Journal of Korean Society of Steel Construction - k’f’ ISSN(print) 1226—363X  ISSN(online) 2287-4054
ecK Tor

Vol.27, No.1, pp.1-12, February, 2015 updates | DO http://dx,doi.org/10.7781/kjoss.2015,27.1.001

MR, Agdie, dgst tms AgtihL AFsi CFEAA, W, BsAL ddd

Force-Deformation Relationship of Bearing-Type Bolted Connections
Governed by Bolt Shear Rupture

Kim, Dae Kyung', Lee, Cheol Ho?*, Jin, Seung Pyo®, Yoon, Seong Hwahn*

'Ph.D, Candidate, Dept. of Architecture, Seoul National University, Seoul, 151-742, Korea
%Professor, Dept. of Architecture, Seoul National University, Seoul, 151-742, Korea
*Former graduate student, Hyundai Engineering & Construction Corporation, Seoul, 110-920, Korea
*Former graduate student, Hyundai Engineering & Construction Corporation, Seoul, 110-920, Korea

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 SM490 [

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

(F,a=400MPa) (F..,=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)

-
b
b
o
e

Specimen: C400-15-20 (22)
|11 L—Bolt hole dimensions : 22, 24, 27mm
| | “——Bolt radius : 20, 22, 24mm
| L————Base metal thickness : 15, 20, 25mm

L Steel grade : SS400, SM490
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Fig. 6. Measured load-displacement relationship of compression
tests

Table 2. Results of compression tests

o, E5 AT AT Lo AABEAA BIEE  gecinen | raiure vode M L0 o Vi Tond
Crawford®} Kulako] Aokt 2@zl 0,34in, (8, 75mm) (kN) (mm)
£ 3135l ASE 9SS HolFEi 9o (Table 2) C400-15-20 | Bolt shear fracture | 452.7 17.78
Crawford®} Kulak®] Z|¥& 7k 0.34in. (8. 75mm)< <! C400-15-22 | UTM head contact 503.0 20.14
B 02 ALREE AL Elkslx] Bt 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
(a) C400-20-24 specimen (b) C490-20-22 specimen C490-20-22 | Bolt shear fracture 518.4 12.36
"'E""; v z = C490-20-24 | Bolt shear fracture 633.4 18.14
: Fm €490-25-20 | Bolt shear fracture | 411.6 7.04
l - -.j_:’-'- 4 C490-25-22 | Bolt shear fracture 509.0 8.88
. C490-25-24 | Bolt shear fracture | 615.2 12.76

(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. 7. Normalized force-displacement relationship of compression
test results and proposed model

R?l
Hnorm wmp 3F dt (4- a)

u,n

R C=(1—e ")

norm,comp

(4.1)

04 7] /\1’ Rnor‘m comp : ‘%[—;_(]—O Q‘ E] HEQ/] Z] ?:}-70]—5
D EA O] A= (MPa)

d 1 EES A% (mm)
t 0 2AY FA(mm)
e . A ti4=(base of natural logarithms)
poot A 0.1
A BHAS 0.55
3.4 ZHFZ; ATt
Crawford®} Kulak-2 BE 3O ZojHE{ES 0, 34in
2 FAeiglont Alga 2A04 e AnE B2 =
8 Aol 459 47 i e 450l 2 4
oJHt}, Table 2 U

. =2 a = b
W4 R eo] A5t 2E BE 449 A9)s
AR S SASIR O] whet MR elo] sk AS

oItk o) oz AF A BE0] Aegus Ao

=9 vl oS ANSHAHA (5.0)
BB AYuygtel AUYE

o WIS 490] LER e SRk Adstel 4

(5.0)2 ARSI, B APEHR 4L 20mm A
& Fol Bud WYL PATr,

-
"
Y
ok
fir

o
u)
ol
o
o
}O{Y
™
ol
=]
Ho
o
ok

5

20 7.\
= =
B \
£ s ‘
- ‘. =
o
£ N
7 104 =
g \. L |
Ll 2 > =
= =
5 4
B Results of compression tests
—— The available deformation capacity
o

0 0.5 1 1.5 2 2.5

o

Fig. 8. Maximum deformation limit curve in accordance with
plate bearing strength vs. bolt shear strength ratio
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Table 3. Test matrix for tension tests .
500 Fo
Base metal Specimen Base metal Specimen
T400-15-20 T490-15-20 .
T400-15-22 T490-15-22 g
S TE— =
T400-15-24 T490-15-24 §
— = 200 — — 55400 20t
T400-20-20 T490-20-20 o $5400 25¢
SS400 SM490 100 & s
(Fun=400MPa) T400-20-22 (Fu=490MPa) | T490-20-22 & pza
T400-20-24 T490-20-24 o
— o 5 10 15 20 25
T400-25-20 T490-25-20 Displacement {mm)
T400-25-22 T490-25-22 ] _ o .
——————— Fig. 11. Measured load-displacement relationship of tension test
T400-25-24 T490-25-24

- specimens in the case of bolt shear failure
Specimen: T400-15-20

| | L— Bolt radius : 20, 22, 24mm

| L——— Base metal thickness : 15, 20, 25mm 500
L——— Steel grade : SS400, SM490 L O ﬁ-fﬁ.\\\
FO GBI} ST T 9 EE A2 Aolste] A _ |
< ~
o)zt AYsHEs AASHIT ARATE 800MPatt < =
T A (3002 S sto] Ageldon], B4 AR & . o

5M490 15t
— — 5M490 20t
- SMA490 25t

SM490 2 SS400 Q1A A& A o] Z2ulyjm == A& %]  Fig. 12. Measured load-displacement relationship of tension test
o] duibmit Fi 2E Acmtioz Uehton (Fig specimens in the case of plate end tearing
10(a)~(c)) Q17 800MPay 177t A 710 A= ¥ 3

o] 7] 2] ¥rAlE}R] 2FFth(Fig.10(d)). Table 4= A3lo] A

Table 4. Results of tension tests

T fopd Alo2 2 AAAS] HeHR ) Hofols S A Specimen Failure Mode Max. Load Dliigteilzzg )
(kN) (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
(a) T400-15-24 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 4553 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 1528
Fig. 10. Failure modes of tension test specimens T490-25-24| Plate end tearing | 452.9 24.12
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Fig. 16. Example for verifying proposed method
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@Rn, = @E}Ab (8)

=0.75- 0.4 - 1000 - 314 = 94.25kN
p _ 9425

max ¢R /( Py )max - 0.3875 243~21kN (9)

B O =2 Fig, 169 AfAIE 2 HTE7t e
RE el P, (2, 8 BEJ AAAN ) Eof =Est
o] 9] 3}5) = 243, 21kNo| Ht}
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Fig. 17. Equivalent concentric load and moment for elastic
analysis

Table 5. Result of elastic analysis

Origin at Concentric Moment
Bolt| centroid load term term
No X y
(mm) | (mm) pe/Pe | po/Py | pu/Py | pu/Py | D/Py
1 [-37.5|-112.5] O 0.125 |-0.3125|-0.1042| 0.3132
2 | 37.5|-1125| 0 0.125 |-0.3125| 0.1042| 0.3875
3 |-37.5] 375, 0 0.125 |-0.1042|-0.1042| 0.1062
4 | 37.5| -37.5] 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 O 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/ 0 0.125 | 0.3125| 0.1042| 0.3875

$(r,=40,75mm)°f| Z} EE|

i)
tlo
o,
_1

2 E) 9] M= 0,34in, (8, 75mm) 2 A|5HE i},
x% P9 BF2AE AR MY EE7xF L yE5S 71

OS2 S o|Fo] A2 A, y5 3 W HHE
& z7 Z351=x2] Zelsl7] 98 Al (1.b) E Al (1.¢)

A B 9 sk ol sl Ageshd A (10)3} 2,

BN
N,
mlo
r\:]

P,=Y(R,) =1019.76kN (10.a)
— E(Tn X Rn)
€ +7“0 (10b)

~ 232515kN - mm
(187.5+40.5)m

=981.28kN
P—P,=1019.76—981.28 = 0 0. & %%57@% k2 A7)

A ZoHA Hek, webA] ¢S4 =

9 IS ek yE Po) Bexde AT a0

T A= 7,7k 42, 11Tmm Y )7} Hok(Fig, 18),
A I A= A (1Lo)E o835t

234155.40
P= A FYTRTT AN 1019.76kN (11)
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Fig. 18. Location of I.C. by crawford and kulak (M) E o]g3td AeAA Q] HHF (A, ,x o) 9.51mm
o i Crawford and Kulaks mothod o] Zho] FHafxict, o] P gkS ol-8-5to] 6,283} Wizt
Table 6. Result of ICRM with Crawford and Kulak's metho TV 2 27k ASA1 0] ©1H 2 F} A HhE S 235t
Bolt Origin at 1.C. ATME Table 69| A]sAc),
No.| X y r A R rR Ry Al =2 0] 2 151 A 7k
(mm) | (mm) | (mm) [(mm)| (N) | (N-mm) | (kN) A (1) & ol&3to] PE et 4] (14)9F Zt,
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 = 15512117 675.41kN (14)
’ il ’ ’ ’ ’ ’ 187.5+42.168 '
3 | 4617| -37.5| 37.8 |2.40(251.16 9489.55 30.69
4 179.617| -37.5| 88.0 | 5.59|308.70| 27167.37 | 279.27 o]_g_ E}A] 2] (1b)°ﬂ EH?:}—S]‘EE 7"07} 42.168mm< ]IH y_i_
5| 4.617| 37.5| 37.8|2.40|251.16 9489.55 30.69
§lo] HEZRAL U=EA)7]|E £7H8AEA 9] 998 o
6 |79.617| 37.5| 88.0|5.59 [308.70| 27167.37 | 279.27 j“]] ° e ]E = 7L ) f] g5l 717 ]:EAE}
o = 3] o \ }_ o= A A= 7
7 | 4617|1125 112.6 | 7.15|318.29| 35837.99 13.05 T ME]-' Xj“?‘?«l g ]7]7] ikl _] bt
8 [79.617] 1125 | 137.8 | 8.75 [323.48| 4458279 | 186.87 XSOl y= FFOE 4.285mm WAzt Ao EA)3)
Sum | 234155.40 [1019.76 oFgtth(Fig. 19).
OFA Crawford®} Kulak®] B3} njz7[x| 2 E2E A4
2 4 (13)} ot AT 2 A7 (4] (15))
5
= 94.25 = (R n)(d)FxAb/(Rn) X)
P = 101976 + == 201.86kN (13) 2y, L may 15
s}
=675.41 - 233.03 =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
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Fig. 19. Location of I.C. by proposed method
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