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Ultimate Strength Estimation of Ferritic Stainless Steel Single Shear Bolted
Connections Fastened with Four Bolts
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ABSTRACT : The purpose of this study is to investigate the ultimate strength and curling influence using finite element
analysis based on the previous test results of ferritic stainless steel bolted connections. Results obtained from finite element
analysis (FEA) were compared with those of test results and the validity of numerical modeling was verified. The conditions
of curing occurrence for edge/end distance were investigated and ultimate strength reduction ratio caused by curling was
estimated quantitatively. Moreover, the ultimate behaviors such as fracture mode and ultimate strength by FEA were
compared with those predicted by current design specifications such as AISC, KBC2009, AlJ and AISI.
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Table 1. Specimen list and test results
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End | Ultimate Fracture P
. racture
. distance | strength . mode at
Specimen Curling . mode at
(mm) Pe ultimate test end
e (kN) strength
SFAT30E24| 24 | 115.84 | - | Tensile
crack
_ between
SF4T30E30[ 30 125.83 w0 bolts }S_D)}ll(;;};
SF4T30E36| 36 129.36 0 fracture
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SF4T30E60| 60 129.85 ¢}
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Fig. 1 Load-displacement curves of test results

1m
1_{ r
o
& I

a3l ABAQUSE AHSsle], 2ol
(STS430) 23 29 EEATH gt %}Msﬁéﬂtg
FZ3ha, Kim 5790 o4 a9 A7 Fasled, 33
o Agst 5‘”6& AEERE Ui Hoﬂﬂi 1‘4-"414 2
A zA mde] HhS Efjg BEHSE B gk

A-=20 oHnH=2
2 23
= T

=

rﬂJ >1ﬂ

3.1 HER =4d

Fetassid g e 7lsH|AgS nesta, 879 AHE
7H A7AE(Reduced Integration) 84291 C3DSRS 2
S35}, A RdS Fig. 29 o] 2d-S AAsiqit. 2
ol HuWEZ grso] g wAA] Z= HY Yl
A AT @ = e 150mmE st BEQ wt

ol Heire A P AL 7Pske] WEo] wAst
A = 7H 82 (rigid cylindrical body)& @t} YES}
Mo FEENE sl BESY HE I FANE ¥
e F&Eo P nide EE 7 9 30mm 99

< & e 7EeRs ALY deide 3eEet,
FH tisiM= 1.0mm ¥4 27|12 £t

<) 20134 12¢



HEto|EA| ABIQIZIAZ 28 29 YHHEH BEFET| HhHE}

Fixed end

Symmetric axis

.

Bolt:Rigid

Fig. 2 Analysis model and conditions
3.2 M=o

71288Y o dojal Fig. 39 wElo|EA ~H|9lE]A
7H(STS430)9] $Ye-Hge 2HoRRE & 4 9ol
BATS AU 2T E AR HAES Yehys
AL & 5 ok MR AauoleE AgAdH] A
&)

=¢—¢,=In(l+¢,)— (3)

ARG ZRE Qo] el AR, 357
©(F), YRR 59 7144 HAE Table 291 3¢
)

3.3 A=A

Fig. 29| #¥tndle] 20 oz sha, a4
Hs 1eie) 28 29 AN Avt 2 Sl 1-3Wd

AAAZAG ARt} BEQ A BUG A e}
221 A7) el A sk 71EHE AAetal, 2E
3 9 7)&olde BAs| e ska W9l (Ul)
S 5lgeitt.

=

=

rg, Lo p

el

ot

=— =

600 —
/ _\|

500 o
= /,
S 400 <
% 300
7]

200

100 ——Nominal strain-stress

0 mmTr11e strain-stress
0 0.1 0.2 03 04 05 0.6

Strain

Fig. 3 Stress-strain curves for ferritic stainless steel
(STS430)

Table 2. Tensile coupon test results for STS430 material

Plate Young's Yield Tensile Yield

thickness | modulus stress stress ratio ElonEgition
¢ E Oy Ou 03// Ou (%)
(mm) (GPa) (MPa) (MPa) YR (%)

3.0 163.63 304.73| 433.81 70.25 38.00
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Fig. 4 Fracture shape and stress distribution of
test and analysis

Table 3. Comparison of previous test results and analysis

results

Test Analysis Strength

| e |t g 8| P |cunin pia e
SF4T30E24 |115.84| BS - 109.41 BS - 0.94
SFAT30E30 |125.83 BS - 117.03 BS - 0.93
SF4T30E36 |129.36 BS o] 124.82 BS - 0.96
SF4T30E48 |127.79| BS o |122.81 BS ¢} 0.96
SFAT30E60 |129.85 BS O 134.86 BS ] 1.04
Average 0.97
Ccov 0.04
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Table 4. Parametric analysis results

Analysis model e b Ultimate . Fracture mode at Fracture
(Specimen) (mm) | (mm] strength | Curling ultimate strength mode at
P PualkN]) 3 test end
SFAT30B36E24 | 24 104.02 X BS
SFAT30B36E30 | 30 108.77 X N
SFAT30B36E36 | 36 | 36 | 110.30 X Tensile crack N
between two bolts
SFAT30B36E48 | 48 110.92 X N
SFAT30B36E60 | 60 111.03 X N
SFAT30BA2E24 | 24 105.734 X Tensile crack BS
SF4T30B42E30 | 30 113.66 X between two bolts BS
SFAT30BA2E36 | 36 115.47 0 BS
SFAT30BA2EA8 | 48 o 119.14 0 Curling BS
SFAT30BA2E60 | 60 115.91 0 BS
SFAT30BA2E36R | 36 119.99 X N
SFAT30BA2EASR | 48 125.70 X Tensile crack N
between two bolts
SFAT30BA2E60R | 60 130.92 X N
SFAT30B48E24 | 24 106.98 X BS
SFAT30BASE30 | 30 114.8 X Tensile crack BS
between two bolts
SFAT30B48E36 | 36 122.04 0 BS
SFAT30BASEA8 | 48 121.46 0 BS
48 Curling
SFAT30B48E60 | 60 120.36 0 BS
SFAT30B48E36R | 36 122.6 X BS
SFAT30BASE4SR | 48 140.39 X Tensile crack N
between two bolts
SFAT30B48E60R | 60 135.02 X N
SFAT30B54E24 | 24 107.04 X BS
SFAT30B54E30 | 30 115.56 X Tensile crack BS
between two bolts
SFAT30B54E36 | 36 124.2 0 BS
SFAT30B54E48 | 48 125.59 0 BS
54 Curling
SFAT30B54E60 | 60 131.19 0 BS
SFAT30B54E36R | 36 124.28 X BS
SFAT30B5AEASR | 48 139.35 X Tensile crack BS
between two bolts
SFAT30B54E60R | 60 150.54 X N
SFAT30B60E24 | 24 109.41 X BS
SFAT30B60E30 | 30 117.03 X Tensile crack BS
between two bolts
SFAT30B60E36 | 36 124.82 X BS
SFAT30B60EA8 | 48 122.81 0 BS
60 Curling
SFAT30B60E60 | 60 134.86 0 BS
SFAT30B60E36R | 36 124.55 X BS
SFAT30BGOEASR | 48 139.60 X Tensile crack BS
between two bolts
SFAT30B60E6OR | 60 154.01 X BS
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Table 5. Ultimate strength of analysis result and curling

influence
Ultimats Strength
Analysis model 1mate . Fracture mode at Fracture 1en'gt
(Specimen) strength Curling Wltimate strength mode at ratio
Pua (kNJ test end | Pua/ PuaR
SFAT30B36E24 104.02 X BS -
SFAT30B36E30 108.77 X N -
SFAT30B36E36 110.30 X N -
SPAT30B36E48 | 110.99 X Tensile crack N -
between two bolts
SFAT30B36E60 111.03 X N -
SFAT30B42E24 105.73 X BS -
SFAT30B42E30 113.66 X BS -
SFAT30B42E36 115.47 0] BS 0.96
SFAT30B42E48 119.14 (0] Curling BS 0.95
SFAT30B42E60 115.91 0] BS 0.89
SFAT30B48E24 106.98 X BS -
SPAT30BASES0 | 114.80 X Tensile crack BS -
between two bolts
SFAT30B48E36 122.04 0] BS 1.00
SFAT30B48E48 121.46 (0] BS 0.87
Curling
SFAT30B48E60 120.36 0] BS 0.89
SFAT30B54E24 107.04 X BS -
SFAT30B54E30 | 115.56 X Tensile crack BS -
between two bolts
SFAT30B54E36 124.20 0] BS 1.00
SFAT30B54E48 125.59 (] BS 0.90
Curling
SFAT30B54E60 131.19 (0] BS 0.87
SFAT30B60E24 109.41 X BS -
SFATS0B60ES0 | 117.03 X Tensile crack BS -
between two bolts
SFAT30B60E36 124.82 X BS -
SFAT30B60E48 122.81 0] BS 0.88
Curling
SFAT30B60E60O 134.86 0] BS 0.88
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Fig. 8 Load-displacement of analysis results

Table 6. Conditions of curling occurrence with

strength reduction

Bolt array
(row x
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Conditions of curling occurrence

End distance
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Fig. 9 Fracture section line of block shear fracture
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6.1.2 AIJ(2002)"4; 9719 @27
QuAZEE  7|ZdN SRS AISC(2001),

KBC(2009)9] 4} (4)3} $ska, FAgsteist Agsier
e METRa g, 4 (99 vUdeE FYs gk

(a) S, Aahd

714, e, = Min(e,p), ¢  FF7OITE &, ALJ7IZ(Y
Y7, 388 E AAYolY UwEoR 6 & 4,2 X
hellq deAe7t BA5A 13 2Iste 7

Al (e) 13t2 TFHT, pe e BED)
o|t}.

T

(b) E5Advbet
Put = (An,t +0’5Ayu) ° 0-11, (10)

6.1.3 AISI (2007)"%; W7b48 ©a%

P, = (0.1+—)An -0, <A, -0, (11)

Put =€y t- Oy (13)

:BﬁéOl Al A = 7

P,, = Cidto, (14)
SETH] Weo] AAd nE 7+,

P,, = (4.64at+ 1.53)dto, (15)

oA7Id, C (AT, d/t < 10=3.0), o (&S] HSAF,
SIee]) ¢ 0.0394

(@) L2499 @ g8 F Hagh AR AISC(2005)

Put = UbsAntau +06A([L0-1/ (16)
Pu,t = UvbsAntU’u, + O‘GAn’uau (17)

A7, U, & AaAFolL, dt5e] SEER Agsle 7

o= 1002 3},
6.2 Z[CHLi= H]|w

6.1 AAE dgo] AA7IEA S wEeR 7F AA
7129 HoE (74 shdge el WS Hagke HdvE
o2 o33} FAYE|E Table 7o Felakitt.

Fig. 4(a)¢} 4(b)ollx] Hojz|= uie} o] Hejg o]
sl b AFA S APAQ] EEHTS sk
EZF ot ey} sk AdAg Feaide] 2
ol oJal WA= e & F UL ol s E5
Agtypete] gehhA-e Fig. 99014 Line @9} Line ©9] %=
oz Aof=wm, AISC(2001)71EdME 4 (7), AlJ7IE
M= 4 (10) 2 AISC(2005)7]=lM = 4] (16)9] &=
ZAeksiedo] gx| gt

INZAAZ FH 2ozl s e Table 7oA Ee wvt
9} o] AISC(2001)& AISC(2005)° <Jair= 27,

==
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7+ 712l sl Q]ZQ Azt FHattele 2
= Hdlige Hlaslr] e, HeHge]
124 g= tmur HejAgo] Ygd J3ks 1)
2 B3l Table 82 Table 99l a3
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ol Xt
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Hullge7E 1.002 et fes Eoirh wehr, Hed
o] o] fle EEATRS E5ATTthiEe AlJ9]
2 (10)e] 9Jf H7ksh= Ao] FHE

Hejgo]l o s & Rdo Hit ]
(Pua/Put)= Table 99A e} o] AISCel <&lA 0.97,
AlJo9JeiA = 0.84% b}E}%‘r %, %94%?394 ol Sl
© AT oA A7 HiE s s 2718
2Rk o] ofef o] Aetd HIHe dalMe
ALJ71el o3l 1 16% HE7E=EA). Fig. 13} Table

4909 & 5 Gl WpAGe] Arhhe] FFS oA 3
el el NeaE AR ol Achhe] 2
SI9a, #%, BEZ Qgsiee] By & AFNE
9g0] ZRE AN BEY BRAUS ATINe=
AFele] AF4e] <3 AT anE vmsgA

T Ao 2RZRANE ZEAG o3 Be] el
FRzF)oleke RPLe el Ugae] Be

Table 7. Fracture mode and ultimate strength by design manual

AISC(2005), AISI . .
- AISC(2001), Ki0(2009) AlJ NAS(2007) Ij)nalysm result . (ZOosltjength ratio PuaA/IPut(2005)
Put IkN) m;;::;lr\/cl) Fut (N) i Put (kN) M [kL;\aTj I K§8(2009)v AlJ AISISI?TAS(ZOO.w
SF4T30B36E24 95.00 BS(5) 107.09 N 93.51 BS(14) 104.02 BS 1.09 0.97 1.11
SFAT30B36E30 101.50 BS(4) 107.09 N 101.50 BS(13) 108.77 N 1.07 1.02 1.07
SF4T30B36E36 107.09 N 107.09 N 107.09 N 110.30 N 1.03 1.03 1.03
SFAT30B36E48 107.09 N 107.09 N 107.09 N 110.99 N 1.04 1.04 1.04
SF4T30B36EG60 107.09 N 107.09 N 107.09 N 111.03 N 1.04 1.04 1.04
SFAT30B42E24 95.00 BS(4) 108.40 BS 93.51 BS(14) 105.73 BS 1.11 0.98 1.13
SF4T30B42E30 101.50 BS(4) 116.23 BS 101.50 BS(13) 113.66 BS 1.12 0.98 1.12
SFAT30B42E36 107.99 BS(4) 122.776 N 107.99 BS(13) 115.47 BS 1.07 0.94 1.07
SFAT30B42E48 120.98 BS(4) 122.76 N 120.98 BS(13) 119.14 BS 0.98 0.97 0.98
SFAT30B42E60 122.776 N 122.776 N 122.776 N 115.91 BS 0.94 0.94 0.94
SFAT30B48E24 95.00 BS(4) 108.40 BS 93.51 BS(14) 106.98 BS 1.13 0.99 1.14
SFAT30B48E30 101.50 BS(4) 116.23 BS 101.50 BS(13) 114.80 BS 1.13 0.99 1.13
SF4T30B48E36 107.99 BS(4) 124.07 BS 107.99 BS(13) 122.04 BS 1.13 0.98 1.13
SFAT30B48E48 120.98 BS(4) 138.43 N 120.98 BS(13) 121.46 BS 1.00 0.88 1.00
SF4T30B48E60 133.98 BS(4) 138.43 N 133.98 BS(13) 120.36 BS 0.90 0.87 0.90
SFAT30B54E24 95.00 BS(4) 108.40 BS 93.51 BS(14) 107.04 BS 1.13 0.99 1.14
SF4T30B54E30 101.50 BS(4) 116.23 BS 101.50 BS(13) 115.56 BS 1.14 0.99 1.14
SFAT30B54E36 107.99 BS(4) 124.07 BS 107.99 BS(13) 124.20 BS 1.15 1.00 1.15
SFAT30B54E48 120.98 BS(4) 139.74 BS 120.98 BS(13) 125.59 BS 1.04 0.90 1.04
SFAT30B54E60 133.98 BS(4) 154.10 N 133.98 BS(13) 131.19 BS 0.98 0.85 0.98
SF4T30B60E24 95.00 BS(4) 108.40 BS 93.51 BS(14) 109.41 BS 1.15 1.01 1.17
SFAT30B60E30 101.50 BS(4) 116.23 BS 101.50 BS(13) 117.03 BS 1.15 1.01 1.15
SF4T30B60E36 107.99 BS(4) 124.07 BS 107.99 BS(13) 124.82 BS 1.16 1.01 1.16
SFAT30B60E48 120.98 BS(4) 139.74 BS 120.98 BS(13) 122.81 BS 1.02 0.88 1.02
SF4T30B60EGO 133.98 BS(4) 155.41 BS 133.98 BS(13) 134.86 BS 1.01 0.87 1.01
Average 1.07 0.96 1.07
cov 0.068 0.059 0.071
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Table 8. Strength comparison of specimens without
curling effect

Strength ratio Pua/Put Analysis
AISC(2001) AISI(2006)
Specimen KBC(2009) ALY NAS(2007) Fracture
Eq.(7) for block Eq.(16) for block | mode

shear shear
SF4T30B36E24 1.09 0.96 1.09 BS
SFAT30B36E30 1.02 1.02 1.02 N
SF4T30B36E36 1.03 1.03 1.03 N
SFAT30B36E48 1.04 1.04 1.04 N
SF4T30B36E60 1.04 1.04 1.04 N
SFAT30B42E36 1.07 0.93 1.07 BS
SF4T30B48E24 1.13 0.99 1.13 BS
SFAT30B48E30 1.13 0.99 1.13 BS
SF4T30B48E36 1.13 0.98 1.13 BS
SF4T30Bb4E24 1.13 0.99 1.13 BS
SF4T30B54E30 1.14 0.99 1.14 BS
SF4T30B54E36 1.15 1.00 1.15 BS
SFAT30B60E24 1.15 1.01 1.15 BS
SF4T30B60E30 1.15 1.01 1.15 BS
SFAT30B60E36 1.16 1.01 1.16 BS

Average 1.10 1.00 1.10

Ccov 0.046 0.028 0.046

Table 9. Table 8. Strength comparison of specimens
with strength reduction by curling effect

Strength ratio Pua/Put Analyis
AISC (2001) AISI (2006)

Specimen KBC (2009) AL NAS (2007) Fracture
Eq.(7) for Eq.(16) for mode
block shear block shear

SFAT30B42E48 0.98 0.85 0.98 BS
SFAT30B42E60 0.87 0.75 0.87 BS
SFAT30B48E48 1.00 0.87 1.00 BS
SFAT30B48E60 0.90 0.77 0.90 BS
SFAT30B54E48 1.04 0.90 1.04 BS
SFAT30B54E60 0.98 0.84 0.98 BS
SFAT30B60E48 1.02 0.88 1.02 BS
SFAT30B60E60 1.01 0.87 1.01 BS
Average 0.97 0.84 0.97
cov 0.062 0.063 0.062
7.4 &
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