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Abstract - Well-designed bolted connections can exhibit excellent ductile behavior through bearing mechanism until the
occurrence of bolt shear rupture. The ultimate strength analysis of eccentric bolted connections is an economical and mechanistic
approach which uses such ductility. However, the bolt load-deformation relationship, which forms basis of the current practice,
is based on very limited combinations of bolt and steel materials. The primary objective of this study was to establish the general
bolt force-deformation relationship based on systematic single-bolt bearing connection tests. The test results showed that the
projected area of the bolt hole and the strength and thickness of the plate to be connected are the main factors affecting the
force-deformation relationship. The results of this study can be used for the instantaneous center of rotation method (ICRM) to
achieve more accurate analysis and economical design of a variety of group-bolted connections subjected to eccentric shear.
Keywords - Group-bolted connection, Bearing strength, Force-deformation relationship, Boundary condition, ICRM
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Fig. 1. Ductile behavior of bolted connection(lap joint)
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Fig. 2. Instantaneous center of rotation method for design of
eccentrically loaded fasteners
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Fig. 3. Test set-up for compression test(Crawford and Kulak,
1971)
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Fig. 4. Test set-up for compression tests

Table 1. Test matrix for compression tests

Base metal Specimen Base metal Specimen
C400-15-20(22) C490-15-20(22)
C400-15-22(24) C490-15-22(24)
C400-15-24(27) C490-15-24(27)
C400-20-20(22) C490-20-20(22)

SS400 PN SM490

C400-20-22(24) C490-20-22(24)

(Fur=400MPa) (Fun=490MPa)

C400-20-24(27) C490-20-24(27)

C400-25-20(22) C490-25-20(22)
C400-25-22(24) C490-25-22-(24)

C400-25-24(27) (C490-25-24(27)

-
by
g
ol
i

Specimen: C400-15-20 (22)
| ]| L—Bolt hole dimensions : 22, 24, 27mm
| | L——Bolt radius : 20, 22, 24mm
| L————Base metal thickness : 15, 20, 25mm
L Steel grade : SS400, SM490

2 A7 AE(EAE A1345) 20159 29 3



BE Agito] Aujshs A|HA] BEYHRY F-ud T

=
of A]19] AR ol g2 2l 4 YA tHFig. 5(d)).
Table 2= 54 A0S H2 A Jlojrh, A

Y 0lE R T%Ef& ol 2sf A7} UTM head
o H=ste] 7hgo d Hl 7HA9) 73-9-(C400-15-22
S AIgthlE RE S REE AR EE g
geho ' vepton 7k Adf 7= F10T &E(D20, D22,
D24) 9] AHFE=E Ut 3lth(Fig. 6). A FA7F +

=55 A A= EEE 27 Aol A Uk
v} Aol Ae] wFgto] A vehet, ol He7
LofAo W ke k) W BES r A £ U Ak
A2) 5 A Zaksh WAl efEaeh A2 ool
O 3 g Aol ol A e Hgghe
Crawford®} Kulako] A|¢tst Zt&EZ}2] 0, 34in, (8. 75mm)
2 SEols AR UGS HOFT OB (Table 2)
Crawford®} Kulak®] Xt g} 0.34in. (8.75mm)& &
B402 A8t AL e ek

&
oix

(a) C400-20-24 specimen
""E"?:".:"\

(b) C490-20-22 specimen

e q.l: _ - .
- BT
A =Tl |

(d) Jig using nominal tensile

(c) Shear fracture of bolt strength 800MPa steel

Fig. 5. Failure modes of compression test specimens
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Fig. 6. Measured load-displacement relationship of compression
tests

Table 2. Results of compression tests

Displacement
Specimen Failure Mode Max. Load at Max.Load
(kN)

(mm)
C400-15-20 | Bolt shear fracture 452.7 17.78
C400-15-22 | UTM head contact 503.0 20.14
C400-15-24 | UTM head contact 481.0 20.30
C400-20-20 | Bolt shear fracture 415.0 7.02

C400-20-22 | Bolt shear fracture 513.8 10.7

C400-20-24 | UTM head contact | 662.4 21.24
C400-25-20 | Bolt shear fracture 422.2 6.50
C400-25-22 | Bolt shear fracture 514.8 8.28
C400-25-24 Outlier 621.4 9.00
C490-15-20 Outlier 427.6 9.20
C490-15-22 | Bolt shear fracture 519.6 13.08
C490-15-24 | UTM head contact| 683.4 21.18
C490-20-20 | Bolt shear fracture | 426.4 9.26

C490-20-22 | Bolt shear fracture 518.4 12.36

C490-20-24 | Bolt shear fracture 633.4 18.14

C490-25-20 | Bolt shear fracture 411.6 7.04

C490-25-22 | Bolt shear fracture 509.0 8.88

C490-25-24 | Bolt shear fracture 615.2 12.76
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Table 3. Test matrix for tension tests
500 o o
Base metal Specimen Base metal Specimen b
T400-15-20 T490-15-20 400 , :
z ; ==&
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e — T
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_— 200 Pl — — §5400 20t
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SS400 SM490 100 4% SM80,15¢
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(Fux=400MPa) (Fur=490MPpa) | 1490-20-22 7 & i | | e
T400-20-24 T490-20-24 0 r : : ;
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T400-25-20 T490-25-20 Displacement (mm)
T400-25-22 T490-25-22 . o .
————————— Fg 11. Measured load-displacement relationship of tension test
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- specimens in the case of bolt shear failure
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Fig. 12. Measured load-displacement relationship of tension test

SM490 % 55400 Q17 A A xR EE 4 ?;,121
o] tHultt gL HE Auutiow Uehton (F specimens in the case of plate end tearing
T T =

10(a)~(c)) V75 800MPawh 23w A 1o A = tHbg Table 4. Results of tension tests
o] 7 o] ¥hskA] g¥QItH(Fig.10(d)). Table 4= 2?1 9] Z—i —
75 port Ao 7L A HopABT AHSES A g i | Failure Mode Maz.(NL)oad Displacement af
(mm)
T400-15-20| Plate end tearing 301.2 21.60
T400-15-22| Plate end tearing | 282.5 22.10
T400-15-24| Plate end tearing 271.5 20.86
T400-20-20|Bolt shear fracture| 338.6 14.60
T400-20-22| Plate end tearing 350.3 23.68
T400-20-24| Plate end tearing 319.7 24.24
T400-25-20|Bolt shear fracture| 336.4 10.84
() T400-15-24 specimen (b) T490-25-22 specimen T400-25-22 |Bolt shear fracture| 494.5 17.56
T400-25-24|Bolt shear fracture| 523.7 19.42
T490-15-20|Bolt shear fracture| 387.2 20.36
T490-15-22| Plate end tearing 387.0 22.96
T490-15-24| Plate end tearing 366.3 19.36
T490-20-20|Bolt shear fracture| 326.4 13.22
T490-20-22 | Plate end tearing | 455.3 28.76
T490-20-24| Plate end tearing 417.4 25.24
(c) Shear and bending ~ (d) Jig using nominal tensile  T490-25-20 |Bolt shear fracture| 345.8 10.54
deformation of bolt strength 800MPa steel T490-25-22|Bolt shear fracture| 429.5 15.28
Fg. 10. Failure modes of tension test specimens T490-25-24| Plate end tearing | 452.9 24.12
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analysis

Table 5. Result of elastic analysis

Origin at Concentric Moment
Bolt| centroid load term term
No X y
(mm) | (mm) pe/Px | pe/Py | pud/Py | pm/Py | D/Py
1 [-37.5|-112.5] O 0.125 |-0.3125|-0.1042| 0.3132
2 | 37.5|-112.5] O 0.125 |-0.3125| 0.1042| 0.3875
3 |-37.5] 3750 0 0.125 |-0.1042|-0.1042| 0.1062
4 | 37.5| 375 0 0.125 |-0.1042| 0.1042| 0.2517
5 [-37.5| 375 0 0.125 | 0.1042|-0.1042| 0.1062
6 | 37.5| 375 0 0.125 | 0.1042| 0.1042] 0.2517
7 |-37.5] 1125 0 0.125 | 0.3125|-0.1042| 0.3132
8 | 37.5] 1125 O 0.125 | 0.3125| 0.1042| 0.3875

peo)
o |m
o,

$(ro=40,75mm) o] 7} ZEO]
A2l A4S Table 50l Uepdlch o)zt BE(H, 8
B HE) O] 2t Q)= 0.34in, (8. 75mm) 2 A3HE ¢},

x5 9o P 2AL oE MY EEVxF R yHE VIS
2 S o] Fol AF o2 AR y5 o § HHE
F2Ue WEsheAl gelshr] s 4 (1.b) 2 A (Lo

327
S4B Y 5 ol ol HeiskE 4 (03 2,

MU of |o

P,=Y](R,) =1019.76kN (10.a)
_ Z(Tn X Rn)
2322?5% (10.b)
«mm
~ (187.5+40.5)mm 981.28kN

P—P,=1019.76—981.28 = 0 0. & HFR7S THEHA]7]
A ZoHA| ot webA e A4 Y fIAE A s
9 TS e y& 3o WAL WEATNE $7

S A= r,7h 42. 1Tmm Y W7} Erk(Fig. 18).

234155.40

4 0a)9h wEsY EneAFHe 9 7t
12117 W) Be] FHLS WEAZIE A0 Uehdnt

1019, 76kN®| 5150 A3hHe| Hrheleo o Hoky REn
(29, 88) 7} Z31515A g o] o]2 )
whebA] A AE] A|oHAS wETt
02 ZEALE Aok e,

(Rn)max = 74kip5 = 329.30kN

FEAE AASH HH7E AR o Sl Hdsk

dR7pF2ee] =B A27H AISEN A1345) 20159 29 9
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4617mm 6.3 RIS WY £NF U Ot Eo]
L JEH 0] 2 H7Fe zjokr
©» Y 2 AFoMe 2EATY] HAHIgs Add=e
7 5)8 HEWPE«] H| & A5k, o] & 58l ARl whet A
% 2 ThE AR A AT - A4S 2 g
I.C. +K Centroid HEL Cls 3
e AAofA 1~6H ZE= BIUFAR Hi 50N
;, U A ARgalaL, 7T e BEE da%A 2 Artelof
A AHAFS B3l =2 A2 gt
=42 117mm A=A A2 (5)F B8t 23EA Q] i
o~ T&- _ .
B (A .comp) S 6.44mm7F APHE L QAR O] Aup(4]
Fig. 18. Location of I.C. by crawford and kulak (M) Z o]-&3sld AAAA ) ZPHP (A, 1ene) S 9. 51mm
| | of gro] FalAh, o] HTpAHZLE ol §3to] 6 28} ul
Table 6. Result of ICRM with Crawford and Kulak's method T 2 27F5 A ZA 0] X2 F AT HRE S 235
Bl Z3+E Table 6] Heltoirt,
No.| X y r r y Al 2 o]l Qsle] pE LlH A by
(mm) | (mm) | (mm) [(mm)| (N) | (N-mm) | (kN) (Lo)& olgotel PE ol 4 (14)< .
1 4.617(-112.5| 112.6 | 7.15|318.29| 35837.99 13.05
2 |79.617|-112.5| 137.8 | 8.75 |323.48| 44582.79 | 186.87 = MZ 675.41kN (14)
’ il : ’ ’ ’ ’ 187.5+42.168 '
3 | 4617| -37.5| 37.8 240 |251.16 9489.55 30.69
4 179.617| -37.5| 88.0 | 5.59 [308.70| 27167.37 | 279.27 o]2 thA] 41 (1.b)ol| thelahd r, 7} 42 168mm< T N
5 | 4617 37.5 37.8|240|251.16 9489.55 30.69
3] o] FEPRAL TEA 7= 27t A=A z]0le oF
6 |79.617| 37.5| 88.0|5.59 [308.70| 27167.37 | 279.27 241 ° e ]E Jﬂ; | 7L . = o #A LEAE}
o) = 3]o] ¥ S 5F oA =57
7 | 4617|1125 | 112.6 | 7.15 |318.29| 35837.99 13.05 T Atk x5 W) BP2d B UHAT) SleiA e w1
8 |79.617] 112.5| 137.8 | 8.75 |323.48] 4458279 | 18687 ATl yF HFE 4.285mm Wizt fiA]of A1)
Sum | 234155.40 |1019.76 ofetth(Fig. 19).
¢4 Crawford®} Kulak Q] B} op7 R 2 BE A4
< 4 (13)7 2o A= e FTHA (15)).
94.2 28]
= . 25 = ( lll)(¢FAb/(R7l)Hl’V)
Pax = 1019.76 - 50— -=291.86kN (13) Ny e a 15)
=67541 - 238.03 =266.42kN
Table 7. Result of ICRM with proposed method
Origin at centroid. Origin at 1.C.
Bolt | Boundary - -
No. condition X y X y r a R rR Ry Ry
(mm) (mm) (mm) (mm) (mm) (mm) (kN) (kN'mm) (kN) (kN)
1 | Compression | -37.5 -112.5 4.668 | -108.215 | 108.316 5.19 218.90 | 23710.09| -218.69 9.43
2 | Compression 37.5 -112.5 79.668 | -108.215 | 134.378 6.44 238.93 32106.98| -192.41 | 141.65
3 | Compression | -37.5 -37.5 4.668 -33.215 | 33.542 1.61 126.06 4228.34| -124.84 17.54
4 | Compression 37.5 -37.5 79.668 -33.215 | 86.315 4.13 198.43 17127.83| -76.36 | 183.15
5 | Compression | -37.5 37.5 4.668 41.785| 42.045 2.01 141.20 5936.73| 140.33 15.68
6 | Compression 37.5 37.5 | 79.668 41.785| 89.961 431 202.10 18180.83 93.87 | 178.97
7 Tension -37.5 112.5 4.668 116.785 | 116.878 7.86 200.96 | 23487.73| 200.80 8.03
8 Tension 37.5 112.5 | 79.668 116.785 | 141.371 9.51 214.63 30342.64| 177.31 | 120.95
Sum 155121.17 0 675.41
10 g=7tx35ts] =84 A27d AlS(FH A1343) 20159 2¢
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