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Numerical and experimental investigation of fatigue life
and frequency response of the different arrangements of
tensile-shear spot-welded joints
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Abstract- In this paper, fatigue lives of tensile-shear multi-spot welded joints with four spot per specimen with
different arrangements have been investigated. For this purpose, three types of joints with axial, transverse and almond-
shaped have been selected. The prediction of fatigue life of spot welded joints has been carried out based on the
available S-N curve of smooth specimens and the values of fatigue strength reduction factors. The experimental results
and numerical predictions were compared and it was observed a good agreement between experimental and numerical
ones. In addition, the Experimental Modal Analysis (EMA) was applied on the specimens before and after different
fatigue loadings. Then percent of the identified natural frequencies decreasing was investigated and its correlation with
crack initiation and total fatigue life of spot welded joints was studied.

Keywords: Resistance Spot Welding, Fatigue Life, Modal Analysis, Strain-Life Approach



e 908 (S (4] o

e ol ) Gy 9 (S pos (22 9§39 (o)

iz gl el Sile Slsgas il Sen 5 il
Jlast D [VF]aials )5 ooy 090 |y bazralas oue
ovgzalad sae wiz slb aYlail (hezaladi sae S L
G Sl Jo gileand 1 g 4l (g )eme )5
Colos gamaw alius ol oyl (s s 4 ol
Sgazme olall gy 4l Setdlpmgl a5 )1
lp dedos @mls 5l e g ool by SGalbgl
S bV Sl 5 5 hoyad o e
A0S colaiwl  hgaladi sase Wiz g Ghezahd osoe
B b gomgs Lol mls a5 el ool olis o Julow
Ll Gy gamans sla g go0e o b (55970

el s L S el S S s Sl
sae 30 5 o b glabi teglie per Ylasl _wdlS 3
Ol sS4 W) a2l (nl ) 5 03903 (g 2 Shgralals
Syee o Jlasl b b ils 3 polie o (slodas
Lol wedoe sbul Jlail (Sod ol e & S35
o8 (o3 Gl sme el Sl ol 5l iz
S5k 5 Sy 1170 0] wssge0 asbicl VL (Ss Leci]
Seolins gl Slasie g, 1) o b 5 (Kows S5
sl oLl @ls 5l g esged (owyn Shezrabi DYl
DAV ]wisges ooliin] (K S5 adeis  obous

e S5l i b oYlasl jo e hgzalad ledus ogod
5 Sliwl plotinl () n o $F5e Fell (szabals
Sl plSoxia] (ol allie o di) sl e sl Sius
ik ot £y 4 b 5 el sae ez b YL
SVl o @ w4 onl 5l &S (a5 5 SB35 (Jsb
Selisr (omyn Ngdoe odel C gy g B g A gg
Shozrabdi das Lz sl s Aol 4 4z g b e
o2 L hgzralaii Gl g 00g i s (o o2t Jlail o
ey 13 il e ojlite (o 5, bt gliul, 4 Comd
el o 00litl imis slonlall §l 5 aily mls Jpa
by mrp 9 S ol aalllas ol i cpl o
SIS Job 5o ol el egm 5 (Sons S5 g5 IS
NV R N BN L
b gla il Al ot S5 dilize slaji)]
ol 455,5 o o S e il o

doddlo —)
@ azg b b berahi giludoe lp b (239, Sl
9 e Bl Jlos 0,90 83le (Suzmn b 5l Galse
S Joe el Jloje5 5 ols Coeal lesly (5,105 L g4
3 Ohezahi oYlal gln eSt salize sgame Ll
ol lgce aemyl 5l aS ol ool slpiig o8 Lol
ao o2 o] 50 a5 (Sl als Jow () 23,5 o Lol o)lge
O 5h8 a8 s0g 5 ledl SO abs ISl Slxio o g
Gai ggeme plp ol Jsb g eos (LuSy Gaszralais b8
30 &S wcdo ds Jow () ! axis g0 Culs polas
S o s o Jlail op a4 |y amias g0 a5 glals
e Joo () SIS Slxio 093 a5 Il 50 woud
Slio v g 009 o alie v ] 0 4 (o azbo- o
il o oo 55 Wles S jgama |) e 2l 0)5 95 o5
LSS @lp b Ol S sl @ g (B9 Joe aw o
Slrio sbogledl o a5 L5 ol sae wim e
29 Foduzn gy o (9) 0,5 eolatul Wgh e jgame
el Gl 5l eslanwl Jlasl gildas g ads Jb e
Slrao (Jaw cpl o ailico Shex deSs sl (Goman)
5,5 sl dala b g diwgy sl lawg ol o 1) (Jlas]
Gl e b osldan o9 Ol sl eslainl b as” sl spp
5] Cesddy $ 5B @l Blgioe ez abis SLLI s 5,
Slodzen boojle sl Gaman oyl 5l oolazul Jg
Ohgzalais sac O e LY e e 5llan] jo aS 9,005 &0 Jie
oyl o g Slowle ploxil loy a5 51 [ V]ogd co oolazul
)l len 3l s 3l e 5 0395 4850550
w0l plxl hgzalai OYlal Sius jes padS gz a5
[0-¥ (ol slogis) 5 s slagis, & ol
Sl S oy, 9 [AFl R S ee slahs,
8,5 o Lal [VY-1]

Iy Ghgzaai cVlal S s, (il K 5 ool
5 4w oo b VLT Gl (o o8aS SIS L ces
Sandds slp g ools IR oy n 990 (Shgzabal sue my
o Gy Jl e Cglie ials jeS 0]
[Y¥]ais S eolazul

1. Nugget

YA



e 908 (S (4] g

e ml8 B Gy 9 (S pos (2) 9§39 (o) 2

a il ol Tl bl Lbymalai o¥lal Joas ) S50
CessBes A gg Jlail ol @V 5l iy

(Ole 5 9950 (555 5l 3lel) solp slo el

g 48,5 18 oolanwl 0,90 b iszahds ol oy LSS

ooty IV G b e Ty e sralil b

5o oolaiul 3y50 03ulgdlE SYed Sl Sliogas el
iloads Cowd V Jgum

H220LAD g4 3l 05515)5 o¥gs Sl slo SS9 J9oa

S Jose ki 25 e plSol
(GPa) (MPa) (MPa)
Yoo YYs VA AY

va

$9 (Gl Y
(otgzalal G (Foud jee (a3 gl (Ghogly 00l 50
@ opledS oVed Llo sbadiges S-N Sz e |
oS G (ke e g 00 oMl g pe e lgie
el polie g ye (oo e 5l Gl 050 VL]
Sass 5l ebg,y ool 5ol odel Cawsdy (Kws Cuaglie
ool sty sl 5 ol 5 Kbl S
OolS g o 098 0 soliiu] (Sws Cglie yialS polas
Sygo 4 G5 Glae Dol gliw p K (Sd Caglie

k, = ! ja(x)a—x)()dx M)
Xefr Oy 0

o O(X) (S aild She alolh Xy o] o aS
AL 5 0 g i ool S X SKiud 5 5 eaisSolnl
Aol ylan o S anlp 5o Alols (1) dla, 4o cand
Olesl S el (csin (Sl At 51 S 5 g6y e

g g0 0300y abl) Jawgs (hgy (nl o S

_ 1 dowy o

Co(x) dx
kf:Usmooth/O'notched alal, 5l oolazwl o kf polde yilaly
Iy s (SKwgnl Glils sbodiged S o g oo
LgLQ’A"}“ Lf(:‘““‘j """’BL""’ O-smooth &.99'9 4""") 00 ) J'“‘;U"

k;""""ﬁ'“"l" 6‘)“5 LSLQ‘L‘?"’" gsi“"“? w3l.u O notched 9 )‘5""":b

(S (o275 s ge)l g Slge Y

Sl yoshn V Cwles 4y g 03ll5 oY g8 i 5l Glrao
e slo il b e el JLail g5 sl
SIEL b lewly jo sy oo Shezalals sae ko)
Cpe 4 Girab sse ) S A gy oL
M) 525 9 B gg (1051 s 4y o i 5 (534
(6 8L o sliwl) 5 ogee @, SO y0 hgzaladl sue
hezalais WLl Jae 38 5 eolital )00 (C gy
0 1Bz ol o 0500 it sl L bl
sl oo oaly las VS



SKad 958 (G ]y

e iS58 Tl g (S g0 (T g (§O0E (owyy

oL ot (gl Sguxo lodl g jlwanls -F

S
9 S 5 80Tl G miel sl logal (0 s] Cussds sl
gy oS (Swd S5 Ll g 0l s o 25 LS
Satel Slomio aslis (glialy yo g 0ds g5, lo bgzabais
il 5 g ) S 0 ot o3l i (sla i il o
Ol i g (S (gal e g 00 (5 5lwans ANSYS
O g9 sl 00l dlsl Lo hgmalads Bl bl s 5
Jlail g5 amw o 6l G 0Ll 5 5 S 5 saSL
ey a5 wiloasl oy Jloel sla )b solad jo [hg>alads
F oISt 50 YRN s o, Jleel ol Lo b sgome

Wloads eals UL.M; [ Y

450 4
. O max —0c 1,
% 400 —/_\Geff i A

I \

. MRSV EN
3 \ 2
7 3501 / 3
: St D
wa 3)
), e K i “
V) a0 - 08
< ’

a 3 1o
2 250
108
Xmax Xeff
200 \ \ ‘ ‘ -1.6
0 0.05 0.1 0.15 02 025

(MM) o> deSd &du, 3l S5 e

Sy — gV 25 bl g S5 BaS L A e B S
YEN Jlel b 3 A 55 b L]

450 1
o

w04 . Omx X

MPa) S5 baiiS3h 25

-2
250
2.5
200 t Xmax t tXeff -3
0 0.05 0.1 0.15 0.2

(Mm) g &aSs ddy, | S5 e

Sdly -Vl i balS g S sauSilh A e & S5
VKN Jlel )b 0B g5 igzalais Jlas!

hF9d (S (Swgdcsn Sl el o

oo ool il oole Sl Jld, iy o3 (sl | Slocns
O =l 90 (S aele 0B e (258 el 5o tanl
o ah S 185 5 Ko dgly 1 ol e el
L ojuilgdls o¥g 8 iz 3l hgzdlads slad Sges .l
S s olSid by 15 5,90 caliBee sl ol
sl a5 L e V-Hz Luils 8 L g Zwick/Amsler
4 by sla owe ¥ JSi 50 aileads iolesl calises
odls plis ;a5 850 Ghematas YL ail SKiws s

ol 00

KN) oy 5L (59,

2 T T T )
1.E+02 LE+03 1LE+04 1.E+05 1.E+06

g KB b S (ol S sl

A 0,50 hgzalaii SYlal  Sins Cad S VOSSR

Sgs s oolaiwl az o v Glgie 4 a5 S-N - jloges

sloadsses Siws yg03 5l odel Cawdds yas - A5 e
Gk ot 45 el H220LAD 5551415 o¥sb lgan
Y S o i ol TS 8 gl oy lie e

Sl ool ooly oyl

240 +—t
f;}) 200 — —T
2 160 . =
2
120 5.0 6.0 7.0

(i, 5) ol St b o JSuw olaas

g5 3l opiledlE o¥e8 Jlsen sladiges S-N e ¥ &
[Ve] oslim olie s (5,005 ,b cos H220LAD

1. Bilinear Kinematic Hardening (BKH)



Jop 90,5 (Juw> o ygm

e ml8 B Gy 9 (S pos (2) 9§39 (o) 2

0325l 5l edelissdy ol (Sins slajee anolis L

S5b e Jolo azil (nl (K (g30e (e i 5 (22

S 5 225 Gleesly G 993 @llai S 0 &5
2,10 5929 Hla3 590 Shgralads VLA gl goue

&2 J1oge LT -0

el )0 i e glagis, 5l (Ko 28 Jloge U]
Consl arnbs (el il 3 alox 5l baojles Soliys Slaseio
Slp laebl BB gozye Jlsie @ o] @mls wlgioe oS
G5 addllae rizmen 5 0l (iludae sloosle (Sl
Seoliys Slaseie Sl s ag, Lobol 2 03l Saaliys b,
Joge 50UT jelate a [VV]og, S calites Lyl cos
S Oyge @ Jlal o @lie cpl o s j50 LT 20
Dy oo Ay o Al S G A IS asilen o5

Jsgo 5allT s ok A JS

S AT Y i 51 Sy 2K Lo dakid o S, 0
@ Jaie 5y jgmin Lagi 03)l5 (595 9 18,5 plnil B&K
Syge a S5 (pl a4 ojl sy 090 00 (T el iS
e g0 . PN N .o
GrSeslail g esl g5 5l hss (655 on (owled e
Log ool o jguiw 51 S5 o ST slaosls 0gd o
o [YV]abgye Jldlay 5 B&K oS, Ll o
o 509l FIT (6)l0 paiges (W8 L Jluzms laosls

1. OMETRON
2. PULSE

AN

450 1

400 7

350

//-/—‘G_max T
[ 1 .05
P off
i . | \ -1
: Regm )

MPa) S 5 oS 5L aas
G5 ool

300 i N O
b 25
250 i | 13
' 35
Xmax Xeff
200 ‘ : : 4

0 002 004 006 008 X,Mmm 012 014 016 018 02

(Mm) g deSs diy, 5l S5 e

Sy —gi¥ 25 Lol )T 5 S5 sanSTL s m el £ S
YN Jleel b, C gy igmrabais Jlus!
o o i ol F g i slaloged 5l ool wl b
ol polie (V)L (V) Ly, 65,54 5 Jles! o)l
o i eolatul b an oo Canody S Canglio
oE sSSP ¢ S Caglie (ialS polae 9 S-N
Olis & ygmodny ;a5 0590 Ghexalad SYLal gl Sis
ol e A lin (gl 0ed oo e, Y USS [0 00l o0ld
5 oaal Cawsas sloosls « )5 yaey] S b goae e
Sble wSleas ools lis ¥V JSi 40 5 (Swd 00)25 (905
olid S5 0 iS b ms polae aSl @ az gl b ol (SO
SealS polbe pizmen o F L5 F la S j0 oal ools
C s A gos oVlail 1o B gg Jlail gl (S Cunglio
G C g A g55 sloaiges Sius jae 0,5 o )8
Slodal Cewsdy  Kiwd YU 5 b laasl opologlas

77 S jof (6338 aas OB st Juad
6.5 ..
61 oo Tro . CeyaVlal O Cg s duatl
ay ‘~~
& 554 ~< Z AAE I
~ Y
0 454 ~ .
7 = ~o
—~ S o (5308 (e \\\ ..
Z 351 Ao Ll m ~<
SN &y = Ao e
\\
254 o
2 T T T |
1.E+02 1.E+03 1.E+04 1.E+05 1.LE+06

Sl CeS b (Sins la S olass

S )90 Lhgralhais SVl SKind jee aeds e VS
L';i"‘"’ (f)"’u u}")] LSLQOblo o‘ﬁ_mm



e 908 (S (4] o

e iS58 Tl g (S g0 (T g (§O0E (owyy

ol ead as s e oYlail ojle alize o uls 3
A Cawl S5 Ll ogad camline Sis alie slejes
S5 5 cloa £ (1 =1,2,3,4,5,6) ol 51 jolice
Jol sl slooge ;o 45 de SYLasl i saiz] peiwl b
20 L*-‘;‘“ D9 oo odaline Vo JS5 50 45 6 5blen

25 ol (i pat o yas oy L JLa g5 4
i el S b g bawgie Vb lagul S ples
3 e a8 GBS lgr oo 1A 00l co camline LuilS )8 as o
ol 3 o Lo S5 slopae g lnolS 5 | o
Sy oy el g ad, bwpS o pll aslsl o 040
b o O b slalSE pslie o S
Voo yo ol 8l ol la Ll 8 50 ogdledy oS e
3,90 5o Logass aliws (pl g 039 wal (i jee do)o
C Jlasl 0,50 4o cpizmed Cuwl Jogeie B g A &Yl
YU Gl wlS 3 0 owdlS B cdl aS o)5 cdnlice ol e
Aol 4 azgi boogdleay el Fogpine Olabad plo a4y o
S yee o SYlal ple 4 cas C Jlasl o uils )8 cdl
Sads 3l (Qeye Vel s Layam) S aliSre
L) 4 ar5i b %o e Sl g caal Jlsg3y S
oS polasl Gl gley g mlS B gelS God i
g5 Ol 0 (S Sy Ll jee a5 S50l iy Ol
L oyse (pl g oog i OYlail glgl plo 4 cos Jlail

.wlaﬂta)y}gvkj&b@pss

G a9 Sy -7

3o B0 5 50 hgzaladi CYlall S s ) el gl
sac J2) C gy o¥lasl a5 el ools lias Gados oyl
yoe Gl (SIS 6 08,1 by p dges igzalads
Ol e ys il o YLl plu @ Coed (g i S
polae 5l oolainl (g, 4 (Kws jos e Jawgl axs
30 Opmized Cawl 0ald oole ylid f8 S Caaglie yualS
O poeiinne bl S a8 ol ool ool lis dlie oyl
S S5 T o 5 Ll (srl (ullS 3 GRalS o
5 28 Cowd odls Lo ams cpl a5 syl ey
Sl oS sy goue slayuoss

&b gl 5l s Wgd e 0233 PC jgals S 50
S b " JIsge 5JUT g, o ls (FRF) (oslS 13 ey
ojbw FRE (g5, 5 [YY] "ooSalel 185 o8 & [Y)]
4 Ngd oo gl b sla il 3 Lalas 5 ol ooly
S il 6l i 4 A gy JLail FRE wiges (lgie

N jas oy Ve las g Sl 6)105L Jles! ]
oo eols las 4 S o ol ol

&l

(5,2) o5

FEOARY

0 500 1000 1500 2000
G5) 2
Sl 65,1 Jlos! 51 L3 () A g4 Jlas| FRF & i
@l (S poe w0y ) Slam (9) 5

obod b inles xS jelain 4y g > Cudgasme e 4
(b Sl ®) Jloge 5T (bl 5l Jol> b
Olyais Wy, g oo JKB (pl jo AT oald ags Ve S

1. Peak Picking
2. Mescope

AY



e 908 (S (4] g

e gnilS 58 Tl g (S o (0T g (GO0 (o y

(2]

[10]

AY

Radaj D., Sonsino C. M., Fatigue Assessment of
Welded Joints by Local Approaches, England,
Woodhead Publishing Ltd, 1998.

Bae D. H., Sohn I. S., Hong J. K., “Assessing the
Effect of Residual Stresses on the Fatigue Strength
of Spot Welds”, Welding Journal, Vol. 82, 2003,
pp. 18-23.

Son K. J., Yang Y. S., Choi K. S., Cho S. K.,
Fatigue Strength Evaluation on Resistance Spot
Welds of the Vehicle Body, New York, Marcel
Dekker Inc, 2003.

Kang H. T., “Fatigue Prediction of Spot Welded
Joints using Equivalent Structural Stress”,
Material and Design, Vol. 28,2007, pp. 837-843.
Pan N., Sheppard S., “Spot Welds Fatigue Life
Prediction  with  Cyclic  Strain  Range,”
International Journal of Fatigue, Vol. 24, 2002,
pp. 519-528.

Ni K., Mahadevan S., “Strain-Based Probabilistic
Fatigue Life Prediction of Spot-Welded Joints,”
International Journal of Fatigue, Vol. 26, 2004,
pp. 763-772.

Hassanifard S., Zehsaz M., Tohgo K., Ohguma T.,
“The Prediction of Fatigue Crack Initiation Life in
Spot Welds,” Journal of Strain, Vol. 45, No. 6,
2009, pp 489-497.

Newman J. A., Dowling N. E., “A Crack Growth
Approach to Life Prediction of Spot-Welded Lap
Joints,” Fatigue & Fracture of Engineering
Materials & Structures, Vol. 21, 1998, pp. 1123-
1132.

Henrisson H. F., “Variable Amplitude Fatigue of
Spot Welds,” Blackwell Science Ltd, Fatigue
Fract. Engng. Mater Struct, Vol. 25, 2002, pp.

1187-1197.

Ni K., Mahadevan S., “Probabilistic Fatigue Crack
Growth Analysis of Spot-Welded Joints,”
Blackwell Publishing Ltd. Fatigue Fract. Engng.
Mater Struct., Vol. 27, 2004, pp. 473-480.

Pan N., Sheppard S. D., “Stress Intensity Factors
in Spot Welds,” Engineering Fracture Mechanics,
Vol. 70, 2003, pp. 671-684.

Adib H., Gilgert J., Pluvinage G., “Fatigue Life
Duration Prediction for Welded Spots by
Volumetric Method,” International Journal of
Fatigue, Vol. 26, 2004, pp. 81-94.

Bang H. S., Bang H. S., Joo S. M., Kim J. M,,
Chang W. S., “Mechanical Characteristic of
Resistance Multi Spot Welded Joints,” Science and
Technology of Welding and Joining, Vol. 8, No. 5,
2003, pp. 369-376.

Shang D. G., Barkey M. E., Wang Y., Lim T. C.,
“Effect of Fatigue Damage on the Dynamic
Response Frequency of Spot-Welded Joints,”
International Journal of Fatigue, Vol. 25, 2003,
pp- 311-316.

2,
3
3
- 80 ~f4
\_fi 15
© 70! =16
‘ ‘ ) ) ©
0 20 40 60 80 100
S 2l yoe Sy
20
’L
3
\%]
i
<9,
v
£
s P
”'\
3
i
9
v
4
0 20 40 60 80 100
St 2l yoe Sy

3B ULl (@) A sl (ll) . S cilideo sl yae
C J=l (@

&l =V

[1] Barauser S., Pepke L. A., Weber G., “Rethmeier
M., Deformation Behavior of Spot-Welded High
Strength Steels for Automotive Applications”,
Materials Science and Engineering A527, 2010,
pp. 7099-7108.



SKad 958 (G ]y

e iS58 Tl g (S g0 (T g (§O0E (owyy

[20] Bursak, M., Mamuzic, 1., “Fatigue Properties of
Galvanized  Higher-Strength  Steel  Sheets,”
METALURGIJA, Vol. 46, No. 4, 2007, pp. 277-
280.

[21] Ewins D. J., Modal Testing: Theory, Practice and

Application, Second Edition, Baldock,
Herdfordshire, England, Research Studies Press
LTD, 2000.

[22] PULSE, Analyzers and Solutions, Release 11.2,
Bruel & Kjaer, Sound and Vibration Measurement
A/S, Denmark, 2006, Key Code: 2320 72F0.

[23] ME’scopeTM, Vibrant Technology, Inc. Visual
Modal Pro (vt-550), Version: 2.0.0.21, Security
Key: 10388, 2001.

[16] Shang D. G., Barkey M. E., “Analysis of Fatigue
Crack Behavior on Dynamic Response
Simulations and Experiments for Tensile-Shear
Spot-Welded Joints,” Fatigue Fract. Engng. Mater
Struct., Vol. 29, 2006, pp. 23-30.

[17] Wang G., Barkey M. E., “Fatigue Crack
Identification in Tensile-Shear Spot Welded
Joints by Dynamic Response Characteristics,”
Transactions of the ASME, Vol. 127, 2005.

[18] Wang G., Barkey M. E., “Fatigue Cracking and Its
Influence on Dynamic Response Characteristics of
Spot Welded Specimens,” Society for Experimental
Mechanics, Vol. 44, No. 5, 2004, pp. 512-521.

[19] Pluvinage G., Fracture and Fatigue Emanating
from Stress Concentrators, Dordrecht, Netherlands,
Springer, 2003.

AY



