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Analytical Modeling of Load-Deformation Relationship and
Design Strength of Combined Welded-Bolted Lap Joints
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Abstract - In steel construction, bolted connections offer many constructional advantages over welded connections and are preferred in the
field. The use of bolting combined with welding is often required in order to supplement the welded joint. Especially, relatively little attention
has been paid to the study of combined use of bolting and welding in high-strength steel applications. In this study, high-strength steel lap joints
joined with both welding and bolting were tested and analyzed in order to understand the ultimate joint behavior, examine the extendability of
current design recommendations and develop new strength formula if needed. To this end, load-deformation relationship of the combined
welded and bolted joint was first derived based on deformation compatibility. The new formula applicable both ordinary and high-strength
steels was proposed and verified using test results available. The effect of fabrication sequence between bolting and welding was also evaluated.
Keywords - Bolting, Welding, Lab joint, Deformation compatibility, Load-deformation relationship, High-strength steel, Design strength

1LAE
WA SARAE AR SRR WS- o
Sith 11 ke 3HIES] F74go] ofdal 8xEde] A
ol 7Rs4do] Eth= AL AARKY Fig. 1.2 Lee et al” _
| Bargt 177AH(HSAS00) He-8HA 1w 8848k Fig. 1. Weld defects of high strength steel jointm
Rojge), W R AR BEATOR 02T 49
F7e] & FAEES AdEs] 98l Algsier € £ 47t
Holl1 ol&Zlolt doldl A Sloue 1w
239 of2iFo] m=al Qlrt. o] Atde BARHY &
S GRS 830 5 WAo] 2= £AG AL Uek

_lbL

i

©

o

KBC2016%3} 2010 AISC Specification®7]Zo4= A
A 5 3 WY YollA 8383 EE7T 2ol e AIA
2 (Lap joint)ol] Hiell BASHY BEQ] HELAE o1&
e, BETY Ee 6%‘:‘@011 Tzkﬂ SEFETYo] ARE
74 AR BES sleEHe o18sta Qltt. ol
EZTE ZLTo] 50%yt 017‘40}‘:]' U Eurocode
© Part 1-8Y0jME= W8He] IS npEEEAT
ot SRS °‘_EL Xﬂﬂ]o 1 9ol A3 HEH
=g g7 =7t oot 8 AAVIE BT
AR duEgAol| s E%FJ Zo|ug gEo] EHY
1l FEH]7} ol AigsEo] AiFos dojrls 1E

P

0|
EOlA

ol

Note.-Discussion open until April 30, 2019. This manuscript for
this paper was submitted for review and possible publication
on August 14, 2018; revised September 17, 2018; approved on
September 17, 2018.

Copyright (© 2018 by Korean Society of Steel Construction
"Corresponding author.

Tel. +82-2-880-9061 Fax. +82-2-871-5518

E-mail. ceholee@snu.ac.kr

o}io\‘o\‘wﬂlfﬂirﬂ

[1

O

RS = AR0E A53(EE Al1563) 2018 109 277

¢


https://crossmark.crossref.org/dialog/?doi=10.7781/kjoss.2018.30.5.277&domain=http://ksscjournal.or.kr/&uri_scheme=http:&cm_version=v1.5

9

0
IL:
i

e

IS-HduA L 9 A=

ol

_HE tg_Q_gix-l

—_ [e] f=g8=]

po)

EOlA

1.

N

Q.
o
N

4

183 739 71 AAXY g4 ofFrt EEsI
7 EEAE Aol disiAle 2t @9 AAVIER,
A&} o)Ao] BEs)) Eurocode 3: Part 1-89JA4]
Ao ghed ol EEAZS viEEgt A9 gt
to] EEQ 45T SRR 4 e ACE AsiaL
Ut ey 71dAE BEEARNR] 371 YEo] 84d A
O 55 A) oE BAEioRt sk B9 % U
ot mebd 8H-EE 8l disl A=grEE ozt
AReAS] wE ASB7P7E HIEA] SRt ofof Bl

o] dollA= URPIAE ofel AAEAe] Aoldt 1t
B E 285t SH-EE HeHTRe A5 melstal
Al BEHY ATAPAE AXstAL Btk HEo]
AR A& Al 831 BEARE A7 As o] T
A= B B7ketart gtk

Q%

o

A

N,
e o

e

[¢)

2. AYAT B4

Manuel and Kulak®'e SE215 2 8443 217/o] o
o SlE-uRTE Tk AU S 5, 84

BE MEET QPAFS S

kd
il
o,
iy

[o

>
>
_0|L
¥R
;S

=

T e
SRAST, A SN BRI o) ShEel WU
BN SHTAGH), b) 3H5] AT S
(ole HRRALEH), o) 39 wAgHOR A T2 T4
St BEL 442 282 viEsigl. 059 Age] A

25 A9 FA= 19mm, 35mme] FELE 300MPas

b

)

oSS WEUPRY ATL o) BEW T 599 7
. b) SHE WY 499 4% o SH-BEY ¥8Y
E % Hagloz Ao of § 8-BE WeYEE
| (I o] BStLE. oA, P2 ohEBER

)

o
o
>~
e
B
N

- ZRlResY BENYS 38T A

2 oo=&#

=y

: (1a)

= Rbolt + R]ng + Rfriction
= 0'5Rult.b0lt + Rult.lon,g + 025PS

lip

- ARmeslT BENTS H8T A

278 =723 =24 A0 A5Z(EE A156%) 2018 10¥

Rn = Rtrans + Rﬂ'i(ztmn
= +0.25P

wlt,trans slip

(1b)

- 3UDASHY BEFAS B8 A

HEZ2 00&

Rn = 0-85R[ong + Rtrans + Rfriction (IC)

Kulak¥ Grondin®g 4] (1)& AISCol #IQkaioict.
KBC2016 ¥ 2010 AISC SpecificationoAl= ol&2] A
235 EYE AR 24 st B84 siéska 9l
o SRS el disiAet BEET dAMe A
|ES olal glom, EEQ| FLr|ore AUEE =9
50%= Algtetal ok W HHEAREAo] EotE= Be

L AR GRS ARk iy, ol AHRAeHol
SuArg o] ool BESHelE S5 matt 24
Hoz #galy| uiEolrh w3t Fig 2.9 847} BEe)

IS-HFUAS HIAY SHolA H HHRAEHo] 3t

[¢)

SAPEONN BEQ| Eo] 24 e ¢ 4 Utk olg &
o) ZRnASHE AUnASHNG 955 449 s
22 ISR HEAEo] Aeluz, 1o et HeE B
£} 2715152 RS A2 2 4 9

500
‘.’Ltransuerse weld

400
longitudinl weld

Load 300
(kN)
200

100

o

' { !
0 1.0 20 3.0 4.0
Deformation (mm)

Fig. 2. Load-deformation relationshj[p of bolted and welded
connections””H®!

Tt ARke) §ER W BEFERS S wgnA
£ 2E Tl ZH(E 35mme] FEAE 300MPai
77 300W, A7 1/4 in.9 A325RE Sl £l
e, Ago] A83 At ofd HhE 3% E- 7%
2 P4 5 ek 2ok A9 AR ey ofwt
BEYS o] AL oS9] ATENS Hrh At}
3] Tl A87Ks YelHel BEUY AU
g At e



3. EARYRY - EA
3.1 BHEHORE WY

MEHIES 24 ARak PE0| ue Yo Wit
o HYRAEE PP et Uck v 2 A
B % shhel Adige HUY 4w Tyee
AAA BAAY Folch AA BRI 2 )
(REFE, B, %% D) W] mE P

GO AT % k. wehd WEHHE THs: 2
gato] tt sHE-wBUAS SHHR st 5t
Gt BE AYYE 3 SE-AGUAS ABAT 20
Zaa.

Ny
flo f; W

M
;

I*Nb

Table 1. Summary of welded lap joint test specimens™
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Fig. 3. Specimen details and tensile test set-up
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Steel LBl OF ot Nominal Table 2. Summary of key test results
3 3)
Grade Specimen Longitudinal | Transverse strength
(x4 lines) | (x2 lines) (kN) Deformation| Ultimate Ratio of ultimate
Specimen | at ultimate | strength |strength to nominal
| LW490-1,2%|  60mm - 885.9 (mm) (kN) strength (%)
SM490""
TW490-1,2 - 80mm 885.9 LW490-1 2.0 605.7 68.4
LW570-1,2 60mm - 962.2 LWwW490-2 22 636.5 71.8
SM570
TW570-1,2 _ 80mm 962.2 TW490-1 1.9 732.2 82.7
LWS00-1 60mm i 13746 TW490-2 1.9 744.0 84.0
LW570-1 14 631.4 65.6
TW800-1,2 - 80mm 1374.6
HSAS800 LW570-2 1.7 674.1 70.1
LW800-3,4 90mm - 2749.2 TW570-1 13 885.7 92.0
TW800-3,4 - 120mm | 2749.2 TW570-2 1.4 887.8 92.3
* Note (1) Electrode™: SM490 ~ K71T (Fpxx=580MPa); LW800-1 1.4 838.3 61.0
SM570 — K8IT (Feu=630MPa);
HSA800 - PKW900 (Fpxx=900MPa) TW800-1 1.3 8484 61.7
(2) Weld leg size s: Specimen no. 1,2 = 15mm; TWS800-2 1.2 834.5 60.6
Specimen no. 3,4 = 20mm
@) Fuy = 0.60Fe(140.55i0"°8) LW800-3 1.6 1244.8 45.3
6 = 0 for longitudinal fillet, & = 90" for transverse fillet weld LWS800-4 15 1258.5 45.8
TW800-3 1.2 1153.4 42.0
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Table 3. Summary of combined welding and bolting test results and comparisons

Proposed method Kulak and
Test result T . e - din®

S Based on limit-deformation compatibility | Design strength Grondin

Ru Au Failure An Rn, weld Rn,bolt Rn Ru/Rn Rn Ru/Rn Rn Ru/Rn
(kN) (mm) | mode® | (mm) (kN) (kN) (kN) (%) (kN) (%) (kN) (%)

NSLB-490" [ 1360.0 3.1 W\ 3.0 835.6 611.8 1447.3 93.97 99.22 1338.6 101.60
NPLB-490 1485.5 4.3 W/B 3.0 835.6 640.4 1475.9 100.65 1370.8 108.37 1458.6 101.84
PPLB-490 1729.2 9.2 W/B 5.0 885.8 752.0 1637.8 105.58 126.15 ) 118.55
NSLB-570 1468.2 1.9 W 2.0 924.5 629.9 1554.4 94.45 101.40 1554.4 94.46
NPLB-570 1591.1 2.0 W&B 2.0 924.5 661.1 1585.6 100.35 1448.0 109.88 1674.4 95.03
PPLB-570 22159 4.2 ‘W/B 4.0 970.6 785.3 1755.8 126.20 153.03 ’ 132.34
NSLB-800-1 1744.2 1.9 W 99.59 93.52 80.58
NSLB-8002 | 17212 | 19 | W 20| 10472 1 704117513 Tgg g 9220 | 21640 95,
NPLB-800-1 1885.5 2.1 W 105.02 101.10 82.53
NPLB-800-2 | 1879.6 2.2 W 20 1047.2 7482 1795.4 104.69 1865.0 100.78 2284.6 82.27
PPLB-800-1 2196.1 3.4 ‘W/B 40 1305.4 808.7 2114.1 103.88 117.76 ’ 96.13
PPLB-800-2 | 2106.6 3.5 W/B i ) i i 99.65 112.96 92.21
NSTB-490 928.3 1.6 \ 1.5 382.8 426.5 809.3 114.70 123.07 516.8 179.63
NPTB-490 1001.0 1.9 W 1.5 382.8 438.0 820.9 121.94 754.3 132.71 636.8 157.20
PPTB-490 1191.7 2.3 W&B 3.5 494.6 679.8 1174.4 101.47 157.99 i 187.14
NSTB-570 1122.0 1.3 \ 1.5 502.2 559.1 1061.3 105.72 140.46 561.3 199.88
NPTB-570 1292.5 14 W 1.5 502.2 581.7 1083.9 119.25 798.8 161.81 6313 189.70
PPTB-570 1613.8 2.3 \ 3.5 558.4 770.3 1328.7 121.46 202.03 ’ 236.86
NSTB-800-1 977.6 0.9 W 101.43 94.05 121.91
NSTB-800-2 601.0 0.5 W\ 1.0 4037 560.1 963.8 62.36 57.82 801.9 74.95
NPTB-800-1 888.5 0.8 W 90.08 85.48 96.38
NPTB-800-2 981.6 0.9 W 1.0 4037 3826 986.3 99.52 1039.4 94.44 9219 106.48
PPTB-800-1 1238.8 1.3 W\ 82.64 119.18 ’ 134.37
PPTB-800-2 1131.3 1.1 W 3.0 703.7 7953 1499.0 75.47 108.84 122.71
NSAB-490 1864.7 9.8 ‘W/B 3.0 1046.4 611.8 1658.1 112.46 98.79 1278.2 145.89
NPAB-490 2221.6 19.0 ‘W/B 3.0 1046.4 640.4 1686.7 131.71 1887.5 117.70 1398.2 158.89
PPAB-490 2216.5 19.5 W/B 5.0 1263.7 752.0 2015.6 109.97 117.43 ) 158.53
NSAB-570 2611.9 4.0 W\ 3.0 1372.6 703.6 2076.2 125.80 129.99 1388.4 188.13
NPAB-570 2179.6 4.9 W 3.0 1372.6 747.7 2120.3 102.80 2009.3 108.48 1508.4 144.50
PPAB-570 2902.7 7.1 N 5.0 1498.2 801.5 2299.8 126.22 144.46 ’ 192.44
NSAB-800-1 | 2944.9 3.7 N 162.93 110.43 148.48
NSAB-800-2 | 2903.6 3.6 W&B 20 1103.4 704.1 1807.5 160.64 108.88 1983.4 146.40
NPAB-800-1 | 2847.0 3.7 W&B 153.76 106.75 135.35
NPAB-800-2 | 2955.7 3.8 N 20 1103.4 7482 1851.6 159.63 2666.9 110.83 21034 140.52
PPAB-800-1 | 28524 3.7 W&B 115.95 106.96 ’ 135.61
PPAB-800-2 | 2948.4 3.8 W&B 40 1651.4 808.7 24600 119.85 110.56 140.18
NSAW-490 2147.6 16.5 ‘W/B 3.0 1046.4 611.8 1658.1 129.52 113.78 1278.2 168.02
NPAW-490 2278.3 21.4 W/B 3.0 1046.4 640.4 1686.7 135.07 1887.5 120.70 1398.2 162.95
PPAW-490 2202.1 19.2 ‘W/B 5.0 1263.7 752.0 2015.6 109.25 116.67 ) 157.50
NSAW-570 2575.8 3.5 W\ 3.0 1372.6 703.6 2076.2 124.06 128.19 1388.4 185.53
NPAW-570 2790.5 5.5 W&B 3.0 1372.6 747.7 2120.3 131.61 2009.3 138.88 1508.4 185.00
PPAW-570 2961.6 8.9 N 5.0 1498.2 801.5 2299.8 128.78 147.39 ’ 196.35
NSAW-800-1 | 2747.8 3.4 W&B 152.02 103.04 138.54
NSAW-800-2 | 2465.6 2.8 W&B 20 1103.4 704.1 1807.5 136.41 92.45 1983.4 124.31
NPAW-800-1 | 2958.3 3.8 N 159.77 110.93 140.65
NPAW-800-2 | 2945.7 3.7 W&B 20 1103.4 7482 1851.6 159.09 26669 110.46 21034 140.05
PPAW-800-1 | 2952.4 3.7 N 120.02 110.71 ’ 140.37
PPAW-800-2 | 2800.0 3.5 W&B 40 1651.4 808.7 24600 113.82 104.99 133.12

Measured strength: SM490 F,,, = 339 MPa; F,,, = 518 MPa
SM570  Fy,, = 554 MPa; F,, = 680MPa
HSAS800 F,, = 842 MPa; F,,, = 906 MPa
Longitudinal weld length /; = 130mm x 4 lines; Transverse weld length /; = 100mm x 4 lines; Weld throat: ¢; = @, = 5Smm

Weld direction: L = longitudinal; T = transverse; A = all-around
Bolt installation procedure: S = snug-tight; P = pre-tensioned
Bolt bearing condition: N = negative bearing; P = positive bearing
(2) W: Weld fracture; W&B: Simultaneous weld fracture and bolt rupture; W/B: Bolt rupture after weld fracture;

N: UTM maximum load reached (unable to determine failure mode)

(1) Specimen designation: N S L B — 490
[ TT1]1 L——— Main steel grade: SM490, SM570, HSAS00
I I | b———— Fabrication order: B = bolting first; W = welding first
L
!
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Fig. 10. Comparison of load-deformation relations per fabrication
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Fig. 11. Comparisons of experimental and predicted load-deformation relationships
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Fig. 12. Multi-spring modeling proposed for welding types
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0.04F */d  0.02Ft*/d
Kooie = By sens T Koot comp = F -2 F 2 (3e)

1+ —2 1+ —2
Hipolr = Kbolt/ By (3D
A tow,borr = MiN ( Aow tenss Aull{)’w,mmp) (3g)
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R tong = 0-6F gy X Ly (4a)
Kuezd,zmg = /Mon,gRult,zong (4b)
Rlong = Rult,long(l - eiﬂhm oSt q) (4C)
Ry trans = 0-9F gy X Ly (5a)
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Table 4. Proposed coefficients for modeling weld deformation

Longitudinal Transverse | All-around
Steel grade /
Electrode ,ulang Aallaw,lang Hirans Aallow,trans Aallaw,all
(mm) (mm) (mm)
SM490 / K71T | 0.9 5 0.9 3.5
SM570 / K71T | 1.5 4 1.5 3.5
HSA800 / PKW900| 0.7 4 0.7 3 2
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