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Tensile bearing capacity and design method for steel-aluminum
hybrid gantry flange connections
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(1. School of Civil Engineering, Chang’an University, Xi’an 710061, China; 2. Shaanxi Electric Power Design
Institute Co., Lid., Xi’an 710054, China; 3. Jiuye Construction Co., Ltd., Xianyang 712042, Shaanxi, China)

Abstract; To investigate the tensile bearing capacity of aluminum alloy flange joint of steel-aluminum alloy hybrid
gantry, seven full-size flange specimens were designed considering the thickness of flange plate, the number of bolt
and the bolt edge distance. Firstly, the failure modes and the variation laws of bearing capacities of flange joints
were studied by axial tensile test. Then, based on the test results, a finite element analysis model was established
to analyze the effects of stiffened plate thickness, screw diameter and tube wall thickness on the bearing
performance of flange joints. Finally, based on the test results and finite element analysis results, the calculation
theory of aluminum alloy flange node bearing capacity was proposed. The results of the study show that the damage
patterns of the specimens can be roughly classified into three categories: fracture of the weld between the aluminium
alloy stiffener plate and the flange plate, fracture at the weld and the heat-affected zone of the joint between the
aluminium flange plate and the aluminium tube, slight deformation of the flange plate, dislocation of the aluminium
tube, and large deformation of the aluminium alloy flange plate and entry into plasticity. The load-displacement
curve can be roughly divided into elastic stage, elastic-plastic stage and damage stage. When the thickness of the
flange plate was increased from 10 mm to 14 mm and 18 mm, the ultimate load increase by 66. 7% and 76% ,
respectively, and the ultimate displacement decrease was 14% and 15% , respectively. When the number of bolts
was increased from 4 to 6 and 8, the increase in ultimate load was 89.4% and 124. 5% and the decrease in
ultimate displacement was 38. 2% and 44. 2% respectively. Increasing the bolt margin parameter from 0. 75 to

0.875 and 1.0 resulted in an increase in ultimate load of 10.3% and 20. 1% , respectively, with little change in
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ultimate displacement. The finite element parameter analysis showed that the stiffener plate thickness, bolt diameter

and round tube wall thickness had no significant effect on the nodal load capacity. The proposed design method of

the aluminium alloy flange node, which takes into account the strength attenuation in the heat-affected zone of the

welding of aluminium alloy material, can provide a reference for the design of steel-aluminium alloy hybrid gantry.

Keywords: steel-aluminum alloy hybrid gantry; aluminum alloy flange joint; tensile test; mechanical properties;

bearing capacity theory
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Fig. 1 Steel-aluminum alloy hybrid gantry diagram
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Tab.1 Parameters of specimens mm
B 4 R RS B AR
KP4 BT
Ly i D n € € n dy
FLI 14 379 6 40 40 1.0
FI2 10 379 6 40 40 1.0 a=110
FL3 18 379 6 40 40 1.0 b=60
Fl4 219 10 14 379 4 40 40 1.0 20 =13
d=30
FI5 14 379 8 40 40 1.0
=30
FL6 14 359 6 40 30 0.75 ‘ .
t, =
FL7 14 369 6 40 35 0.875
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Tab.2 Mechanical properties of different materials

R RN Ji I3 E £,/ MPa BLhR B f,/MPa PR E/MPa R 6/ %
Al-1 250.25 290.91 71 593 10.21
Al2 245.93 289.35 69 859 11.95
BAE
Al3 247.59 290.38 69 108 11.03
I 247.92 290. 21 70 187 11.06
S-1 287.01 461.16 191 626 29.15
S2 300. 87 466.53 170 281 29.380
WAF
S3 281.47 449.61 192 646 29.55
THE 289.78 459.10 184 851 29.50
R A — 452.50 715.80 200 000 —
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Fig. 18  Constitutive relation curves of material

3.3 EBVIIE
3.3.1 fag-fithsk

A BRITH W A5 3 B £ 28— 00 78 M 42 5 il 4 2R
XTECAnE 19 fis /AR th, —E W& B AT AR T
HIRZEEI AN 5.9% (W3 3) . Bl w) dh NI
JEEI R TR i 2, 28 B0 R B 48L ol 28 76 o 2840 0 Ak
I B A X ] fig A SR TR P AR
PR A s B AR Ak, AU R ST LI 5 B8 AT Y
V) ., o Ao BB A 1 5 g %o 4 a5 ) O 8 T 00 2R 1
Ko AW, 24 RTE R A 2Nk 22 K 8k

AE A TIOR8 A WA 1
3.3.2  MANAFREIRIE A

120 2k 3 P R SR A BR T I )
=, ATLIE I FLL AR SR T (5 N AT I
J17 e SRR N AMINRZ JI AN ST R sz il B g R)
ik 7R A2 45 RN 7, B 22 Bk BB 7 A BRI 2546
IEFFRER ARG Ak 22 R — i R iR & IR, 1 54K
22 AR R DX I, F7 415380 33X iR e 45 SR AR —
B, FL3 BRI Tk 2R, R A & A A8 A
S ISR [ KL A% K A XN B i T A X



552 ]

Bii, &5 - A e A AT AE 2 R PTRDR B RE S BT ik

- 53 .

R, e ek A TR, X S B S A AT
FLA BRI Rl B 7 B9 PE TR, SR ik 22 e n

ENAAE AT IT L R, T AR DXIRUA N % A 455 A

B X SIS, ZARE T
A BROCAE TR REAS 5 BHS I 3 22749 SR RRAIE

600 400 6001 .
]
500 500
400 300) g 400
& 300 & 200} & 300f
Iz Iz 7
= 00t y e / € 00l )
Look 7 — R 1001 — W% 100k A%
—HRIT — HMRT —HRT
0 5 10 15 20 25 30 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30
HLF5/mm ALF5/mm L% /mm
(a) FLUIR (b) FL2iA 4 (c) FL3i
700 5001
o0 . P
s50l | 600 | 400}
500 r
Z 200 z Z 300f
ﬂ,\ﬁ 2400+ Fﬁ
150} &) I
iz = 3007 iz 200
100 | [
sol — R 2001 — R 100 —— R
ol ! —~ AT 100/ —~ AT of —~ AT
50 5 101520 25 30 35 40 45 0 5 10 15 20 25 30 0 5 10 15 20 25
AL /mm AL /mm AL /mm
(d) FL4i fF (e) FL5F (f) FL6RF
600
500
E 400 +
#& 300}
=
200
T6a L —— A%
i —~ AT
0 5 10 15 20 25
fr#%/mm
(g) FL7iR 4
E19 BREMRETHR-CB LTt
Fig. 19  Comparison of load-displacement curves between finite element and tests
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Tab.3  Comparison of finite element and test results
S R0 TR i 2% TR R fr 2 B IT i M for % BRI B A 3 B i 2 15 2
KI5
Ny,T/kN N, +/kN y,num/kN — (Nor =Ny um )/ Ny um” %
FL1 479.4 546.9 468. 4 536.2 2.0
FL2 274.5 328.0 254.8 348.5 5.9
FL3 487.7 577.4 479.2 573.2 0.7
F14 258.1 288.8 264.2 295.7 2.3
FLS5 544.5 648.5 550.3 673.8 3.8
FL6 390.2 455.2 402.9 450.8 1.0
FL7 431.8 502.1 436.8 514.9 2.5




- 54 - T S N AP NI %58 &
(c) FL4
E20 SENK IR
Fig.20 Comparison of failure modes of typical specimens
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Fig.22  Von Mises contact stress distribution on the surface of aluminum flange plate
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Fig.23  Von Mises stress distribution for bolts
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Fig.24  Von Mises stress distribution on Al alloy stiffeners and welds
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Fig.25 Comparison of finite element analysis results of different

flange thicknesses

3.4.2  JnEhRJEREE

TEJ RS5O L el n Sh AR )5 75 2]
H e 2 - i A Hh£R AN 26 Firon, RTLAE 1 Inshi
JERZH 6 mm 3 KZE 8 10,12 mm I, 57 iR R A 2%
F15r K 3.5% \5.4% F19. 6% , NSNS BE RS Tin
XoF T 49 s AR 2 7 B A T BE AR X AN X AT g
FEL SRR TR A £ 14 K HGE m X B, R
AT SIS R R T 4 /0 B T 2 A TR RN S AR
BBl 8 P DX TR, (A 5 AR 2 T B 5y, 1 ik
H A TS BRI SRR iR G A sk
R A2 DX ATH AR SRy il A4 1 32 SRR, i £ Al =
JE K0 i 0949 SR 2T B TR AR aE G

M) X st B IR BE 5 0 A 45 E T, DAL 8l il 52 8
PORFHEVIRE Wik A E N TE
600
500
400
g
& 300 )
& V4 —=—¢=6 mm
200 | y.a ——t=8 mm
’:,':' —s—1=10 mm
100 7 —~—t=12 mm

0 5 1|0 1I5 2|0 2|5 3|0
AL /mm
E 26 AEMEEEEGRTHHTERTLE

Comparison of finite element analysis results for
different stiffened plate thicknesses
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Comparison of finite element analysis results for different
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screw diameters

3.4.4 [AIGEREJE

TEJRR A S B R L 20E B 48 RE )R 5 A5 21 1Y
- R L an &l 28 Fron, W LA Y, R4S RE
JEH 6 mm B E 8,10 .12 mm A, 15 LA BRARZR 1
I HIRTE 6.2% 9.2% F19. 8% , Wi BRA #2433 A%
30.6% 65.3% F1 72. 3% , 3 W[5 45 BE JE X617 A 4
FRR 2 7 B3 TV AR A R AR X AR BR A % 7 A=
TR E L A Y R BB I B I A R R
T S A, R A RE SR AN Y S AR

RIS R, —E R B AT R $E71 (H
TRTHRBEEARE, P, SChR TR, £E3 2 ]2
SRS, WA 58 B SR P o 7 45 BRAY TS LN

600
500 e
400
<
& 300f
= —=—¢,=6 mm
200 77/ —— ¢=8 mm
i —— =10 mm
o
100 (¢ —— =12 mm
I 0
0 10 20 30 40 50 60 70 80
fr# /mm
E 28 ARBEEEEFRTITERITL
Fig.28  Comparison of finite element analysis results for

different tube wall thicknesses
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Tab.4 Comparison of test and finite element analysis results with results calculated by specification suggested formula

- 2 MU e B 7 2 Ji IR & FA A A X (N~ N )/N.S% BIEREL

t;/mm N,/kN N,/kN N, /kN : ’ a=N/N,
FL-1 8 218.8 178.2 71.6 59.8 2.489
FI2 10 328.0 274.5 111.9 59.2 2.453
FL-2 12 443.5 365.2 161.1 55.9 2.267
FLI 14 546.9 479.4 219.3 54.3 2.186
FL-3 16 551.1 483.3 286. 4 40.7 1.688
F13 18 577.4 487.7 362.4 25.7 1.346

I 4 AT B A R AE SR B/ Tk
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Fig.30 Round pipe rigid flanges yield linear shapes
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Tab.5 Comparison of bearing capacity predictions based on yield line theory with experimental and finite element results

- AR e B 7 2 Je MR 2 e AR (N, — N, )/N./% BIEREL
t;/mm N,/kN N,/kN N, /kN : : a=N,/N,
FL-1 8 218.8 178.2 153.0 14.1 1.165
FI2 10 328.0 274.5 239. 1 12.9 1.148
FL2 12 443.5 365.2 344.3 5.7 1.061
FLI 14 546.9 479.4 468.7 2.2 1.023
FL-3 16 551.1 483.3 612.2 — —
F13 18 577.4 487.7 774.8 — —




.58 - R

[N AN

5558 4%

LRGBS R 2 A FRAE B E N 14 mm,
14 mm LR A3 22 Mg SCOA A L 22 4, 14 mm DA
gk = AOE SRR 2,

MR 1, <14 mm B}, B R ER S BT HER /D
FIMREE T, H%EGAMBIERE o, RIEIES
oA IR B (B IE J5 A B E 2/ F s IR 3% 71 JF
T & 95% HYREA, )

a=p-1.6450 (6)
Kfu HETHEARBE, o WEITFEARFRIEZ

HHEAFNBEIERE o =1.002, THBIF, £
HH R PG ) XX 35 22 AR R B 4 W A S
Gk 2RI IE AN i, 2K (5) BRAS AR 4 M i
DR 225 SRE T . SHRIERT 14 mm B, #
WAE R T 45 2R, AN 2ok, X RIS
R (24 ] v H J Al 2 BEAS HE T 1 AR B B 17 T T
AR 2T S B Rl R R

ZE b AR A AR 2N R 2R T B N A b
MR VTS ASE &, etk X (5) #E T E %1t
oA RN EN (1, > 14 mm) |, W IR (3) HE4T

=6

[N
4.2 fnEhtR
MRIEHLIE ) IR R oA X ITE
1ER 77
_5Np.e

o= sy (7)
Loe)
Nb
T = tmax S‘f- (8)
hsts !

Xrfree S Ny B9 DRCBE b, S A & EE e, SR m
RIZIE f o SR BLRR I f, ARG &
FORH BT BT 5K

B
R’
NLT — nt.af;mn s (9 >
Se
NT = ntsfminhs ( 10)

I BB AGE HIME, R 6.7 i T AN [F R
RS NSRS B RURET 5 R B L

ETENAFEZABRNTEERSKBMERTERILE

Tab.6  Comparison of flange bearing capacity predictions based on the normal stress method with experimental and finite element results

RS BB NN IR NN R ARIHE NV, kN (N, =N.)/N,/% BIERB a=N/N,
FLI 546.9 479.4 188.8 60.6 2.539
FI4 288.8 258. 1 125.8 51.3 2.052
FLS 648.5 544.5 251.7 53.8 2.163
FI4 520.0 452.4 141.6 54.3 3.195
FL5 540.0 476.9 236.0 50.5 2.021
FL6 552.7 495.7 283.1 42.9 1.751
R7 BETFHNAZRZAZHERESKENERTERLEE

Tab.7 Comparison of theoretical flange bearing capacity based on shear stress method with experimental and finite element results

Egs  WBUREDI N KN EIRRE) N /KN IR AFITEE N, /KN (N, =N.)/N,/% BERB a=N/N,
FL1 546.9 479.4 237.6 50.4 2.018
FL4 288.8 258.1 158.4 38.6 1.629
FL5 648.5 544.5 316.8 41.8 1.719
FL4 520.0 452.4 178.2 60.6 2.539
FL5 540.0 476.9 297.0 37.7 1.606
FL6 552.7 495.7 356.4 28.1 1.390
XA TR, 6 .7 M BRIS T EAE /N T K f L WG SR RRE A SR
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