1.7e-004 Chmemm

Figure 6.3 Structural properties of NP1_240 steel beam
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The alternating stress curve and strain-life patamgraphics for NPI_240
steel profile according to structural definitionlu@s of steel beam are

demonstrated respectively in Figures 6.4 and 6.5.

- Property Attributes
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Figure 6.4 —Alternating stress curve of NPI_240 steel beam
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- Strain-Life Parameters \\ ot
Strength Coefficient MPa 920.
Strenath Exponent: 0.106 +77ez
Ductiity Coefficient 0.213
Ductility Exponent -0.47
Cyclic Strenath Coefficient MPa 1000,
Cyelic Strain Hardening Exponent 0.2 e
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Figure 6.5 Strain-life parameter graph of NPI_240 steel beam
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6.2.1 Element and Material Modeling on ANSYS Progm

During FEA process, structure is divided into snaald simple elements to
calculate individual deformation easily. Tetrahedwolume finite elements are
selected in the modeling of cellular beams. Thés@ents are composed of 4-
node or 10-node high-order element types and ewvedg of this volume has
three degrees of freedom. Tetrahedron volume elemeith 4-node or 10-
node patterns are shown in Figure 6.6. In thisystil-node high-order which

is known asSOLID-187 has been selected as this element has a quadratic
displacement behavior and is well suited to modelular meshes comparing

with other types.

(a) 4 node (k) 10 node

® = Mode on element edge

Figure 6.6 Tetrahedron volume element node patterns
For 3-D analysis of beams, the contact surface esrCONTA-173 and

CONTA-174, can be associated with the 3-D target segmentegits. In this
study, CONTA-174 is selected to represent contact and sliding betwgD
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target surfaces and a deformable surface givenitthsitdefined as a higher-
order element. The element is applicable to 3-Dcstiral and coupled field
contact analyses. This element is defined by eighes and is located on the

surfaces of 3-D solid or shell elements with midsid nodes.

It has the same geometric characteristic and noxiions as the solid or shell
element face to which it is connected as shown iguré 6.7. When the
element surface penetrates one of the target sdgelements on a specific

target surface, contact is easily completed.

Bssorigted Target Surfares

\_/Kb_/ Contact Elements “—/—’l\_/

Figure 6.7 3-D Contact Element Geometry

For the target segmentARGE-170 is selected to represent various 3-D
target surfaces for th€ONTA-174 contact surface elements shown in
Figure 6.8. The contact elements which are potiniim contact with the
target surface overlay the solid or shell elemevith the boundary of a
deformable body. This target surface is discritiznd a set of target
segment elements and is paired with its linkedairdurface by the use of

shared real constant set.
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Surface-te-Surface
Contact Element

Figure 6.8 TARGE -170 element geometry

6.2.2 Mesh Generations on Cellular Beams with AN Program

There are four types of meshing generations in ANSpfogram. These
methods are called Sweep, Automatically Generafettahedrons and Hex-
Dominant. Since non-sweepable bodies force sweethadecontrolling,
cellular beams can not be swept. Other meshing rgtoe types,
automatically generated, tetrahedrons and hex-damhirare tested for finite
element model of cellular beams to compare the&ated nodes and elements
for the same mesh sizing. In this purpose, NPI_@dular beam is used to
mesh with these generation types. Mesh size isntalsee100 mm for each

method.

Table 6.1 Numbers of Nodes and Elements for Mesh Types

Mesh Type Number of Nodes Number of Elements
Automatically Generateg 8847 3724
Hex — Dominant 6968 1877
Tetrahedrons 9413 4019
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It is observed from Table 6.1 that when automdgicgénerated, tetrahedrons
and hex-dominant meshing methods give differenueslfor nodes and
elements. When the mesh type is taken as hex—dotfim@100 m mesh size,
beam consists of 1877 elements and 6968 nodesthEosame mesh size,
automatically-generated mesh consists of 3724 eltsmend 8847 nodes. In
comparison with other mesh types, tetrahedron mgsprovides better size
distribution for the beam across the model withdi8ements and 9413 nodes.
Therefore, tetrahedron meshing option is seleateddlving the cellular beam
model. Consequently, an accurate simulation of ribalinear behavior is
obtained.  Figure 6.9 illustrates different typefs meshing for NPI_240

cellular beam.

0,00 300,00 600,00 () Z"L %

150,00 450,00

(a) Automatically Generated Meshing
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0.00 300,00 soul‘oo tmm) ZKL %

150,00 450,00

(b) Hex-Dominant Meshing

0,00 300,00 600,00 {mm} Z(L ®

(c) Tetrahedron Meshing

Figure 6.9 Different Types Mesh Generations
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Figure 6.10Different Mesh Sizes and Stress Values

Mesh sizing is important for accurate stress alsgldcement values. For this
purpose, selected meshing type, the tetrahedrom mhegles various sizing
mesh starting with 400 mm. When the stress andlatisment values are
stable, this mesh sizing can be applicable for FiMlysis. Figure 6.10 above
illustrates that mesh sizing is important to finéet stress values. Figure 6.10
also demonstrates that maximum stress values (tggg 501.27 MPa and
500.67 MPa) on the steel cellular beam are nehdysame as the taken mesh
sizes of 50 mm and 25 mm. It means 25 mm meshcsizébe used for FEM

analysis of these beams shown in Figure 6.11.
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Figure 6.11Tetrahedron Mesh Model with 25-mm Size

6.2.3 Setting Contact Analysis Parameters

Contact surfaces in ANSYS program allow represgnin wide range of
different types of interaction between componenta finite element model. In
the present cellular beam model, there exists cob&tween NPI steel section
and connection plates attached to beam as suppdesefore, it is important
to investigate the nature of interaction betweenl dRfile section and
supporting connection plates. In this part of thgearch, numerical solution of
the contact problem of cellular beams is presemigd the help of ANSYS

program.

6.2.4 Identification of Contact and Target Surface

The type of contact between the NPI steel cellolsams and the supporting
connection plates represents one from contact cuitia target surface. This
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contact type is established when a surface of @uy lbomes in contact with
the surface of another body. This specific typearitact is commonly used for
arbitrary bodies that have large contact areaadttion, it is very efficient for
bodies that experience large amounts of relativéingl with friction. The
selected contact and target surfaces are showgume6.12.

TARGET BODY 3

200,00 {mm)
]

Figure 6.12Contacts and Target Surface

6.2.4.1 Types of Contact

(@) (b) ()

Figure 6.13Contact Types
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Contact surface has different types of behavioroating to different
characteristics of contact and there are sevendkskof contact used in ANSYS

program: frictional, frictionless, rough, contadthvout separation and bonded.

6.2.4.1.1 Frictional Contact

Two contacting faces can carry shear stresses aéstain magnitude across
their interface before they start sliding relativezsach other as shown in Figure
6.13 (a).

6.2.4.1.2 Frictionless Contact

This type contact is a standard unilateral confslsbwn in Figure 6.13 (c));
that is, normal pressure equals zero if separatcmurs. So depending on the
loading, gaps between bodies can emerge. Thisi@olig nonlinear because
the area of the contact may change when the loapgpbked. A zero coefficient

of friction is assumed, thus allowing free sliding.

6.2.4.1.3 Rough contact
Similar to the frictionless contact type, as showfigure 6.13 (c), this contact

type is perfectly rough frictional contact wherenh is no sliding. By default,
no automatic closing of gaps is performed.
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6.2.4.1.4 Contact without separation

This contact type is similar to bonded case. lya@pplies to regions of faces.
Separation of faces in contact is not allowed,dméll amounts of frictionless
sliding can occur along contact faces, which mdahs possible but (b) is not

possible in Figure 6.13.

6.2.4.1.5 Bonded contact

In bonded type contact, no sliding or separatiotwben faces or edges is
allowed. In Figure 6.13, neither (a) nor (b) cartwc This type of contact

allows for a nonlinear solution since the contactgth/area does not change
during the application of load. In this study, beddtontact is chosen between

the NPI profile section parts and supporting cotina@lates.

6.2.4.2 Behavior of Contact

Several types of contact behavior are availableNISYS program. These are
symmetric, asymmetric and auto-asymmetric. Symmeintact exists when
there are both contact and target elements onatime surface. In asymmetric
contact one face is chosen as contact and the fatberas target, creating a
contact pair. However, asymmetric contact is Ugube most efficient way to

model face-to-face contact for solid bodies. LasHyto asymmetric contact
option allows the program to automatically identiBnd generate an
asymmetric contact pair. When auto-asymmetric opisoselected, during the
solution phase the solver automatically choosesrtbee appropriate contact
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face designation. In this study, symmetric contacichosen between two

contact surfaces of the steel cellular beam model.

6.2.4.3 Contact Analysis Algorithm

Major analysis algorithms available in ANSYS pragrare: Penalty Method,
Multipoint Constraint, Pure Lagrangian and Augmédntdagrangian.

Characteristics of each algorithm are presenteibel

6.2.4.3.1 Penalty method

The penalty method uses a contact “spring” to distala relationship between

the two contact surfaces. The penalty method had sbmputation time and is

the fastest among all the algorithms. Furthermtaeye penetration may be

produced.

6.2.4.3.2 Multipoint Constraint Method

Multipoint constraint algorithm is used in conjuioct with bonded contact and

contact without separation to model several typesontact assemblies and

kinematic constraints.

6.2.4.3.3 Pure Lagrangian Method

The Pure Lagrangian Method does not require cordgaffhess. Instead, it

requires penetration control factor and maximunovedible tensile contact
pressure. However, this method has long computatione.
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6.2.4.3.4 Augmented Lagrangian Method

The Augmented Lagrangian Method is an iterativéeseof penalty methods.
Compared to the Penalty method, the augmentednggra method usually
leads to better conditioning and is less sensitivéhe magnitude of contact
stiffness. Yet, the augmented lagrangian methodiseelditional iterations
when mesh becomes too distorted. In this study,atlgmented-lagrangian
method is used because it is possible to spec#yntiaximum penetration

tolerance.

6.3 Nonlinear Finite Element Model of Cellular Bams

The main objective of the nonlinear finite elemantalyses is to determine
stress, strain and displacements in the NPI prafetions and to compare
experimental results with the results of observedlinear analyses. Nonlinear
static analyses produce more accurate stressgdhalt linear static analyses
for models where the loading results in concentrateess values beyond the
material yield point and also nonlinear analyzeeginore real behavior when
compared with the linear ones. Based on these semlyproper locations for

the installment of transducers in the NPI beami@estare determined.

6.3.1 Definition of Static Structural Analysis Settings

Before proceeding to the solution, analysis optsimsuld be defined including
boundary conditions, analysis type and steppingrots Analysis setting is
about the load to be applied to the structure,uniidg load steps, load
magnitude and load direction. For a static strectumalysis, there can be one
or several load steps. Furthermore, for each loeyo, several sub steps might

be required to make the solution converge bettdrtarobtain more accurate
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ANSY S-workbench program.

Details of "Analvsis Setkings"

results. Figure 6.14 illustrates the details oflysia settings for one sample in
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Figure 6.14Analysis Settings for Cellular Beam

The total number of steps, number of sub stepsther initial step and
maximum allowable number of sub steps are set {dl@QGnd 100 sub steps,
respectively. When the load is applied to a paldicygpoint, the force stays
inside meshes and sinks; however, ANSYS-workbenadgram does not
analyze the beam model. Therefore, a maximum faitie a pressure of 528
MPa is applied to the cellular beam model. The lisaapplied at 10 steps and
at each step a 52.8 MPa incremental pressure fagglied to the NPI_240
beam. The software uses the Newton-Raphson iteralgorithm for the

solution of equations.

143



Correct definition of boundary conditions is vemnportant in the finite
element analysis and it can greatly affect the Wehaf steel cellular beam.
Now that all the existing definitions about theetteellular beam have been

given, the finite element model is ready for FENuson.
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Figure 6.15Load Diagram and Steps for NPI_240 section
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According to structural definition values of sté¢PI cellular beam, unlike
linear analysis, plasticity properties of structusteel are also defined as
bilinear isotropic hardening in nonlinear analysisaddition to alternating

stress curve and strain-life parameters graphiceasnstrated in Figure 6.16.

399

300

Stress MPa
[aN)
2

100

a. 2.5e-3 S.e3 7.5e-3 9.75e-3

Strain mm,/ mm

Figure 6.16Plasticity Properties of Steel
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6.3.2 Nonlinear Solution of NPI1_240 Cellular Beam

Figure 6.17 demonstrates the details of analystsnge for NPI_24(beam in
ANSYS Workbench. 280 kN force, the average valudaiokd from
experimental tests of steel cellular beams, isiagb the middle of the beam
as 528 MPa pressure. As explained in the previabssection, when the load
is applied to a particular point, the force stagside meshes and sinks;
however, ANSYS-workbench program does not analyee dellular beam
model. For that reason, the load is applied toc#lkilar beam as pressure as
shown in the figure below. A bilinear isotropic maal model (elastic
modulus, E = 1.9xTOMPa, tangent modulus, ET = 390 MPa) with Von-Mises
yield criterion (yield strength, Fy = 390 MPa) wased for the steel to cellular
beam model the nonlinear material behavior of tleani The material
properties used in the all NPI section beam modelse determined through
tensile tests of coupons taken from the test be&mse the main objective of
this finite element analysis was to determine bé&share behavior in web post
regions, significant attention was paid on propenkydeling the connection of

the beam to the loading frame.

Z
0.00 500.00 1000.00 (o A‘
I I

250,00 750,00

Figure 6.17Applying Pressure to NPI_240 Cellular Beam
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Different from linear solution, the material effecdf cellular beam in the
program are defined as nonlinear in the analysisetiilar beams. The mid-
span displacement values obtained in linear andinear analysis of NPI-240
cellular beam is tabulated in Table 6.2 for thedloacrement of 28kN starting
from 28kN. It is apparent from the table that whbka load reaches 280 kN,
which is the average value obtained from experisjerthe nonlinear
displacement value is 42.58% more than the linégplatement value. It is
clear that after the load is increased, the axialds increase in the beam and
their effect on the flexural bending of the beardmee more emphasized. As a
result nonlinear displacement becomes larger. €belts obtained are plotted
in Figure 6.18. The effect of the geometrical noadirity on the values of
vertical displacement at the middle of the NPI-24€el cellular beam is also
clearly seen in the same figure. Figure 6.18 cje@Veals the fact that when
the vertical loads become larger in structure, displacements also become
larger and inclusion of nonlinearity in the anadysf such structures becomes a

necessity.

Table 6.2 Displacement values at the mid-span of NPI-24Qutzgllbeam

Displacements at middle
part of cellular beam (mm)

Load Number of

(KN) Steps Nonlinear Analysis Linear Analysis
28 1 0.8789 0.8078
56 2 1.7612 1.6157
84 3 2.6513 2.4236
112 4 3.5509 3.2314
140 5 4.5058 3.9781
168 6 5.6325 4.7859
196 7 6.6245 5.5937
224 8 7.8997 6.4017
252 9 9.8004 7.2095
280 10 14.0709 8.0785
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Figure 6.18Linear and nonlinear load-deflection diagram f&t/40 beam

When the ultimate load, 280 kN, is applied to thedie part of the beam as

pressure, maximum equivalent stress which is 50MPh, shown in Figure

6.19, occur around the holes. Figure 6.20 showsrtagimum displacement

that occurred in the middle of the beam as expettedhs measured as 15.458

mm at upper flange and 14.071 mm at lower flange.
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Figure 6.19Equivalent Stress Values on NPI_240 Cellular Beam

j—o :
z

0.00 450,00 guu‘.uu {mm)

— —

Z2z5.00 675,00

Figure 6.20Deformation Values on NPI_240 Cellular Beam

When the same ultimate value, 280 kN, is appliedhto middle part of the
NPI-240 cellular beam, maximum normal stress wlgc31.66 MPa, shown
in Figure 6.21, occurred at web-post and maximueasbktress which is 352.0
MPa, shown in Figure 6.22, occurred around the afrsapport.
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Figure 6.21Normal Stress Values on NPI_240 Cellular Beam
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Figure 6.22Shear Stress Values on NPI_240 Cellular Beam
When the experimental results are compared witsethaf nonlinear solution

values, the deflection values obtained from NPI_ZHST 3 are 10.13%

lower than the nonlinear displacement value forauglange and 7.78% lower
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than the nonlinear displacement one for lower ftandoad-deflection
diagrams, comparing finite element model with theve of corresponding
experimental NPI_240 TEST_3 cellular beam specimaea illustrated in

Figure 6.23 and Figure 6.24, respectively.

NPI_240_CB_|lII
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Figure 6.23Load-deflection-curve for upper flange of NPI_24&SIT3
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Figure 6.24Load-deflection-curve for lower flange of NP1_24@EST3
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When the experimental results obtained are compargdthose of nonlinear
finite analysis values, the deflection values aisdi from NPI_240 TEST 4
are 8.48% lower than the nonlinear displacemenievébr upper flange and
6.22% lower than the nonlinear displacement oneldarer flange. Load-
deflection diagram, comparing finite element modekh the curve of
corresponding experimental NPI_240 TEST 4 cellldeam specimen are

illustrated in Figure 6.25 and Figure 6.26, respedb.
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Figure 6.25Load-deflection-curve for upper flange of NPI_24&SIT4
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Figure 6.26Load-deflection-curve for lower flange of NPI_24EJT4
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6.3.3 Nonlinear Solution of NPI_260 Cellular Beam

Figure 6.27 demonstrates the details of analydisngs for NPI_260 steel
cellular beam in ANSYS workbench program. 220 kiktég the average value
obtained from experimental tests of these stedéllaelbeams, is applied at the
middle of the upper flange as 425 MPa pressur® istdps.

450,00 ;0.0 () z‘}\ %
|

225.00 &75.00

Figure 6.27 Applying Pressure to NPI_260 Cellular Beam

When 220 kN load which is obtained from experimetaats was applied to
the middle of the beam as shown above, maximunwvabpnt stress occurred
at the middle part of upper flange. It was deteedias 494.42 MPa after the
application of load in 10 steps as illustrated iguFe 6.28. Figure 6.29 shows
the maximum displacement occurred in the middlehef beam as expected
with an 18.969 mm for upper flange and 12.612 mmlidaver flange. The

reason for the load applied the top of web holthaé there was a 6.357 mm
difference in displacement which was found betw#enupper flange and the

lower one.
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Figure 6.28Equivalent Stress Values on NPI_260 Cellular Beam
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Figure 6.29Deformation Values on NPI_260 Cellular Beam
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When the same ultimate load, 220 kN, is appliethéomiddle part of the NPI-
260 cellular beam, maximum normal stress which(G8.80 MPa, shown in
Figure 6.30, occurred at web-post and maximum ssieass which is 269.06

MPa, shown in Figure 6.31, occurred around the efsapport respectively.

0.00 450.00 900,00 {mm) Z‘i‘ %
| T

225,00 £75.00

Figure 6.30Normal Stress Values on NPI_260 Cellular Beam
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I I 1
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Figure 6.31Shear Stress Values on NPI_260 Cellular Beam
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When the experimental results are compared witsethad nonlinear solution
values, it is found that the deflection values of&d in NPI_260 TEST_1 are
9.56% more than the nonlinear displacement valueufgper flange and
11.06% more than the nonlinear displacement oneldwer flange. Load-

deflection diagrams that are obtained by the fidtement model and the
experimentally for NP1_260_TEST 1 cellular beamcapen are illustrated in

Figures 6.32 and 6.33, respectively.
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Figure 6.32Load-deflection-curve for upper flange of NPI_26&SIT1
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Figure 6.33Load-deflection-curve for lower flange of NPI_26EST1
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When the obtained experimental results are compaitdthose of nonlinear
solution values, the deflection values obtained IBO_TEST 2 are 9.08%
more than the nonlinear displacement value for ufipage and 8.91% more
than the nonlinear displacement one for lower ftand.oad-deflection

diagrams that are obtained by the finite elemendehand the experimentally
for NP1_260 _TEST_2 cellular beam specimen aretihised in Figures 6.34
and 6.35, respectively.
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Figure 6.34Load-deflection-curve for upper flange of NPI_26&SIT2
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Figure 6.35Load-deflection-curve for lower flange of NPI_26E3T2
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When the experimental results are compared witsethad nonlinear solution
values, it is noticed that the deflection valuedaoted experimentally in
NPI_260 TEST_3 are 7.44% more than the nonlinegplattement value for
upper flange and 7.69% more than the nonlinearatisment one for lower
flange. Load-deflection diagrams that are obtaimgdhe finite element model
and the experimentally for NPI_260 TEST_3 cellul®am specimen are
illustrated in Figures 6.36 and 6.37, respectively.
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Figure 6.36Load-deflection-curve for upper flange of NPI_26&SIT3
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Figure 6.37Load-deflection-curve for lower flange of NPI_26EST?2
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When the experimental results are compared witsethad nonlinear solution
values, it is found that the deflection values old@d experimentally in

NPI_260 TEST_4 are 10.68% more than the nonlinsmlatement value for
upper flange and 12.59% more than the nonlineglaiement one for lower
flange. Load-deflection diagrams that are obtaimgdhe finite element model
and the experimentally for NPI_260 TEST_4 cellulmam specimen are
illustrated in Figures 6.38 and 6.39, respectively
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Figure 6.38Load-deflection-curve for upper flange of NPI_26&SIT4
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Figure 6.39Load-deflection-curve for lower flange of NPI_26E3T2
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6.3.4 Nonlinear Solution of NPI_280 Cellular Beam

Figure 6.40 demonstrates details of analysis gsttior NP1_280beam in
ANSYS Workbench. 375 kN force, obtained from expemtal tests of these
beams, is applied to midfield of the beam as 57@ dfessure.

0.00 400.00 00.00 {mrmn)
I

200.00 &00.00

Figure 6.40Applying Pressure to NPI_280 Cellular Beam

When 375 kN load which is obtained from experimeteats was applied to
the middle of the beam as shown above, maximunwvabpnt stress occurred
at the middle part of upper flange. It was detesdias 430.82 MPa after the
application of load in 10 steps as illustrated iguFe 6.41. Figure 6.42 shows
the maximum displacement occurred in the middlehef beam as expected
with a 17.829 mm for upper flange and 16.012 mnidaer flange.
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Figure 6.41Equivalent Stress Values on NPI_280 Cellular Beam

0.00 400.00 800,00 {mm}
L 1

200,00 600,00

Figure 6.42Deformation Values on NPI_280 Cellular Beam

When the same ultimate load, 375 kN, is appliethéomiddle part of the NPI-
280 cellular beam, maximum normal stress which99.83 MPa, shown in
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Figure 6.43, occurred at web-post and maximum skeass which is 356.0

MPa, shown in Figure 6.44, occurred around agaivestpost respectively.
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Figure 6.43Normal Stress Values on NPI_280 Cellular Beam
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Figure 6.44Shear Stress Values on NPI_280 Cellular Beam

162



When the experimental results are compared witsethad nonlinear solution
values, it is noticed that the deflection valuedaoted experimentally in
TEST_1 are 11.65% more than the nonlinear displacémalue for upper
flange and 13.84% more than the nonlinear displac¢mne for lower flange.
Load-deflection diagrams that are obtained by thigefelement model and the
experimentally for NP1_280_TEST 1 cellular beamcapen are illustrated in
Figures 6.45 and 6.46, respectively.
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Figure 6.45Load-deflection-curve for upper flange of NPI_28&SIT1
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Figure 6.46Load-deflection-curve for lower flange of NPI_28EST1
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When the experimental results are compared witsethad nonlinear solution
values, it is found that the deflection values old@d experimentally in

TEST_2 are 13.84% more than the nonlinear displacémalue for upper

flange and 12.83% more than the nonlinear displac¢mne for lower flange.
Load-deflection diagrams that are obtained by thigefelement model and the
experimentally for NP1_280_ TEST _2 cellular beamcapen are illustrated in
Figures 6.47 and 6.48, respectively.
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Figure 6.47Load-deflection-curve for upper flange of NPI_28&SIT2
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Figure 6.48Load-deflection-curve for lower flange of NPI_28@&3T2
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When the experimental results are compared witsethad nonlinear solution

values, it is noticed that the deflection valuedaoted experimentally in

TEST_3 are 9.97% more than the nonlinear displanenialue for upper

flange and 7.89% more than the nonlinear displacemee for lower flange.

Load-deflection diagrams that are obtained by thigefelement model and the

experimentally for NP1_280_TEST _3 cellular beamcapen are illustrated in

Figures 6.49 and 6.50, respectively.
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Figure 6.49Load-deflection-curve for upper flange of NPI_28&SIT3
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Figure 6.50Load-deflection-curve for lower flange of NPI_28@&3T2
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When the experimental results are compared witsethad nonlinear solution
values, it is found that the deflection values old@d experimentally in

TEST_4 are 10.36% more than the nonlinear displacémalue for upper

flange and 6.39% more than the nonlinear displacémee for lower flange.

Load-deflection diagrams that are obtained by thigefelement model and the
experimentally for NP1_280_TEST _4 cellular beamcapen are illustrated in

Figures 6.51 and 6.52, respectively.
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Figure 6.51Load-deflection-curve for upper flange of NPI_28&SIT4
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Figure 6.52Load-deflection-curve for lower flange of NPI_28&3T4
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CHAPTER 7

SUMMARY AND CONCLUSDNS

7.1 Overview and summary of the thesis

The goal of this research presented is to invegtigee ultimate load carrying
capacity of optimally designed non-composite calubeams. The study
consists of three main parts: optimum design ofelsteellular beams,
experimental study on these beams and finite elemealysis of these web-

expanded beams. The results obtained in thesegrartiscussed in this study.

In the first part of the present study, the harmsesrch (HS) algorithm based
optimization method and particle swarm optimizati@S0O) algorithm are
applied to the optimum design problems of steelulzel beams where the
design constraints are implemented from BS5950 ipivs. In this
formulation, the sequence number of Universal Beai) section, hole
diameter and the total number of holes in the t@llbeam are treated as
design variables. The optimization problem of dalbbeam with 4-m span has
been solved with HS and PSO methods to illustreteiracy and performance
of methods on cellular beams. In the harmony se&chnique, algorithm
parametershms hmcr and par affect the value of minimum weight. For the
harmony search algorithm, higimcr, especially from 0.70 to 0.95 and the
values ofpar ranging from 0.20 to 0.50 contribute excellenttyRORTRAN
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programming outputs, whilehms demonstrates little correlation with
improvement in performance. Geem’s sensitivity wsial of hmcr and par is
also confirmed in the optimization part of thisdtu In the particle swarm
method, however, algorithm parameters are treatestiséic quantities, and thus
they are assigned to appropriate values chosemwithir suggested ranges of

following values: Inertia of particles(1(005~ 050), number of
particles1(10~50), trust parameters in swarm and ¢, (10~ 20) and
time step valueAt O (L.0). While solving the design problem, PSO parameters

are analyzed so that the most appropriate ones idestified. These
observations point out that the variations in taeameter set have effect on the

performance of the algorithm.

Secondly, the ultimate load carrying capacitiesopfimally designed steel
cellular beams are tested in a self reacting frante tested cellular beam
specimens are designed by using harmony searchinption method. The
tests have been carried out on twelve full-scale-camposite cellular beams.
There are three different types of NPI_CB 240, MM 260 and

NPI_CB_280l-section beams, and four tests have been condudotedach

specimen. These optimally designed beams which bagining span lengths

of 3000 mm are subjected to point load acting enrthddle of upper flange.

The last part of the study focuses on performingueerical study on steel
cellular beams by utilizing finite element analysi$e finite element method
has been used to simulate the experimental worlusigg finite element
modeling to verify the test results and to invesigthe non-linear behaviour of
failure modes such as web-post buckling and viezehdending of NPI_240,
NPI_260 and NPI_280 section steel cellular beaRws. this purpose, ANSYS-
workbench finite element modeling program is useddevelop a three
dimensional finite element beam model. Nonlineaitdi element models of

these NPI section steel cellular beam specimensuaiie to determine and
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investigate the maximum stress and displacementecdrations. While the
non-linear buckling analysis of cellular beams WRNSYS software is done,

the following assumptions are taken into account:

» 10-node high-order element with quadratic displameibehaviour is
defined

» Geometrically as well as materially non-linear cétion is used

» Tetrahedron meshing option is selected

» Bonded contact is selected between NPI profilei@@cparts and
supporting connection plates

» Newton-Raphson iterative algorithm is used for thelution of
equations

» The material properties used in all NPI sectionnie@are determined
through tensile tests of coupons taken from thiebieams

» The beam geometry is based on the measured dimensidhe tested
beams.

» The load is applied as pressure on the area desdcnibthe middle of

the upper flange.

7.2 Conclusions

In this dissertation study, the optimum design afutar beams turns out to be
discrete nonlinear programming problem when fortedaaccording to the
constraints specified in SCI. The design optim@atiechniques developed are
based on the harmony search and particle swarmization algorithms. As it
is demonstrated in the cellular beam with 4-m spaample, although the
algorithms of HS and PSO are mathematically rettigimple, they are quite
robust in finding the solutions of combinatoriakiopum design problems. This

design example illustrates that, in both methols, minimum weight of the
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cellular beam is obtained in relatively little nuentof iterations. Comparison
of the optimum designs attained by harmony seatgbrithm and particle
swarm optimizer clearly demonstrates that bothngles find almost same
results but the harmony search algorithm yield&ghtty better solution than
the particle swarm optimizer for cellular beam wdtim span example at the
same number of structural analyses. Indeed, thermim weight obtained with
HS algorithm is 0.6% lighter than PSO algorithmisltnoticed that both the
strength and geometric constraints are dominarSnalgorithm while only
the strength constraints are severe in PSO algoriththis design problem.
This result also demonstrates that harmony sedgdrithm is a quite rapid
and effective method for obtaining the optimum desif small-scale problems
that consist of a small number of decision variab{@onsequently, the selected
method, HS algorithm, is recommended for applicatb the optimization of
the three different NPI section cellular beams.

In the experimental part of this dissertation, thikimate load carrying
capacities of optimally designed steel cellularrbeare then performed under
the action of same concentrated loadings in arselfting frame. The tests
have been carried out on twelve full-scale non-cositp cellular beams. The
first two experiments on NPI_240 section beams liaved because of lateral
torsional buckling due to a lack of lateral suppdttis means, even though the
members relatively short spans, lateral supposgawerning factor for the
analysis of beams. When the lateral movement isepted, web buckling
failure mode has been described for the other tpecismens on NPI_240
section beams. The results obtained from expermhetests on NPI_260
section beams, on the other hand, demonstratesitica the load is applied on
the holes, in addition to web buckling, vierendeehding has occurred on all
of the four beams. This means that, when load @iexp directly over the
circular openings, the failure behaviour controllby vierendeel bending
mechanism. Lastly, the results obtained from expenital tests on NPI_280
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section beams reveal that the failure of all foll Ne80 steel cellular beams
under directly-applied concentrated loading overed-post is defined as web-

post buckling.

In the last part of the study the experimental warksimulated by using
ANSYS-workbench finite element integrated softwaregram to verify the
test results and to a good degree with the nortibehaviour of failure modes
such as web-post buckling and vierendeel bendingRif 240, NPI1_260 and
NPI_280 section steel cellular beams. Failure ladatained from experimental
tests are compared with finite element analysisiasalfor these three cellular
beams. Load-deflection diagrams shown in the stuelyeal that average
deflection values obtained from experimental téstsupper and lower flange
of NPI_240 section beams under 280 kN load areeatsely 9.31% and
%7.01 lower than finite element analyze resultscihis the closest value
obtained between them. Moreover, the failure loaolstained from
experimental tests are compared with finite elemanalysis values for
NPI1_260 cellular beam. The load-deflection diagrainswn in the study also
reveal that average deflection values obtained fexperimental tests for
upper and lower flange of NPI_260 cellular beamdeun220 kN load are
respectively 9.19% and 10.06% more than from FEgultse which is again
within the reasonable range. Finally, obtainedufailloads from experimental
tests are also compared with FEA values for NPI_@8ilar beam. The load-
deflection diagrams related with NP1_280 cellulaain illustrated in the study
reveal that average deflection values obtained fexperimental tests for
upper and lower flange of NPI_280 cellular beamdeun375 kN load are
respectively 11.45% and 9.38% more than from FEulte which is within
the acceptable range. These results demonstratethdanonlinear analysis
results correlate well with experimental ones anel discrepancie is within
10%.
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