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ABSTRACT: The block shear failure is a common limit state that governs the base metal strength
in welded connections. The framework for block shear strength prediction adopted by current design
specifications is originally based on research results on bolted joints. Also, in the past few studies
conducted on welded connections, the mechanical properties of the steel used are distinct from the
commonly applied steel in Iran. In this paper, first, a nonlinear finite element model with ductile damage
capability was developed and validated against available test results on welded gusset plate connections.

Then, a parametric study was performed on connection length, connection width, welding configuration,  Keywords:

and gusset plate thickness, in which, the strain and stress distribution, as well as the block shear Block shear

rupture path, were investigated. The results showed that the mechanics of block shear failure in welded Gusset plat
usset plate

connections is different from bolted ones for reasons like stress triaxiality development in tensile failure
plane due to the existence of additional constraint against necking of base metal fibers adjacent to the
weld. Evaluation of existing block shear strength equations revealed that the AISC block shear design
equations provide so conservative capacities, on average 36%, for welded connections. Accordingly, a
new block shear strength equation was developed, such that, the predicted nominal block shear strengths
are, on average about 5% on the conservative side; however, using the LRFD load and resistance factors
in the design along with this equation, the safety needed for this limit state is ensured.

Welded connection
Base metal strength

Finite element analysis

1- Introduction

Block shear failure is one of the probable failure modes for
welded structural steel connections in which a block of base
metal material surrounding the welded region is detached
from the connecting element. The most remarkable feature
of this failure mode is a variable contribution of two stress
components: tensile stresses in the planes perpendicular to the
loading direction and shear stresses in the planes parallel to
the loading direction. The ANSI/AISC 360-16 specification

[1] suggests the block shear nominal strength, R, , as the
lesser of the following two equations:
Rn :06E4Anv +UbsF;1Ant (1)
Rn :O6Fijgv +UbsF;,¢Am (2)

*Corresponding author’s email: majid.ghaderi69@student.sharif.

where F, and F, are the yield and tensile strengths of
the steel material, respectively, 4,, and4,, are the net and
gross areas subjected to shear, respectively, 4, is the net area
subjected to tension and U,  is a reduction coefficient for
nonuniform tensile stresses. It should be noted that in welded
connections, the gross and net areas are identical; hence,
Eq. (2) always governs and alsoU,, =1. The block shear
design strength equation in current North American design
standards has been mainly based on research results of steel
members with bolted connections and later was extended
to encompass welded connections. The structural behavior
and the block shear capacity of gusset plates with bolted end
connections have been studied by a number of researchers
[2-4]. However, for welded connections, research studies are
scarce [5]. Topkaya [6] investigated the BS failure in welded
gusset plates through experimental and numerical studies. It
was shown that the mechanics of block shear failure in such
connections is different from bolted connections. Oosterhof
and Driver [7] conducted numerical and experimental
research on BS failure in concentrically loaded welded lap
plate connections.
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Fig. 1. A typical welded lap plate connection

This paper discusses the numerical study that has been
carried out to investigate the block shear strength of welded
gusset plates. Once validated by comparison with the
available test data, the nonlinear finite element (FE) model
was employed to conduct a parametric study in order to
examine the effects of various parameters such as connection
geometry and weld arrangement on the block shear strength
of welded gusset plates. Finally, as the main objective of this
research, a new block shear strength prediction equation was
proposed.

2- Methodology

The general purpose finite element (FE) software
ABAQUS [8] was used to simulate the models of welded
gusset plate connections shown in Figure 1. The FE models
are assembled from three parts: lap plates, gusset plates, and
welds. Two types of welding arrangements are considered.
Weld group type (A) has only longitudinal welds, while weld
group type (B) has both longitudinal and transverse welds.
The three-dimensional element (C3D8R) is used to mesh all
components of the model. Stress-strain data were taken from
the result of the coupon test of S235 steel [9]. The von Mises
yield criterion and its associated flow rule were used to detect
the onset of plastic deformation in the gusset plate. In order
to input the data into ABAQUS, the engineering stress-strain
data were converted to true stress and strain values. To obtain
an accurate failure pattern, the “Damage for Ductile Metals”
module available in ABAQUS was utilized to consider
material strength degradation due to the initiation and
evolution of cracks. The FE modeling assumptions described
above were validated through simulation of the available test
data. Table 1 indicates a summary of the geometric parameters
involved (as defined in Figure 1), for twenty welded gusset
plate connections.

3- Results and discussion

The data gathered from the FE analyses showed that all
models failed in block shear with a U-shaped failure path,
including a tensile plane and two shear planes. Figures 2 and
3 illustrate and von Mises and PEEQ contours at the ultimate
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Fig. 2. Von Mises stress contours at the ultimate

capacity level for model #1. Block shear fracture is initiated
from the critical zone located at the corners of the tensile
plane and then is propagated to shear rupture in shear planes.

The tensile and shear stress distribution along the failure
planes at the ultimate strength for models #1 and #16 are
shown in Figures 4 and 5, respectively. As seen in the figures,
the tensile and shear stresses distribute on the failure planes
uniformly, except for the edges where stress concentration
exists. The average shear stress on the shear plane is about
0.6F, , and the average tensile stress on the tensile plane is
about 20% higher than F, due to stress triaxiality presence.
Also, comparing the results of models #1 and #16 shows
that transverse weld presence has no significant influence
on stress distribution as well as, the block shear capacity, as
shown in Figure 6.

Table 1. Models properties

Model # Type L (mm) S (mm) ¢t (mm)
1 A 100 100 4
2 A 75 100 4
3 A 50 75 4
4 A 125 100 4
5 A 100 75 4
6 A 100 100 5
7 A 75 100 5
8 A 50 75 5
9 A 125 100 5
10 A 100 75 5
11 A 100 100 6
12 A 75 100 6
13 A 50 75 6
14 A 125 100 6
15 A 100 75 6
16 B 100 100 4
17 B 75 100 4
18 B 50 75 4
19 B 125 100 4

20 B 100 75 4
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Fig. 3. PEEQ contours at the ultimate load
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Fig. 4. Tensile stress distribution in models #1 and #16

The results showed that the stress triaxiality presence in the
tensile failure plane makes the block shear failure mechanism
in welded plates different from those in bolted ones. Indeed,
fibers of the base metal in the net tensile failure plane of bolted
connections can freely endure necking both in the direction of
the plate thickness as well as in the perpendicular direction to
the loading, while in welded connections, necking is allowed
only in the thru thickness direction. Considering these
phenomenological aspects, the nominal block shear design
equation of a welded gusset plate under a single component
concentric loading is proposed in Eq. (3). The new equation
provides a more accurate estimation of block shear strength,
especially for the structural steel which is common in Iran.
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Fig. 5. Tensile stress distribution in models #1 and #16
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Fig. 6. Load-displacement response in models #1 and #16

4- Conclusion

The block shear failure mechanism in welded gusset
plates differs from those in bolted ones for reasons like the
presence of stress triaxiality in the tensile plane, and equality
of net and gross areas of shear planes.

The average shear stress on the shear plane is about 0.6F,
, and the average tensile stress on the tensile plane is about
20% higher than F, due to stress triaxiality presence.

Considering these phenomenological aspects, a new
nominal block shear design equation of welded gusset plates
under a single component concentric loading is proposed
which provides a more accurate estimation of block shear
strength, especially for structural steel, which is common in
Iran.
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Fig. 1. Typical block shear rupture in welded connections

Do b ib e38 C ((V) 5 (V) badgy) DT AISC aclipy] alo
o3lizl o Jlo ol b il 05 015 by e VL] gl Lol L5
bug 55 eher oVl 3 s b ool S Gl ki) ples ]
w8)S Gygo Sl g (225 Cllllae Gl (yivren 335 o dnoy
O)go shgr Vlail g5 p s b ol gelym (S0 Clides
VLl 3 (B g )18 (o) Baa b gy 3 V] canl by
b culs 5y9 500905 V) g9y 2 Oialeil Ll 5 silodde 4 (g
Jols ol 45,5 a5 55 b alllas ol )5 b azslsy S (oISl
S 1 plo dadiged 59) p 5338 ladidod 5 aBLjl slacus |
sher eYlail o g g cb S g 4 B iy pjlSe
wgmhwgbwﬁwd]Pm)Ja)wmdw
1 3 b V] sg3e L25F, el ay 258 g canglie il
i8> i AISC aeb ol bl a8 s ools (Lis 3l ol o4338,5
i dal) e ool g @il (Do Jladl 13 (B (b Cuaglie ]
23 ©rpe a6 de Jlail (B by cd )b il

F
R =125F A, +—A ¥)

N

s g 0392l (IS5 (el alaie gaw glafio )3 Eljg 3929 pac
skl )3 (S 5 39S @ig 028 L (B b (el Cueglie

el Ablgs Cuwd 4y ) ddlae Sl cguas

R =FA, +06F A, (%)

e GRES €05 S alae o A, &S
oy 9y » 2Bl Slills (bl sl (B 2y 0n
byl claalie cpl b [V] 46 ssalie (o Jlasl b odds (g5l
S5 005 (6l e sl 505 TE Loy ) 5 B
Eaoomo Cyao &y (B iy Cod b aS S slgiidn deldl (5 9 00,8
5 05 Arulons (SIS ol 5y syt 5 S Slacnglis
cabdl (5 ais Wl cud )l pl cdnule s ldbal) ddlllas ol
Jlail b oad il sloyss 5l aladisel 59, » (2Bl @b
el & (Gygk 4 ord B b ol puie CELS 4 e (o
Sy S SenS Sy  Job B iy B a5 S
2 LS 0 b (Sound b el g iS55 ) cou plate
Sl exSosme &Sl s [V g F] bl o by i Sl Cov gaie
oplin J5 iy clo o 5 palls (S o o o
Hagge (ol o slodsbion] (saigerd [F] 35800 yocia 1y alio

Vays



VY- 5RO doxio VF) Jlo oyl OF 095 ¢pusS ol () pos i 4yl

oMo sl 545 Ao 35 by YL (gl gy lad ) odli
2 e b gl gl 485 Sogo dgame Sapiagh 5 ol 2
V5 gl b oolitl 350 dlne | SolSe ol o idgr YL
e Caz 0l &)l balg) 5 bt Cous 5 03 Oglie Gl 3 @,
Sy90 (s (ylpl ) ly Sladlo dYed il edlatnl b (JB )5y cuoglis
b dgacee slial b9y & g3ae adlllan (imgly cnl )3 355 (b)) (o)
ehdiged g9y 2 Gl S il 2 Cole I gy
G55 oo &5 (gb 4 Abpdy Ojgo CwlS dxdo b Ll ]
CanSd Oloxhio (59) 1 G5 Copmdg 9 005 (sl (2l S g 90
JUail (osiz sl ol ISl (piman .85 algs )13 () 3590
350 s> o ol g8y pille (555 2 LS 0K w5
B op b o wld adlllas 5 Coled 3 S e JLE g
plosl (g3ae o 5l ool o 4 ol b 3990 ¥olae bawgs o 81|
CatlS B iy bl 538> (055 g (o3l Dol g 55

b wwlss ) bes bl >

©das axlllas -¥
oS -y -y

i b adllas jolaie 4 ¥V S5 53 0dd 00 Hlis by Jla]
4 Jlail Jdo ol sl 48,8 )1)8 solatwl 350 a0l 18 50 JB oy
Gowlie (CnlS 35) arly 518 Cunglio g )8y gy e <] (Sols o
Ohsr baug (Jladl gis) dens 93 (JSS L ilke ] o o ASle
9 Mo o (JLal e32) CanlS enir (535 3 (Jul Alys) 455
S Grpe 4 ol o0 485 55 3 b JUadl e 5o S 5
b e jlelitel pe> g4 g Jsb slaber ) eslanal Sl g9
3 odlitsl & dog b opizmen (¥ JS3) Mbior plg5 yob 4 (o250
Ol 3l a8 308 0 s 0dd (S )85 (Jlail g lais 4 dans g
bl ol 13.00,55 slou) CuwlS amans (o5 0 i BB ol b ke
oS Culbus 4 dagi b &S oo 48,5\l > (gy5b (g0 sl Jue
&) Ol B9y 2 S g el ) el DS lop 3l glgil cunls
Sy lod Zly y> 48" A daled 3l Jlasl pdaw S 40 53 (5,105 ams
il g 09,5 gaw

1 Damage for ductile metals

yary

Ue> D95 pas b Do g aS ub 0ald L caalllas ol o copl o 0gMe

Al g ansls B By euny s g5y (5] ((iuiS dmin jd
adllae > N¥] adbe (B (B (8 B)9) b 3B oS> 50>
VLl )3 (B (B 518 5l 5 JelS o 4 (b Bua b (6,500
Jail b aladises g5y 2 pialeil bl g o208 Gilodse @ (sdsn
5 oher Jsb Jlail g poye VO] a8 asly cwl sy 2 s
ol 3 adllas 3y90 pwtin sl (LB Jigr jpan pas b jeas
2 daly gimggy cul 3 485 sl sy oo (sle 39 3uiS
dS b ot (oBer VLAl 3 (JB Sy b )b sl

25 il i Oyge A (S)ee g (9N 9

R =125F A F:'+F;'A
n: - u + A
L+, o

g VLl 3 (B ) (SieS oy ey 4 sladdlle
2 V] s asby Jlasl Gye 4 (ol g (bsd Frew b slacl
P& w5 adlas dy9e (BBl dges YO Bluss imgh oyl
P b gy Jlatl e (JB Gy Gao 4 (SisuwS bdige oled
6l 5 B iy s ppilSe oS 5 saalie [IV] 26 adllas
Ul b osds (g3lo o (gl ys b dualiio )3 ((Sg> (clol b oad (g5l
Ay Ui Gt (pl oS Cpeomes bb o gt MolS o e (ol
ol 033 olyads (S doas  SisuawS b (JB i oy a8 &S
odblin by doxo )3 (SiunS (B i oS x b ol o
& Comd (il (SiBuuS &S Culine (pl 4 g9dg0 oyl (Cuwl oS
s u}"l)-‘-’ I)ol p U.»uu::.o Cowl 023 ‘ELO.sI PR (52 M
;s oY g8l o aidlw slacl PLes Juasl B oy g
S PSS ol S5y OIS (o b o] )3 &S 485 00
)] ppien 5 (S g (ody Slio Syglre 3 0S|
3Yed g5 ol el lorslu 3Ygd ogas ;5 laasbipyl Llb Luly,
[\/\—Y'] Co 4».9; )l)B WP D)0
b 9y 3 o0 g (225 Slillae STl plgis o shailes
bilg) 5wl 485 ©jg0 (2 VLl elyn (JB S s>
4 51 wilasl dxwgy e SYLasl ¢l Lolwl 35 [V] AISC asl ol



VAP B VAYD doio VFe ) Jlo i o)loud DF 0,95 «puS ol )]y wigo 4y il

\
{4
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Table 1. Models properties

Model# Type L (mm) S (mm) ¢ (mm)
1 A 100 100 4
2 A 75 100 4
3 A 50 75 4
4 A 125 100 4
5 A 100 75 4
6 A 100 100 5
7 A 75 100 5
8 A 50 75 5
9 A 125 100 5
10 A 100 75 5
11 A 100 100 6
12 A 75 100 6
13 A 50 75 6
14 A 125 100 6
15 A 100 75 6
16 B 100 100 4
17 B 75 100 4
18 B 50 75 4
19 B 125 100 4
20 B 100 75 4
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Fig. 11. Tensile stress distribution on the tensile plane of model #1
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Table 2. Comparison of predicted block shear strengths and finite element results

Model Finite element capacity N*ominal strength (kN)
(kN) AISC Ratio Proposed Ratio”

1 413.1 300.5 1.37 403.2 1.02
2 377.6 2674 1.41 352.8 1.07
3 252.7 192.2 1.31 252.0 1.00
4 460.3 333.6 1.38 453.6 1.01
5 358.5 258.5 1.39 352.8 1.02
6 506.1 375.6 1.35 504.0 1.00
7 4443 3342 1.33 441.0 1.01
8 311.3 240.3 1.30 315.0 0.99
9 583.0 417.0 1.40 567.0 1.03
10 4452 323.1 1.38 441.0 1.01
11 616.9 450.7 1.37 604.8 1.02
12 5443 401.0 1.36 529.2 1.03
13 3564 288.4 1.24 378.0 0.94
14 694.5 500.4 1.39 680.4 1.02
15 532.8 387.7 1.37 529.2 1.01
16 404.5 300.5 1.35 403.2 1.00
17 383.2 2674 1.43 352.8 1.09
18 256.5 192.2 1.33 252.0 1.02
19 4547 333.6 1.36 453.6 1.00
20 3614 258.5 1.40 352.8 1.02
Avg. 1.36 1.02

Std. deviation 0.04 0.03

*Finite element capacity / Predicted capacity
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