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FE Analysis on In-Plane and Out-of-Plane Buckling of Steel Beams
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Abstract - In this paper, a FEM is newly presented for flexural and lateral-torsional buckling (LTB) analysis of an externally
pre-stressed (PS) steel beam having multiple deviators. Firstly, total potential energies of a PS beam are presented depending on
the number of deviators. After that, a FE formulation is developed based on the proposed total potential energy for three load
cases having discrete un-bonded and bonded deviators. FE solutions for in-plain and out-of-plane buckling analysis of simple
and cantilever PS H-beams are presented according to increase of deviators. Finally, it is demonstrated that the FE solution by
this study is very well matched with solutions by commercial FE program.
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Fig. 1. PS beam under prestress and external forces
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+ Cantilever beam (CB):
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Table 1. Internal force of in-plane behavior

Load case H, H; Fl M3 F2
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Fig. 6. Full FE modeling of PS beam
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Table 2. Material and geometric properties
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Tables 4-501 PS 73A| Hof| tigt M 2 H Q| F=-2 kY
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Bol= kg2 LC19) gt AW =27 50llA] Fig. 3(a)
of ZA|H v} Zo] |- HA glo] BA 9 =S
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Axial Axial Flexural rigidity | Flexural rigidity Torsional Warping Eccentricity| Width
Beam
lenoth rigidity rigidity of beam of beam rigidity rigidity of of double
& of of with respect to | with respect to of of tendon tendons
l : ;
i) beam tendon strong axis weak axis beam beam e b
EA EA. El EL GJ El, (mm) (mm)
12.000 206 GPa x | 206 GPa x 206 GPa x 206 GPa x 79.231 GPa x 206 GPa x 220 100
111,700 mm?| 1,257 mm* | 1.989 x 10° mm*|6.750 x 10" mm*|7.750 x 10° mm*| 1.371 x 10"> mm°
300 )
1 Table 3. Calculation of Cp and Cy
15
300 z Cr Cu
->| |« 10 Ho
e=220 (kN) FEM by Use of FEM by Use of
Deviator this study Eq. (8) this study Eq. (8)
Tendon ot o 200 0.076076 | 0.076076 0.98451 0.98451
Fig. 7. H-beam section with double tendons 400 0.076135 | 0.076135 0.98527 0.98527
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Table 4. In-plane buckling prestressed forces of PS simple/

cantilever beams (H.,, e = 0 mm) (Unit: kN)
FEM by this study ABAQUS
Specimen Simple | Cantilever | Simple | Cantilever
beam beam beam beam

H-DEVO0 2,814.3

28143 | 28106 | 28106

H-DEVI | 11,257

11,257 11,242 11,242

H-DEV2 25,329

25,329 25,295 25,295

H-DEVS 101,318

101,318 | 101,178 | 101,178

WL} 17, 2740] PS AL 22 gL WP
7} Qi 790 Hlsko] 2kt A ) 3ul, 64 A A=, 2
7)ol OJ3t PS BAR | HF51HL MYO| 571 5
4 G435 57FhS st S5, Table 404
BAl0] Qs 714o] ofat A HESF(H, e = 0/ T
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YA TS ERlstirt E3], "7} 171, 270, 5702 S7F
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(a) 1st mode of H-DEVO (b) 1st mode of H-DEV1
(single tendon, H,,=645.12kN) (single tendon, H,,= 1,917.5 kN)

Fig. 8. Buckling mode using ABAQUS
6.3 27] 21734 PS ZA| R H= SF(LC2)

Table 69]| 4 BlE 9] 7] 71%2)(H,) 2] ¥Hslof -2 <
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Table 5. Out-of-plane buckling prestressed forces of PS simple/cantilever beams (H,,, e =220 mm) (Unit: kN)

Single tendon

Unbonded double tendon Bonded double tendon

Specimen

FEM by this study

ABAQUS

FEM by this study ABAQUS FEM by this study ABAQUS

beam

Simple [Cantilever| Simple
beam beam

Cantilever| Simple
beam beam

Cantilever| Simple [Cantilever| Simple |Cantilever| Simple [Cantilever
beam beam beam beam beam beam beam

H-DEVO | 646.59 | 701.47 | 645.12

697.29 | 712.02

776.88 | 709.92 | 77432 | 712.02 | 776.88 | 709.92 | 774.32

H-DEV1 | 1,924.7 | 2,016.9 | 1,917.5

2,006.5 | 1,924.7

2,041.2 | 1,916.9 | 2,118.9 | 2,079.3 | 2,191.9 | 2,069.9 | 2,181.2

H-DEV2 | 3,821.1 | 3,914.9 | 3,795.1

3,883.4 | 3,845.5

3,939.5 | 3,818.2 | 3,907.3 | 4,101.2 | 4,221.1 | 4,068.5 | 4,183.9

H-DEVS5 | 13,750 | 13,835 | 13,396

13,461 | 13,750

13,863 | 13,394 | 13,500 | 14,684 | 14,801 | 14,268 | 14,372

Table 6. In-plane buckling loads (P, e = 0 mm) (Unit: kN)
Simple beam Cantilever beam
. H, =200 kN H, = 400 kN H, = 200 kN H, = 400 kN

Specimen

FEM by FEM by FEM by FEM by

this study ALERQIE this study ALEEQILE this study ALERQIE this study ALEEQILE
P-DEVO0 2,829.6 2,890.1 2,613.3 2,668.6 675.08 676.70 635.01 636.54
P-DEV1 2,817.0 2,823.7 2,778.5 2,785.0 696.16 695.74 685.97 685.54
P-DEV2 2,815.6 2,816.1 2,797.8 2,798.4 700.25 699.43 695.70 694.88
P-DEV5S 2,814.8 2,811.3 2,808.1 2,806.8 703.58 701.67 703.57 700.53
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Fig. 9. Out-of-plane buckling load (P.,) of simple beam
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Fig. 10. LTB moment (M,,) of cantilever beam

Table 7. Out-of-plane buckling loads (P, e =220 mm) (Unit: kN)
Initial prestress H, = 200 kN Initial prestress H, = 400 kN
Soeci Sl o Unbonded Bonded Sl o Unbonded Bonded
pecimen double tendon double tendon double tendon double tendon
i sty BAQUS i sy ABAQUS i Sy ABAQUS) g5 | ABAQUS 5 0 1 ABAQUS| - 3 i ABAQUS
DEVO| 797.93 | 79539 | 949.98 | 946.15 | 949.98 | 946.15 | 486.23 | 483.42 | 637.83 | 633.74 | 637.83 | 633.74
SB DEVI1| 927.48 | 924.75 | 1,069.4 | 1,065.9 | 1,069.4 | 1,065.9 | 883.02 | 880.69 | 1,027.4 | 1,025.5 | 1,027.4 | 1,025.5
DEV2| 941.52 | 939.21 | 1,081.3 | 1,077 | 1,102.3 | 1,099.3 | 922.66 | 919.9 | 1,062.9 | 1,059.4 | 1,083.9 | 1,080.8
DEVS5| 950.13 | 947.02 | 1,089.1 | 1,086.4 | 1,123.5 | 1120.9 | 945.53 | 942.77 | 1,084.6 | 1,081.6 | 1,118.9 | 1,117.7
DEVO| 198.6 | 199.43 | 235.77 | 234.85 | 235.77 | 234.85 | 140.44 | 140.8 | 180.94 | 180.23 | 180.94 | 180.23
CB DEV1| 228.76 | 228.15 | 263.62 | 259.39 | 270.85 | 270.48 | 217.58 | 218.36 | 252.54 | 2552 | 259.82 | 261.2
DEV2| 234.07 | 233.67 | 268.81 | 268.45 | 277.44 | 273.24 | 229.33 | 229.18 | 264.11 | 263.14 | 272.72 | 271.99
DEVS| 237.22 | 236.93 | 271.91 | 27591 | 281.39 | 288.39 | 236.07 | 235.85 | 270.79 | 271.61 | 280.24 | 283.25
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Table 8. LTB moment of PS beams (M,,, e =220 mm) (Unit: kN-m)
Initial prestress H, =200 kN Initial prestress H, =400 kN
Sinele tendon Unbonded Bonded Sinele tendon Unbonded Bonded
Specimen & double tendon double tendon & double tendon double tendon
FEM by FEM by FEM by FEM by FEM by FEM by
this study AIERQIUS this study BRI this study AIERQUD this study AIERQIUS this study BRI this study AIERQUD
DEVO| 287.34 | 286.68 | 312.76 | 311.95 | 312.76 | 311.95 | 283.15 | 282.49 | 3133 | 31241 3133 | 31241
SB DEVI1| 296.82 | 29597 | 326.69 | 325.82 | 326.69 | 325.82 | 304.04 | 303.14 | 337.48 | 336.54 | 337.48 | 336.54
DEV2| 297.71 | 296.81 | 328.18 | 327.28 | 331.06 | 330.52 | 305.65 | 304.66 | 339.8 | 338.81 | 343.47 | 342.19
DEVS| 298.21 | 297.25 | 329.18 | 328.33 | 334.23 | 333.71 | 306.51 | 305.57 | 341.33 | 340.4 | 346.95 | 345.99
DEVO| 124.84 | 125.6 | 138.37 | 138.1 | 138.37 | 138.1 | 119.09 | 117.6 | 136.26 | 135.85 | 136.26 | 135.85
CB DEVI1| 131.54 | 127.39 | 144.46 | 14473 | 146.46 | 146.45 | 134.56 | 135.67 | 149.58 | 147.53 | 151.73 | 151.2
DEV2| 132.62 | 132.56 | 145.54 | 144.89 | 147.9 147.81 | 136.58 | 135.43 151.6 | 151.44 | 154.1 154.32
DEVS| 133.24 | 130.37 | 146.18 | 145.86 | 148.76 | 149.11 | 137.69 | 135.38 | 152.74 | 152.01 | 15546 | 1553
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