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Load-Deformation Relationship of Single Bolted Connections
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Abstract - Well designed group bolted connections can exhibit excellent ductile behavior through the bearing mechanism until
the occurrence of shear rupture in the bolt or in the connecting plate. This excellent ductility can be utilized in favor of
economical connection design. In this study, comprehensive tests on single-bolt bearing connections were conducted and
analyzed considering bearing boundary conditions. The primary objective was to propose a generalized bearing strength and
load-deformation relationship that can be used for designing group-bolted connections. To this end, new bearing strength
formula, deformation limits as well as new load-deformation relationship were first proposed. Especially the proposed load-
deformation relationship can reflect the stiffness, strength, and geometrical boundary conditions of the joint. The proposed
formula and relationship are validated based on test results.
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Table 1. Summary of closed boundary for compression test results and comparisons
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(2) BF: Bearing failure; BSR: Bolt shear rupture
(3) Measured stresses were not reported. Therefore, the nominal stresses of the plate (grade A36) are used in this research.

Bolt diameter
Main plate thickness
Main steel grade :
Compression test

i

S$S400, SM490,

SM570, HSA800, A36

3 A29d Asz(Ed A150%) 20179 104

Inside plate Outer (lap) plate Test result Calibration Proposed method
SpeCimenS Fvy,m Fu,m Fy,m ’ Fu,m ’ t’ Failure Ru Au Kmmp Failure Rn Aal/aw Kmmp Ru/Rn
(MPa)|(MPa)| (MPa) | (MPa) | (mm) |mode”| (kN) | (mm) | (kN/mm) | mode | (kN) | (mm) |(KNmm)| (%)
C400-09-20" BF 2684 18.6 68.1 BF [337.7 | 112 | 71.1| 795
C400-09-22 | 450 | 507 BF [309.0| 19.8 62.6 BF 337.7 | 13.5 64.6 91.5
C400-09-24 BF |333.5] 23.0 57.8 BF | 3354 | 16.2 59.3 | 99.4
C400-12-20 BF [3162] 20.5 76.8 BF | 313.5| 12.0 80.9 | 100.9
C400-12-22 | 289 | 353 BF |346.1 | 21.2 70.7 BF | 3135 | 14.6 73.5 | 110.4
C400-12-24 BF |334.5]| 23.1 65.4 BF | 3113 | 174 67.4 | 1074
C400-15-20 BSR | 456.6 | 17.7 140.2 BSR | 377.0 7.5 | 155.8 | 121.1
C400-15-22 | 366 | 452 BF |521.4] 203 130.7 BSR | 456.2 9.1 | 141.6 | 114.3
C400-15-24 BF |542.8| 20.5 122.0 BF 498.3 | 109 | 129.8 | 108.9
C400-20-20 BSR | 426.2 7.8 212.8 BSR | 377.0 5.7 | 2559 | 113.1
C400-20-22 | 351 | 444 BSR | 518.0| 11.3 201.9 BSR | 456.2 6.9 | 2326 | 113.6
C400-20-24 BSR | 632.8| 17.9 190.9 BSR | 542.9 83 | 2133 | 116.6
C400-25-20 301 | 464 BSR [ 421.8 53 258.0 BSR | 377.0 44 | 3329 | 111.9
C400-25-22 BF |508.2 8.2 248.4 BSR | 456.2 53 13026 | 1114
(C490-09-20 BF [328.8]| 193 73.2 BF | 3483 | 10.8 76.6 | 94.4
C490-09-22 | 486 | 523 202 912 30 BF |371.5] 21.3 67.3 BF | 3483 | 13.1 69.7 | 106.7
(C490-09-24 BF [3719] 215 62.2 BF | 346.0 | 15.7 63.9 | 107.5
C490-12-20 BF |409.1 | 20.6 103.9 BSR | 377.0 8.0 | 111.6 | 108.5
C490-12-22 | 403 | 533 BF |486.0| 21.9 96.1 BSR | 456.2 9.6 | 101.4 | 106.5
C490-12-24 BF [473.0] 20.3 89.1 BF | 470.1 | 11.5 93.0 | 100.6
C490-15-20 BSR | 426.6 9.0 172.2 BSR | 377.0 6.3 | 1963 | 113.2
C490-15-22 | 468 | 535 BSR | 519.4 | 13.2 161.5 BSR | 456.2 7.7 | 1784 | 113.9
C490-15-24 BF |666.4| 20.9 151.3 BF | 5429 9.2 | 163.6 | 122.8
(C490-20-20 BSR | 414.2 6.8 244.7 BSR | 377.0 4.9 | 303.5 | 109.9
C490-20-22 | 424 | 525 BSR | 513.2 8.4 233.7 BSR | 456.2 59 | 2759 | 112.5
(C490-20-24 BSR | 651.3 | 19.1 222.0 BSR | 5429 7.0 | 252.9 | 120.0
(C490-25-20 BSR [411.4| 5.0 280.6 BSR | 377.0 4.0 | 371.4 | 109.1
C490-25-22 | 341 | 508 BSR | 514.4 8.0 271.6 BSR | 456.2 4.9 | 337.7 | 112.8
(C490-25-24 BSR | 620.8 8.9 260.7 BSR | 542.9 5.8 13095 | 1144
C800-25-20 BSR | 374.8 3.0 459.2 BSR | 377.0 2.3 | 7659 | 99.4
C800-25-22 | 834 | 899 BSR | 483.1 2.7 463.7 BSR | 456.2 2.7 | 696.3 | 105.9
C800-25-24 BSR | 566.0| 2.9 460.4 BSR | 542.9 33 | 6383 | 104.3
C490-25-20-1 BSR | 473.0 5.6 230.8 BSR | 377.0 39 | 2825 | 125.5
(C490-25-24-1| 339 | 518 | 339 518 25 BSR | 834.4| 13.0 208.4 BSR | 542.9 5.7 | 235.4 | 153.7
C490-25-30-1 BSR [916.4| 12.9 176.6 BSR | 848.2 8.9 | 188.3 | 108.0
C570-25-20-1 BSR [453.0| 3.7 338.0 BSR | 377.0 3.0 | 461.7 | 120.2
C570-25-24-1| 554 | 680 | 554 680 25 BSR | 806.5 6.9 317.5 BSR | 542.9 4.3 | 384.7 | 148.6
C570-25-30-1 BSR | 864.6 6.2 277.7 BSR | 848.2 6.8 | 307.8 | 101.9
C800-25-20-1 BSR | 433.7 33 450.9 BSR | 377.0 2.2 | 701.7 | 115.0
C800-25-24-1 | 842 | 906 | 842 906 25 BSR | 618.1 4.6 442.3 BSR | 542.9 33 | 584.7 | 113.9
C800-25-30-1 BSR | 892.5 5.8 401.6 BSR | 848.2 5.1 | 467.8 | 105.2
Crawford
and Kulak® - - - - 12.5 BSR [338.0| 9.1 - BSR | 340.2 7.2 88.2 | 99.3
(1) Specimen designation : C 400 — 09 - 20
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Table 2. Summary of open boundary for tension test results and comparisons

Inside plate | Outer (lap) plate Test result Calibration Proposed method

Specimens Fy,m Fu,m Fy,m Fu,m z Failure Rll AM K[GI‘IS Failure RII Aallow K[GIIS Ru/Rn
(MPa)|(MPa)|(MPa)|(MPa)| (mm) | mode® | (kN) | (mm) | (kN/mm) | mode | (kN) |(mm) |(kN/mm)| (%)

T400-06-20-50" 444 497 ETO |121.6| 23.0 15.7 ETO 146.1 | 25.8 15.8 83.2
T400-06-24-50 ETO |122.8| 38.1 13.1 ETO 144.6 | 37.5 13.2 84.9
T400-09-20-50 ETO |221.1] 24.5 34.8 ETO 223.6 | 16.9 35.6 98.9
T400-09-22-55 450 507 ETO [2224] 20.6 31.8 ETO 246.4 | 18.5 323 90.2
T400-09-24-60 ETO |255.0| 24.9 293 ETO 266.9 | 20.3 29.6 95.5
T400-12-20-40 ETO |201.8| 24.6 394 ETO 165.2 | 22.8 40.4 122.1
T400-12-20-50 289 353 ETO |237.6] 32.0 394 ETO 207.6 | 18.2 40.4 114.5
T400-12-20-60 ETO |[278.8| 434 394 ETO 2499 | 15.1 40.4 111.6
T400-12-22-55 ETO |280.4 | 454 36.0 ETO 228.7 | 199 36.8 122.6
T400-15-20-40 ETO |254.7| 13.5 73.8 ETO 2644 | 143 77.9 96.3
T400-15-20-50 366 452 ETO |301.2] 22.0 73.8 ETO 3322 | 11.3 77.9 90.7
T400-15-22-50 ETO |282.5]| 22.0 68.0 ETO 3322 | 13.7 70.8 85.0
T400-15-24-50 ETO |268.0| 21.8 62.9 ETO 328.8 | 16.5 64.9 81.5
T400-20-20-50 BSR | 338.6 9.7 116.2 BSR 377.0 8.7 128.0 89.8
T400-20-22-50 351 444 ETO |350.3] 159 108.1 ETO 435.1 10.5 116.3 80.5
T400-20-24-50 ETO |319.7] 16.3 100.7 ETO 430.7 | 12.6 106.6 74.2
T400-25-20-50 BSR |336.4 73 145.3 BSR 377.0 6.6 166.4 89.2
T400-25-22-50 301 464 BSR (4945 11.0 136.4 BSR 456.2 8.0 151.5 108.4
T400-25-24-50 BSR |521.6] 12.6 128.0 BSR 542.9 9.6 138.7 96.1
T490-09-20-50 802 912 30 ETO |256.5| 23.7 37.4 ETO 230.6 | 16.3 38.3 111.2
T490-09-22-55 486 523 ETO |315.8| 36.2 342 ETO 2542 | 179 34.8 124.2
T490-09-24-60 ETO |293.8| 27.2 31.5 ETO 2754 | 19.7 31.9 106.7
T490-12-20-40 ETO |3109] 253 53.8 ETO 2494 | 15.1 55.8 124.6
T490-12-22-55 403 533 ETO |364.4| 29.5 49.3 ETO 3454 | 13.2 50.7 105.5
T490-12-24-60 ETO |414.3| 38.3 45.5 ETO 3742 | 14.5 46.5 110.7
T490-15-20-40 ETO |283.1| 10.5 91.7 ETO 313.0 | 12.0 98.1 90.5
T490-15-20-50 BSR |[290.9 ]| 13.1 91.7 BSR 377.0 9.6 98.1 77.2
T490-15-22-50 468 535 ETO |387.0| 234 84.8 ETO 3932 | 11.6 89.2 98.4
T490-15-22-55 BSR | 4264 | 14.8 84.8 ETO 4334 | 10.5 89.2 98.4
T490-15-24-50 ETO |366.0| 19.3 78.6 ETO 389.2 | 139 81.8 94.0
T490-15-24-60 BSR |488.5| 14.2 78.6 ETO 469.5 | 11.6 81.8 104.1
T490-20-20-50 BSR | 326.1 8.8 135.5 BSR 377.0 7.3 151.8 86.5
T490-20-22-50 424 525 BSR [429.5| 139 126.5 BSR 456.2 8.9 138.0 94.2
T490-20-24-50 ETO |4552| 19.9 118.2 ETO 509.3 | 10.7 126.5 89.4
T490-25-20-50 BSR [3458| 6.5 159.8 BSR 377.0 6.1 185.7 91.7
T490-25-22-50 341 508 BSR [429.5| 10.2 150.5 BSR 456.2 7.3 168.8 94.2
T490-25-24-50 BSR | 532.8| 13.7 141.5 BSR 542.9 8.8 154.8 98.1
T800-15-24-50 770 875 BSR [496.1| 10.8 121.2 BSR 542.9 8.5 128.9 91.4
T800-20-24-50 850 903 BSR [489.4| 6.0 203.6 BSR 542.9 6.2 229.3 90.1
T490-25-20-50-1 BSR [4229]| 13.5 127.0 BSR 377.0 5.9 141.3 112.2
T490-25-24-50-1 BSR | 602.4| 23.7 110.5 BSR 542.9 8.6 117.7 111.0
T490-25-30-50-1 339 >18 339 >18 25 ETO |649.0 | 38.2 91.1 ETO 628.1 13.5 94.2 103.3
T490-25-30-70-1 BSR |841.7| 42.2 91.1 BSR 848.2 9.6 94.2 99.2
T570-25-20-50-1 BSR [403.7| 6.0 195.1 BSR 377.0 4.5 230.8 107.1
T570-25-24-50-1 BSR | 728.7| 12.8 173.9 BSR 542.9 6.6 192.4 134.2
T570-25-30-50-1 34 680 34 680 25 BSR | 813.5| 16.6 146.0 ETO 8245 | 10.3 153.9 98.7
T570-25-30-70-1 BSR |8493 | 114 146.0 BSR 848.2 7.3 153.9 100.1
T800-25-20-50-I BSR [4100| 5.6 274.5 BSR 377.0 34 350.8 108.7
T800-25-24-50-1 BSR | 705.1 7.4 251.8 BSR 542.9 4.9 282.4 129.9
T800-25-30-50-1 842 906 842 906 25 BSR [829.9]| 10.1 216.1 BSR 848.2 7.7 233.9 97.8
T800-25-30-70-1 BSR |808.6| 9.1 216.1 BSR 848.2 5.5 2339 95.3
T800-30-20-50-1 | 802 12 802 912 30 BSR [3946| 2.7 330.1 BSR 377.0 2.8 481.2 104.7

9
(1) Specimen designation : T 400 — 06 — 20 - 50
| ] | L— End distance
| | L——— Bolt diameter
[ L—————— Main plate thickness
Main steel grade : SS400, SM490, SM570, HSA800
Tension test

{

(2) ETO: End tearing out; BSR: Bolt shear rupture
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Fig. 8. Load-deformation relationships
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Fig. 9. Load-deformation relationships obtained from open boundary (or compression) tests and comparisons

e
it
oy
41
BN
o
jg{v‘
i

4 A29d AsE(Ed Al150%) 20179 10

347



5 Aol =E3t d-AF A 225 & BAfshe dukst
e , 5 412 Akt with, 4 (2% 7119 A9 F4aE
: i PR =] - -
& 5M4% specimen (compression type) B3l Al (4a)9} o] 27} 7hsstm, o8 w A7F 15T} &
3 s
: L 24k uh 4 (4v)} o] T 4 e webA e Ry
ool 2. £ BEA - AR 27] AAR)) S
g5
N Fig, 129 o] Zdlo| =0} Bl A 74& Z35to]
///1/(\ é=§—i where Fzz—; D}O]EEX}B_ "] 17] 7(‘) E)]v% \_]-X(—)]‘c:’.]—(/a]:]— 7]5‘;—0‘] %EX4
o i 2 s 4 - AREA S B o5 S BshAl ke
Bearing ratic Fp/Fum 14,[11] [12] 0] S| 7FEo| w2 AAZTHIIE vrslr] ¢
Fig. 10. Plate bearing ratio versus L/d relation 3| o] XH_,] AR =] 5 kLo Al
Rex$} Easterling @] Ao A= Zgo]E 9] 2|74
WA= (R)E A58 = 714 2R o P71—5% _
SRR A, VP S UREEE s b (913 2 A ok ek 2o ol o
ZAAYE(F, ) S LSOl BE W (F,
A ¥ )T ARget ot SR8 R S0 g =) gsie) 6. 5mmy
= FAHNAZE(F10T, 1,000MPa)E /\]—9—5‘]-‘2"}\11]', Fig,
(a)ollA Hzo] ©@ed] F, ndts A3e 745 d5AE d \08
S QAEe 2 gl e AR B 4 9 =0 gy (onits N/m) ©)
oh. BhA A (@) A At aF, ndtz Ateket 7B AR
7ol ol A AR wAh b 4 @2 () o)
_ b — & v\ 7 a
T AAZA A8l AT APAE Aol & 4= e, I
G
3.2 Y-w¥A 2 At K= (6b)
2 2 m+1 m m
12 R“ A ( 1) Ru A
FA)= pR A= ———- . 1 aFt/d
1 1 1 Ftf aFtt+nt)
(42) Y T TR Ry e
br br v anij t ﬂG’d
R=uR,,A=KA (4b) (6c)
5 1.5
Spe:i.men Test type Speci.men Test type
g 4 4 series Compression Tension §E @A series Compression Tension
| & $5400 = O < 5 A 5400 = O
.o - B o w4
° ;cEn 3 DAAAA .‘.AA HSA300 K4 <& o -‘:c',‘., to Dﬂg‘o A HSA800 04 <&
c|e Sle
0I5 Jrga P i “ % o
%‘;2- O 548 . %: T By
HERC E|2 05 o g
5[5 1 Cae¥o 8%, S[z ® 0
I < o & @ &
0 T T . T 0 T T T T
0 1 2 3 4 5 0 1 2 3 4 5
- aFy pdt . aF, ndt
Strength ratio TO6F s Strength ratio YTV
(a) Normalized by F,,dt (b) Normalized by aF,.dt

Fig. 11. Normalized ultimate load depending upon plate bearing- to-bolt shear strength ratio
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