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A METHOD FOR EVALUATION OF ELASTIC LOCAL BUCKLING STRENGTH
OF I-SHAPED BEAM WITH CIRCULAR WEB OPENINGS

HE R OBk AT ICRE BUAERT, = R AW
Riku WATANABE, Kikuo IKARASHI and Kazuya MITSUI

In consideration of hole of I-shaped beam web causing reduction of buckling strength, evaluation for buckling coefficient of I-shaped beam web with
holes have been conducted. However, numerous studies have been conducted on square plate under pure shear, and not considered buckling of web
under nonuniform bending that acts web of actual I-shaped beam. This study reveals the buckling coefficient of web with holes with any aspect ratio
under pure shear or nonuniform bending. Using FEA, it investigates the effect of hole size and arrangement on local buckling, and propose evaluation

method for buckling coefficient of plate with holes.

Keywords: Plate with Circular Holes, I-shaped Beam with Holes, Pure Shear, Nonuniform Bending, Buckling Coefficient, Finite Element Analysis
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Table 1 Parameters used in this study

h : Plate/web depth [mm]
p : Distance between holes [mm)]

a : Length of plate/web [mm]
d : Diameter of holes [mm]
e : Distance between center of hole on the left side and left edge of the
plate [mm]
e; : Distance between center of hole on the right side and right edge of the
plate [mm]
t, : Plate/Web thickness [mm] tr: Flange thickness [mm]
E : Young's modulus [N/mm?] v : Poisson's ratio [-]
D : Flexural rigidity of plate [Nmm] ( = Et,*/(12(1-V?))
Z . Section modulus [mm]
Ay : Web cross-section area [mm?]

7 : Shear-to-bending ratio [-]
Ay: Flange cross-section area [mm?]
M; : Left-end bending moment [Nmm]
M, : Right-end bending moment [Nmm]
e Critical bending stress [N/'mm?®] 7., : Critical shear stress [N/mm?]
£ Moment gradient [-] a : Shear-bending stress ratio [-]

vh
k. : Bending buckling coefficient [-] <: Ocr b >

. . twh
k. : Shear buckling coefficient [-] <= Ter 7r2D>

Jos © Shear buckling coefficient of  k, : Shear buckling coefficient of

plate with single hole [-] plate with multiple holes [-]

Boundary conditions (1 1 0)
0

Xy z 0 : Free
0y 0, 6. 1 : Fixed

B 100)

4-nodes shell elements

o Side Pin Fixed
OA,AB (0 0 1 00 1
BC,CO \0 0 0 111

Fig. 1 Example of FEA model and setting of parameters

Fig. 2 Stress distribution of plate under pure shear
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(a) krvs. A (b) Fitness of Eq. (1) for k;
Fig. 3 Buckling coefficient of single-holed plate under pure shear (Pin)

6.0 RETIFE A IR L, IUHRIZ d/h DK E 0 IF EMiV, Fig. 4 1cflie

AMIEH %2320 B RO D A DO REN R EEE— F 2R L Twb
23, BOAR P ABEIIK S T, U TEBEER SRR L 2> T

—501 —



20

T
FEA results
dlh

0.00 —
025 o

©)

O

A=1.0,d/h=025A=1.0,d/h=0.50, |5
k=523 k=3.03

2.0

kr, FEA/kr, eval 10 A=6.0
T T T T T T T T T
Design equation for fixed support
Ly ke =8.98(1 - d/h)
sr FEA ]
Polynominal Pin Fixed

o] [m

Linear

10} >
O 2 FEA results
dih 4
A=5.0,d/h=0.25, k.= 4.86 0.00 —
5 N AT
O Née?; (l):i gi(s) : 2 Design equation for pinned suppo S
T 0.75 o ke=5.34(1 - d/h) N
4=5.0,d/h=0.50, k.= 3.02 K s R %0 02 04 06 08 dh
Fig. 4 Buckling modes of single- (a) krvs. A (c) Fitness of Eq. (2) for k; Fig. 6 Convergence value of buckling

holed plate under pure shear (Pin)
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Fig. 5 Buckling of single-holed plate under pure shear (Fixed)

coefficient of plate under pure shear
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i 3 &K, 1 XA X 230 ZLUFISRL, Fig. 6 FUZERTRT,

Polynomial regression analysis (Pin)

Keonvpin = 10.63(d/h)* —14.15(d /h)* —0.53(d /h) +5.34 3)
Linear regression analysis (Pin)

keonv,pin = —4.68(d /h) 4 5.34 “
Polynomial regression analysis (Fixed)

Keony, fixea = 14.86(d /h)* — 18.02(d /h)* —2.84(d /h) +8.98 (5)
Linear regression analysis (Fixed)

kc(mv.fixed = 7796(d/h) + 8.98 (6)
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Fig. 7 Proposal evaluation formulae of plate under pure shear
k k
20 T T T 20 T T T
eil/h e/h
dih - 22 else dih - 22 else
15k 0.00 — 1 sk 0.00 — 1
025 o e 025 © e
050 © e 050 © e
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10F 1 10 1

0 . . 0 . .
0.0 0.5 1.0 15 ei/h 00 0.5 1.0 15 eh
(a) krvs. eilh (b) krvs. e2/h

Fig. 8 Buckling coefficient of single-hole plate under pure shear (Pin)

O O k=501

e’h=1.0, exh =3.0,d/h=0.25, k. =4.73

el/h=e/h=1.0,d/h=0.25

©

el/h=3.0,e/h=3.0,d/h=0.25, k. =4.71
Fig. 9 Buckling modes of single-holed plate under pure shear

o max 2.92 N/mm? min -2.92 N/mm? o max 2.58 N/mm? min -2.58 N/mm?

oy max 2.84 N/mm? min -2.84 N/mm? oy max 2.59 N/mm? min -2.59 N/mm?

7y max -0.41 N/mm? min -2.20 N/mm? 7y max -0.39 N/mmrz min -2.20 N/mm?
ei/h=1.0, e2/h =3.0, d/h =0.25 eilh=elh=1.0,d/h=0.25
Fig. 10 Stress distribition of single-holed plate under pure shear
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Fig. 11 Evaluation for buckling coefficient of plate under pure shear
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Fig. 13 Buckling of single-holed plate under nonuniform bending (Pin)
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Fig. 14 Stress distribution of plate under nonuniform bending
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Fig. 22 Fitness of evaluation formulae for plate with multiple hole
under pure shear

3 (18) (F I DS SRLAY 7 FL D FEJARBL ko 1TXT L, BEEE T 2 LR
K BRI CR R AREH L o T0d, R dh BETHL
WA EZ ZAUTEICHRIL T OER AR & 7 B 70, MiiD 5
AL ECOHEEZE T e+p 2R 12) D e ITRAL Th 2153,
R (18) DFFFTEIC X 2 XHE % Fig. 22 IS8T, BERGMICK S T
72 dih =050 AT DLAITH L TRIZRWIERIATETW 5, LA L,
JI ISR OB A& dih = 0.75 T 2 SRR o bl 574 9 2 i
ZHY, eh DNSOBEEICHEETH L, 2Dk, LR dh>050 D

LTI 2BRICIZ eh 13D ED 0SS EETE 2 L 2HESET 2,
RIZ, i 2 ARLLDADRE L T 254, fLELED/EA IR

—507 —



TH 5 EBAROBERBROME 2179 . MITIE, 3 2fLoLaIil,
ZREFNDOFIK L d/h =025, 0.50, 0.75 DFLLEILEFE L, LIS
WA D & DFEA LD E TOMMZRE V2 D 0.5 505 2.0 fF %
T 0.25 f5HIFE CHEREIMICEE L 7. EROABEE T2 HOL4A,
B, L, WEOTRTOMADLEZ2RIHNT 2 2 L ZRETH 570,
FREOMEDEEKS00 7 — AFEML T2, Bk 5 AERLOfLoSEAE

L TR EEIAMRONREMN 2R T — F B X OHEERHZ Fig. 23 1278
T, BUICRT & ) ICEBELC £ 203 B A4 U, BHAR I 1
DOfLEEME LTEL TS, i, 2O EREIEL, 2
DEFDOKRE S 3BT 2 LOARLE L OLEy FlcoapEIn
TWw3, 2070, Bl 2R LOAINRET 2 BB L TH,
PRI AL & 7 % fL & Z2 AU BB T 2 AL BLE R AL e » 7o (K
AR AR 2, FLERAYSE U < FLACE DY A7 B 2 BTN & Rk
DFEIC & D HERRE D %2 3l 5 .

Fig. 23(a), (b) 20l & LT, B7% 2 AL DO LA G T 2O 5T FIH %
WESE T %, Fig 24 ICFLRRLEANRAE L TR BGE &, BT 2 2 20D
H 7 BUCFRNT 72356 D JERRAREL & FER € — F O H %2 77 T, Fig. 24(a.1),
(a,2) 1& Fig. 23(a) DFLD ) BT 2 2 Lo B EFITF-ETILTH D,
[FIRRIC Fig. 24(b.1), (b.2) & Fig. 23(b) ZHEIC LTV %, Fig. 24(a.2) IR
€ 7VIZ Fig. 23(a) DR E — P E L OEHRE E L Tw3
73, Fig. 24(a.1) DFEHUE Fig. 23(a) (X L CHEMREDSE <, FEEE—F
bH %, Tibb, Fig 24(a2) ISk o 1z 2 AIMHEDOEHDSKE
WAL, Fig. 24(a.1) IR T 2 FLOMHEMEM O EZ Z LA LEHTE 2
ZEERLTWS, RIS, Fig. 24(b.1), (b.2) 23R % &, Fig. 24(b.1)
DEESHE — P B & OB FREUE Fig. 23(b) L 1Z LA EAMNTH 2, Lk
30T, i AW %320 3 3 DD W 2RO E AT 2D M
JEIZR LT, BiE S 3 2 D O ALOM A 2 558 T U+ I B R
BeRe—FE2IETE %, ¥/, 3 DL Lok L 22L& i 72 B
b, RREDFUHADEEIIC L, BiE L LB IR T 2 Lo
BEICH L UMK, BET 2o B oaZERTIUI T TH .

DLEofshic X b, EROLO%, FLELE LG T 2 8EASUHT LT
b3 (18) DARIIARE % F > 72 FE I AR BGTAM & ARk O FIEIC & D AR
Bx i cE 2, Mg AWIEH %2 2 FLRLE DM 2 LR o JE
JEFRBDFHIT 7 @ — % Table 2 IZIRET 5. fLO¥ % o, IS i FHH
Dflz Hi & L, fLHACBT 2 &R THRATIC i 2/ L TERT. B
JEEWD 2 DDIUCE o THEL B 2 Lidh I L 2B E 2, &£
HoOR%ZET INOMERE— FE2IKET 5.  DMERRE k. 25 (12)
723 13) ZHCTHERIT 5. Xig, HiIKB#ET 2220 TH 5
Hit & Hia DL pim, diny, iy din, 2 T, fLH A DB IZ 5 2 % B
BAZNZNOE L U TERERE Gy Grgn Z KD 2, 7720, Hi S
UfL DB (=1 orn) IIEFH HICHLOHEEL B TER VLD, pus=
Droign =08 U, G =Guign=1 £ 725, ¥z, d<di ODEAEITIE, Hi WS
Hi ICH U CERMICEE T2 2 3w 2B EZ, Gin=1LT
%, FRRIZ, di<di DA Gi=1 ET 5. Gy Grign DI BAINE
W HNAT, MR ET 2L H BT 2 FER IR ke % ker = min(Ge,
Grign) oot TRD BN D, ZOFMEZL2TOLLHATK LTIV, ks DR
Ml e B DR IRRE ke & T 5, ZDBRIC, T/ME & U 72 RBD
WAF i 22T UL, oo i FHOAE THEIEATEINC 2 5 &
HRlcE S, £, AL kD) L2 BFHIEODZSIEL 2 X
- FOMEERE L EHE— F285 2 L TE S, Fig 23(b) ZXHR

—508 —

o OO OO0 o
(@) k:=3.16 (b) k:=3.65
O o000 O (Do O O o
(c) k:=4.05 (d) k:=3.46

Fig. 23 Buckling modes and coefficient of plate
with various hole arrangement and hole diameters (Fixed)

o O O QO
(al) k=487 (@2) k=316
O O O o
(b1) k=365 (b2) k=487

Fig. 24 Effect of hole size on buckling modes and coefficient
various hole sizes vs. uniform maximum hole size (Fixed)

Table 2 Calculation method of buckling coefficient of plate with
various hole sizes and arrangement

l l ‘ ) ‘

| | | | |

| | | |

I Hi Hz ﬂ 3 Hn-l L Hx
D Y . S

: | | |

| | | | |

T T T T T

p D | p2 1 p3- " Dn2 | Pl P

kst kes2 kesy et kesn

(1) Calculate ks, using Eq. (12) or Eq. (13)

‘km, Eq. (12) or (13) ‘

(2) Calculate k:; for each 1 <i<n:

times min({isesr, Giright)
ks ki

1

Giter =1-0.5(di—1/pi-1)’ —0.5(di—1/pi-1)’ ‘ Gy G Eq. (19), (20) ‘
(19) )

Czl,righr =1-0.5 (d,'+| /]?,')3 —0.5 (d,url /]7,')2 ‘ Jeei = min(Gses, GorighYees ‘
(20) i

(3) Calculate ke : Ko = min(kes.t, ke, .., Kesr) ‘

kr,m = min (krAl 7k1,2; e 7k1:An) (21
end

ks - Buckling coefficient assuming plate contains only H; hole
ki : Buckling coefficient assuming buckling is dominated at the H; hole

Eval. kcevar = 4.07, Hidomiane = Ha

tstmode | () O O O | FEA oppr— 405, Hogmon — He
= Eval. kiovar = 4.08, Hidomians = Hs

2ndmode | (D O O O | FEA korss— 424, Hommn - He
Eval. keova = 4.64, Hidomiam = Hi

ddmode | () O OO O | Ega kopss—4.78, Hosomion — Hi

Fig. 25 Evaluation for buckling coefficient and modes of plate with
holes of various size and arrangement (Pin)

EL, 156 3RE— FF oI & 2 ERFBEHTEE L O FEA
12 & DB U2 BEERELZ Fig. 25 (2R T, Table 2 129E o 72 FEJR R 5 D
Sl TR CHEE € — R &2 T E, FLALE AT R 2 BN o L 1R
KERBEL CFHiTETW 3,

REE O EE R R BGTHN T 2T OFLAE TOERE — F2KEL T
V2 % 7 RS IR R B R Bl T & 228, FLOBDRIIZHEVE K D
AIEAET 2 Fig 23,24 IR T & 918, HEAMDOBERIX, 13EAL
DHFERH RKE VAL TXEMN E % % 2 & 2EETISEEAKRD
JERR R AR DB 2 3 TES, BREOIMEEZET D
ATaETIUZL, Table2 WD ks 1IZ2THL WD, DERAME Goin 2
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2. Lo T, flig AW % 32\ 2 85 ALK O P R 8 % il 2 11
H(22) TRDHLIENTE S,

kr,m = [1 -0.5 (dnwlx/l"min)3 —0.5 (dmax/Pmin)z] kr‘s (22)

4.3. IHFEMITERTLEHRAY T TOERRE
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BT OMENZ 3.1 fiOHALY = 7O LRMTHD, 75V
ERL 2 E— LRS- T, NEFMFISIICH 2 H W R
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BaRHT 5. Fig 26 ICAHEIT %% 2 @AY = 7 OB R
AT, KHPIZERT =20 D, HMETy=1.0 DAHFEMFE2ZIT 2
RO DO YAy = 7 DPEIEAREEHI 2 (17) 2 7397, Fig. 26(a), (b) ([ZR
JARKMS R S NG E 0B LD, Hiflioie AWIEh 2521 58
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Bz 2 LML oBsRic X 0, FLFAOIG ST O T msHllTE o
JEFTN 2 DA L T\ 5720 ThH 5. Fig. 26(c), (d) D A E L FF

NGOV T, FIARMSR NG E6 LRROHINEZH T 5.

L7 T, #id AWIE %2\ 2 HEFR DG A L Ak, FH%
i f %2 324) 2 8Ly = 7 O FIEREETHIIRIC, p/h S U 7R %
L2 LI TREEMT 2RI 2EHAT = 7 OBERRE DT
filiz sk 5. REEHIFE2ZT 2L AMIECHDXRNTHS 2 &
EHEEL, Mo AW OBE L IF UGS E v, =% 5%
ET 5. AEFEMTF 22T 2 8B = 7 OEBABEHTA & LTk
(18) 2 P89 5. R D ks IZAGHIT 2RI 2 8L = 7 OPEHR
Wi cd 2R (17) 2RI T 5.

ke = [1-05(d/p)* 0.5 (d/p)? | ke = ke (P9 18)

K (18) & FEA DFEROXIE% Fig. 28 (2R T, ¥ AWHITIG I o D
fliic & b = 7 OBIEREREIE € — Fidln 8 & flny e AW, A
WIELCX 392 2 EWTE S, KRl & fing ¢ AWE % X 5§
o =1/6ZBHHRTRL T2, MIFEAWEITSH S a> 1/6 DHIFH

TR d/h 1B b & TR S 2 sl Y I Bl c E T 5, L
L, HFISHDEEEIE IN LTSRN E % % a < 1/6 T, a DIED
ICRERNTHE SR 2 K & CLAMNCETE§ 2 I 5. Ri< d/h =075
TIFFHIHR (18) 12X g 2 AR E V>, Fig. 29 Icflil i FIs %3217 2
WA 2. 0 FAFLAR D PR JEAR B2 R 9. Ml ST 3 2 BT AR ks
ThD, K& APHEMSZ R OB d/h < 0.60 FREE, FHARIE FF

DA d/h < 0.40 FEE ORI T, #MTAWICHEZZ T 254 LR
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Fig. 26 Buckling coefficient of plate with multiple same size hole under nonuniform bending
(a) 2= 8.0, e/h =3.0, plh=1.0,7=20,f= 1.0, ke = 2.25 (b)2=8.0, e/h =3.0,plh=1.0,7=1.0, f= 1.0, ke = 1.97 (€) 2= 6.0, e/h = 2.0, plh = 1.0, 7= 1.0, f= 1.0, ke = 2.08
(d)2=80, e/h =10, plh=3.0,7=2.0, f= 1.0, kr = 2.42 ()4 =8.0, e/h=1.0,plh=3.0,7=1.0, = 1.0, ke = 1.84 (H2=6.0, e/h = 1.0, p/h=2.0, 7= 1.0, f= 1.0, k= 2.14

Fig. 27 Buckling modes of multi-holed plate under nonuniform bending (Pin) d/h = 0.50

ke, FEAlkz, eval ke, FEAlkz, eval
2.0 T 2.0 T

plh
d/h 075 10 15 20 25
0.25

T T T T T
N

plh
d/h 1075 1.0 1.5 20 25
0.25 v

|eezengma,
'y

d/h<0.50  d/h=0.75 d/h=0.50 dih=0.75 d/h<050  dh=0.75 d/h<0.50 d/h=0.75 )
0.5 F'\ean 103 Mean : 1.38 Mean:1.00  Mean: 1.00 1 05 Mean: 1.05 Mean: 1.66 Mean:1.00  Mean: 1.17 ] 10k o]
C.V.:0.12  CV.:030 C.V.:0.085 C.V.: 0.13 CV.:0.13 CV.:026 C.V.: 0075 C.V.:0.08 o 1.0
- 16 - 16 s 20
o= “= o 30
0.0 . . . . 0.0 . . . . 0 . . . .
0.0 0.1 0.2 0.3 0.4 a 0.0 0.1 0.2 0.3 0.4 a 0.0 0.2 0.4 0.6 0.8 dlh
(a) Pin (b) Fixed Fig. 29 Buckling coefficient of plate

Fig. 28 Fitness of Eq. (18) for plate with multiple hole under nonuniform bending

with single hole under pure bending
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FEA kerea = 3.71, Hidomian = Ha
Eval. keevar = 3.70, Hidomian: = Ha

Pin O oo O

FEA kerea = 3.45, Hidomiam = Ha
O ol O O Eval. kcevar = 3.69, Hidomiane = Ha

Fig. 30 Buckling modes and coefficient of plate with various hole
arrangement and diameters under nonuniform bending

Fixed

Boundary conditions

Xy z 0 : free
0, 0, 0. 1 : fixed

 M2=(1-HM) Points

111
R} | )

Section properties fw =5 mm
h =300 mm

Matreial properties £ = 205000 N/mm?  Analytical range B =50 ~ 150 @50
v=03 Blitr=4~10 @ 1

Fig. 31 Analysis model for buckling of I-section web with hole
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Fig. 32 Buckling coefficient of single-hole web of I-section
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AKX D FEA ISV 7 TV OERFHO—B% Fig. ALITRT, B S
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300 mm

A P
Sides AB, BC, CD, DA, P:Ps, P+P;

: Meshed at 5 mm intervals
(60 devisions at each red lines)

Hole edges @,T’Zﬁ,m,@ . 60 divisions each

Sides P1Ps, P2Ps, P3P7, P4Ps : 30 divisions each
Fig. A1 FEA model of perforated plate
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