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A hybrid structural stress method is presented for significantly simplifying spot weld representations in fatigue
evaluation of complex spot-welded structures while retaining a high degree of accuracy in structural stress
computation. The method is formulated by extracting nodal forces and moments around a group of domain
elements connected to a spot weld represented by a regular beam element. Through a systematic decomposition
technique, existing closed-form solutions, previously only valid for modeling single-spot weld test specimens, can

now be used for calculating the relevant structural stresses under complex loading conditions in structures, as
validated its ability in correlating fatigue test data.

1. Introduction

Typical automotive structures contain about 3,000 to 5,000 spot
welds which serve as a cost-effective mean of joining metal sheets
together in forming lightweight load-bearing structures, as recently
discussed in the context of spot weld position optimization algorithms, e.
g., by Bhatti et al. [1], Junqueira et al. [2], and Yan et al. [3]. As
structural light-weighting becomes increasingly important due to new
sustainability regulations, traditional quality definitions for spot welds
connecting various high-strength lightweight sheet metals need to be
revisited in light of the recent developments on quantitative quality
acceptance criteria, e.g., those presented by Dong [4] and Zhang and
Dong [5]. As the automotive industry increasingly relies on virtual
prototyping, efforts for assuring structural durability place a major focus
on spot welds which by design represent severe stress concentration
sites, i.e., at interfacial notch around weld nugget edge. These sites are
prone to fatigue damage under time-varying loads during service. Full
vehicle or component level testing is time-consuming and cost-
prohibitive in today’s competitive environment. Therefore, reliable
spot weld fatigue modeling methods capable of evaluating complex
spot-welded structures become essential for achieving both structural
reliability and cost-effectiveness in the development of advanced vehicle
structures.

To achieve structural life predictability, any finite element (FE)
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based spot weld modeling methods must meet two basic requirements:
(1) offering lab fatigue test data transferability among different lab
specimen types, loading types, sheet thicknesses, etc.; (2) offering
component life predictability by demonstrating that fatigue test data
from simple lab specimens can be used to estimate fatigue life of a
component. To meet the first requirement, it often needs to show that
fatigue test data obtained from various forms of standard single spot-
welded specimens, e.g., lap-shear (see Fig. 1a), coach-peel, and others
[6,7,8,9,10,11] can be effectively correlated into a single narrow band.
The second requirement can be affirmed through fatigue testing of
selected structural components (e.g., modified H-shear component
shown in Fig. 1b) to show that their fatigue lives can be reasonably
estimated by using lab specimen test data (e.g., from simple lap-shear
specimen shown in Fig. 1a).

As far as fatigue behaviors in single spot-welded lab test specimens
are concerned, it has been shown that nominal stress (remote load
divided by plate cross-section area) based S-N curves lack of data
transferability, e.g., as shown in Rupp et al. [6], Radai and Zhang [7],
and Salvini et al. [12], similar to the findings on fusion welded test
specimens by Dong [13,14]. In contrast, a structural stress definition
introduced by Radai and Zhang [7] was shown effective in correlating
fatigue test data of lap-shear and coach-peel lab specimens. More recent
investigations along this line can be found in [10,11]. With a mesh-
insensitive structural stress method based on nodal forces and nodal
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Fig. 1. Illustration of typical structural life modeling approach: (a) single spot-
welded test coupons for generating laboratory fatigue test data and (b) complex
spot-welded structure (e.g., one-half of a modified H-shear component) for
validating structural life predictability based on lab coupon test data.

moments, Dong [14] and Kang et al. [15] further demonstrated the
robustness of the structural stress based fatigue data correlation over a
broad range of lab test specimen configurations. It should be noted there
are also more recent developments in closed-form structural stress so-
lutions for single spot-welded lab test specimens (Lin and Pan [9,16],
Sung and Pan [17]) based on a rigorous plate theory by treating the spot
weld as an embedded rigid inclusion. Once the structural stresses are
computed with respect to spot welds, stress intensity factor solutions can
be calculated in closed forms, e.g., those given by Radai and Zhang [7],
Zhang [18], and more recently by Lin and Pan [9,16]. These recent
developments offer a stress intensity factor range based fatigue data
correlation that shows a similar effectiveness in consolidating fatigue
test data (e.g., in [18]) to those when the mesh-insensitive structural
stress range is used [13]. It should be mentioned that the relation be-
tween structural stress and stress intensity factor for spot welds under
various types of loading conditions was initially established in Radai and
Zhang [7] and more recently by Lin and Pan [9,16]. Therefore, for
characterizing fatigue behaviors in spot-welded structures, the use of
stress intensity factor is equivalent to the use of structural stress. Once a
reliable structural stress method becomes available, either an equivalent
structural stress range [13-15] or stress intensity factor range parameter
expressed in terms of the structural stresses [18,19] can be used. In the
latter case, an equivalent notch stress based on stress intensity factor
solutions was shown effective in correlating simple lap-shear and couch-
peel fatigue test data by Wei et al. [10].

Then, to fulfill the second requirement discussed above, a reliable
method for determination of the structural stresses in complex spot-
welded structures becomes essential for structural fatigue evaluation.
Radai and Zhang [7], Zhang [18], Salvini et al. [12,20], and others
developed various methods for computing structural stresses around
spot welds using approximate analytical stress solutions by considering
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a plate with a rigid inclusion under simple loading conditions. Recently,
Lin and Pan [9,16] and Sung and Pan [17] proposed closed-form
structural stress solutions for a spot weld under various types of
loading conditions including the self-balanced and the through-nugget
loads on the lateral surface of the plate. Lin and Pan [9,16] empha-
sized that the self-balanced loads on the lateral surface of the plate
should also be considered as well as the through-nugget forces and
moments to obtain the full structural stresses around welds. However, it
should be noted that all these solution methods, e.g., by Lin and Pan
[9,16] and Sung and Pan [17], are only applicable for single spot-welded
specimens commonly used in lab test environment, rather than multiple
spot-welded complex components. The needs for addressing structural
stress applications in complex structures were more clearly demon-
strated most recently by Yang et al. [21] by performing fatigue test data
correlations using components containing multiple spot welds. Their
results show that existing forms of the structural stress method become
less capable for correlating the test data as more spot welds are used in
test specimens.

For applications in complex welded structures, it has been shown
that the structural stress method proposed by Dong and his co-workers
[14,15,22,23] offers a good mesh-insensitivity for modeling various
complex structural specimens in fatigue evaluation, including spot-
welded specimens [15]. In addition, the method has recently been
extended to model multi-axial fatigue under both non-proportional
loading conditions [24-26,32-34] in both time and frequency domains,
as well as low-cycle fatigue [27-29,35]. However, the major limitation
of the mesh-insensitive structural stress method (hereafter refers to a
direct structural stress method or direct method in this paper) is that
each spot weld needs to be explicitly represented with a ring of finite
elements around the center of spot weld [15]. As a result, the direct
method requires an extensive modeling effort, which can be impractical
if dealing with a structure containing thousands of spot welds, e.g., in
automotive structures.

To significantly simplify the modeling efforts while retaining the
mesh-insensitivity observed in the direct method discussed above, this
paper aims to develop a coarse-mesh hybrid method for fatigue evalu-
ation of complex structures containing multiple spot welds under arbi-
trary loading conditions. The proposed coarse-mesh hybrid structural
stress method is structured in three steps. In Step 1, an element domain
is defined with respect to the shell finite elements directly connected to a
spot weld represented by a beam element. Nodal forces and nodal mo-
ments can then be extracted from these domain elements. In Step 2,
these nodal forces and moments are then decomposed into simple
loading modes with respect to each spot weld involved, for which
closed-form analytical solutions are already available, e.g., those given
by Lin and Pan [9,16], and Sung and Pan [17]. In Step 3, the structural
stresses calculated around a spot weld location corresponding to all
decomposed simple loading modes are then superimposed to obtain the
final structural stress solution. As such, there is no explicit representa-
tion of spot welds needed beyond the use of one beam element corre-
sponding to each weld location, offering much-needed coarse-mesh
modeling capabilities for structural applications. We then will show that
the resulting hybrid structural stress procedure is robust and yields
consistent structural stress results in comparison with the direct method.
Finally, it can be shown that fatigue test data obtained from different
types of spot-welded structures (single spot-welded and multiple spot-
welded specimens) can be correlated into a single narrow band,
demonstrating that the proposed coarse-mesh hybrid structural stress
method offers both data transferability among single spot-welded lab
specimens and components’ life predictability of multiple spot-welded
components.

2. Direct and Coarse-Mesh hybrid structural stress method

Before we present the new coarse-mesh hybrid structural stress
formulation, the direct method is briefly summarized in the context of
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modeling spot-welded structures, which will be used as a baseline or
reference solution for comparing those obtained using the new coarse-
mesh hybrid structural stress method which is the focus of the present
study.

2.1. Direct structural stress method

The direct mesh-insensitive structural stress method proposed in
Dong and his coworkers [14,15,22,23] has been shown to meet the
above two requirements discussed in the previous section. For
completeness, their method is briefly summarized here with a particular
on its applications in modeling spot-welded structures.

Consider a close-up view around a spot weld of a multi-spot-welded
H-shear component (taken from [8]), as shown in Fig. 2a. Fig. 2b shows
a through-thickness (t) cross-section cut plane containing the spot weld
and the typical local stress distributions at the weld nugget edge, e.g.,
within the bottom sheet. The corresponding statically equivalent
structural stress definition in terms of through-thickness membrane o,
and bending oy is given in Fig. 2¢. As shown in Fig. 2b, the normal stress
ox(2) and the transverse shear stress 7(z) represent local through-
thickness distributions caused by the corresponding remote forces (P1-
P3) and moments (M1-M3), which are typically highly nonlinear, as a
result of the sharp notch tip at the nugget edge.

As presented in Dong [13], the normal structural stress consists of
two parts:

0y = 0+ 0p (@]

where 6, and o, are the membrane stress component and the bending
stress component, respectively. Similarly, the local transverse shear
stress 7(z) effects can be captured by the corresponding statically
equivalent transverse shear structural shear stress, which has been
shown not significant in typical structural applications [14] and will not
be considered further in this study.

To extract the membrane and bending structural stress components
in Eq. (1) by the means of the direct method, a spot weld needs to be
explicitly modeled, as illustrated in Fig. 3. As such, as shown in Fig. 3a,
the weld nugget area is typically represented by either shell elements or
rigid beam elements with multiple point constraints (MPCs). In addition,
a ring of shell elements is used for extracting nodal forces and moments
along the inner ring edge (i.e., weld nugget notch edge) that are
computed from a typical finite element analysis. These nodal forces and

(@)
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moments in the global coordinate system at nodal positions N7 through
N; (see Fig. 3b) are then transformed into nodal forces and moments
with respect to the local coordinate system (r,6, and z), defined with
respect to weld nugget center.

Based on the work equivalent argument that the work done by the
nodal forces/moments is equal to the work done by the distributed line
forces/moments, the rotated nodal forces and moments are then con-
verted to the line forces and moments around the nugget edge line. This
is done through a system of simultaneous equations given by Dong [14]
and Dong et al. [22], e.g., for converting nodal forces to nodal line forces
along the weld nugget edge line (also referred to weld line), as:

(L +1-1) I8 Ly
—_— — 0 0 .

- 3 6 6 P
‘ Lo (k) b '
£ 6 3 6 - - b
Fy \ _ 0 L (bth) L fi
. 6 3 6 - :
Fu l“ l” 0 “l ) St

n—1 n—2 P o
0 0 0 —_
G 6 3

(2)

where f1,f2.f3, ..., fu_1 are the local line forces at nodal points 1, 2, 3, ...,
n—1 and Fy,F,,F3, ..., F,_1 are local nodal forces in local coordinate
systems at the nodal points 1, 2, 3, ...,n —1. since the weldline along the
nugget periphery is closed, the local line force at nodal point n is the
same as the local line force at nodal point 1. Similarly, the local line
moments can be calculated using the local nodal moments using the
same simultaneous equations, Eq. (2). With the calculated local line
forces and line moments, structural stress is then calculated at each
nodal point on the periphery of the nugget. The structural membrane
stress component o, and bending stress component o}, at each nodal
point are calculated as:

e
[ 7 (3)
6
o= —;’jg )

where t is plate thickness, fz is local line force in the local r direction, and

X

OmOp M

(©)

Fig. 2. (a) Close-up view around a spot-weld in the modified H-shear component, (b) through-thickness cut plane view of a spot weld and illustration of local stress
distributions at weld nugget edge; and (c) statically equivalent structural stress definition.
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my is local line moment about the local 0 axis.

To demonstrate the mesh-insensitivity of the structural stress
calculated according to Egs. (2)-(4), Fig. 4 shows a lap-shear specimen
modeled by two shell element models (see Fig. 4a) with different
element sizes around the weld nugget and a 3D solid element model
(Fig. 4b) as presented in Dong et al. [22]. The resulting structural stress
based stress concentration factor (SCF) results (normalized by remote

Shell Element Model with Shell-8ele

F

Fine Mesh (10°)

Coarse Mesh (45°)

(®)

Nugget area modeled by MPCs
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Nodes at nugget notch tip of interest

(®)

Fig. 3. (a) Explicit spot weld representation and local coordinated system at a spot weld and (b) the close-up view of the nodes around weld nugget edge.

nominal stress) are shown in Fig. 5. The mesh-insensitivity of the SCF
results around the weld nugget edge is evident. Further details and ex-
amples can be found in Dong et al. [22] and Kang et al. [15], including
demonstrations of S-N data transferability.

However, as discussed above and shown in Fig. 3, the direct struc-
tural stress method requires explicit modeling of spot welds and
imposing constraints (i.e., MPCs) between top and bottom sheets around

t=1.5mm

Nugget radius = 3.675mm

3D Solid Model with QUAD20 (30°)

(©)

Fig. 4. Alap-shear spot-welded test specimen modeled with different element sizes and element types: (a) specimen overall geometry, (b) shell element models, and

(c) 3D solid element model [22].
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Fig. 5. Normalized structural stress (SS) distributions around the interface
notch of lap shear test specimens, showing a good element size and type
insensitivity in structural stress calculation [22].

the weld nugget area. Therefore, even for some laboratory test compo-
nents with only several spot welds, for example, the modified H-shear
components in Fig. 1, the efforts for their FE models with the explicit
representation of spot welds involved can be significant, particularly in
view of a couple of thousands of spot welds being used in a car body
structures. Thus, a reliable and simplified mesh-insensitive structural
stress method is needed for modeling spot-welded structures.

2.2. Coarse-Mesh hybrid structural stress method

In this section, a coarse-mesh hybrid structural stress method is
presented. The method differs from the direct method described above
in the following manner, as illustrated in Fig. 6:

(a) Model each spot weld with a single circular beam element with
the beam cross-section diameter being the same as the spot weld
it represents

(b) Extract nodal forces and nodal moments around a rectangular
domain formed by a group of four shell elements connected at the
center point by the beam element representing the spot weld

(c) Decompose the nodal forces and moments into a set of simple
elementary loading modes for which analytical solutions are
available

(d) Combine the solutions obtained by all elementary loading-mode
based analytical solutions through superposition to obtain the
final structural stress solution for each spot weld of interest.

Without losing generality, the procedure details described above can
be more clearly illustrated by considering a spot weld location in a

—]
()
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Fig. 7. (a) The in-plane nodal forces (Fx and F,), (b) nodal moments (M, and
My), and (c) out-of-plane nodal force (F;) at the eight nodes around spot weld.

component, as shown in Fig. 6. A pre-defined square-shaped domain
formed by a group of shell elements (a total of four in the current case) is
used for extracting nodal forces and nodal moments along the eight edge
nodes, which are available after completion of a FE analysis of the
structure. Note that the spot weld is centered at the mid-position of the
square domain, as shown in Fig. 6. Fig. 7 shows the nodal forces and
nodal moments at the eight nodal points around the edge of the square

’
S .- °’z .
) Square mesh around weld ' 1 Domain element| f Domain element 1 ’
~~~~~~~ 1 JECEE & EION ! 1
A / ! g N 1 |
4 3 Y \
’ : ®
L o \ - -
_____ h . % ] 1
_— ! T ! /!
. . ]
,’ Domain element [/ Domain element ’
’
o - Y Y- ° ;
\

z \

A - \

y ,~~~~._ Domain edge !

~_.’ *~~\ // e~ . _--"
R ’

Fig. 6. The square domain around weld in multiple spot-welded structures.
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Table 1
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The procedures of nodal forces decomposition with respect to available analytical stress solutions.

Input Nodal forces/moments at coarse mesh

Analytical solutions Output

FE model with coarse mesh In-plane nodal forces
Nodal moments

Out-of-plane nodal forces

Shear (E1, E3) Radial structural stress
Tension (E2, E4) O

Center bending (E5, E7)

Counter bending (E6, E8)

Open force (E9, E13)

Center bending (E11, E12, E15, E16)

Cross counter bending (E10, E14)

element domain containing the spot weld modeled as a beam element.
The Cartesian coordinate system X-Y-Z is also shown in this figure. The
nodal forces and nodal moments can be separated into three categories:
in-plane nodal forces (Fx and F,), as shown in Fig. 5a, nodal moments
(M, and M), as shown in Fig. 5b, and out-of-plane nodal forces (F;), as
shown in Fig. 5c. Among these nodal forces and moments,Fy,Fy,F;, My
and M, are of interest for further consideration in the coarse-mesh
hybrid structural stress method, while the nodal moment M, around
the Z axis will not be considered further since previous investigations
have shown that its effect is negligible for most structural applications
[16].

With the nodal forces and nodal moments at the eight nodal points
around spot weld, the decomposition-superposition procedure can be
used to calculate the radial structural stress o, with respect to available
analytical solutions [9,16,17]. The details of the decomposition-
superposition procedure with respect to available analytical solutions
are presented in Appendix A. Table 1 summarizes the calculation flow of
the decomposition-superposition procedure. In the decomposition step,
the in-plane nodal forces are decomposed into four cases E1, E2, E3, and
E4 corresponding to Fig. A1l with respect to the analytical solutions of
the plate with a rigid inclusion under shear and tension forces. The nodal
moments are decomposed into four cases E5, E6, E7, and E8 corre-
sponding to Fig. A2 with respect to the analytical solutions of the plate
with a rigid inclusion under center bending and counter bending mo-
ments. The out-of-plane nodal forces are decomposed into the cases E9
to E16. E9 and E13 correspond to the top figures in Fig. A3 and Fig. A5
with respect to the analytical solutions of the plate with a rigid inclusion
under opening force. Cases E10 and E14 correspond to the bottom fig-
ures in Fig. A3 and Fig. A5 with respect to the analytical solutions of the
plate with a rigid inclusion under cross counter bending moments. Cases
E11,E12, E15, and E16 correspond to Fig. A4 and Fig. A6 with respect to
the analytical solutions of the plate with a rigid inclusion under center
bending moments. It should be mentioned that the available analytical
solutions of the plate with a rigid inclusion under tension force, shear
force, center bending moment, counter bending moment, opening force,
and cross counter bending moments are presented in Sung and Pan [17]
and Lin and Pan [9,16]. In the superposition procedure as presented in
Section 2.3, the radial structural stresses (oyr)g; (i = 1-16) calculated
from the cases E1 to E16 are added up to the total radial structural
stresses o, which will be used for the fatigue life analyses and fatigue
data correlation in Section 4.

2.3. Decomposed loading cases and analytical solutions

As presented in Appendix A, the nodal forces and nodal moments at
the 8 nodal points situated on the square domain edge can be decom-
posed into a total of 16 simple loading conditions with respect to which
closed-form analytical solutions are available [9,16,17]. They are sum-
marized below, based on 3 broad categories of loading cases against
nugget interface notch, which are in-plane forces (shear and tension),
moments (center bending and counter bending), and interfacial notch
opening (out-of-plane forces and moments caused by out-of-plane
forces).

2.3.1. In-Plane shear and In-Plane tension

The in-plane shear and in-plane tension along the x direction, Case
E1 and Case E2, respectively, are listed as Eq. (5) and Eq. (6) according
to Sung and Pan [17]:

(FAX + ch ) cosf

(6n)g = ?{4[ (I4+v) 3+v)7a2(1+y)2]

2 —v=- D +)+a* G —v) ]| + PP [P(1+v) +a?

©-)1}
®)

where S = 4(1+v) + a*(3—v),a =% and y =1, ais the radius of spot
weld and b is the coarse-mesh element size.

(61 (chgitFA*y Ty [(=34+0)(3—4)(1+v)a® +4y* (¥ +3)a°
=3(1+0)* (1+7Y)a* + 472 (1 +0)’@® = (1 +v) (=3 +v) ] cos20
—-rW[@w-1)—r(1+v)]}
(6)
where W= (1 +a®)(1 +v)(3 —v) +2a%(2 — 3a%)(1 +v)* +4a°(3 +1?)
and Y = (1 +v) +a?(1 —v).

The in-plane shear and in-plane tension along the y direction, Case
E3 and Case E4, respectively, are listed as Eq. (7) and Eq. (8) as given by
Sung and Pan [17]:

(Fsy+ Fpy) sing

(61)gs = b S» 3{4[ (1+v) 3+1/)7a2(1+1./)2]
2(r—v-1)[y*(1+v)+a*(3-v)] +a272[y2(1+u)2+a2(9—1/2)}}
@)
(6”)54—@}/ Wy —Y[(-3+1)(3-4") 1 +v)a® +4¢* (¥ +3)a®

=31+ (1+7")a* +472(1+ )’ —y* (1 +0) (=3 +v) ] cos20
—PW[@w-1) -y (1+v)]}
(8)

2.3.2. Center bending and counter bending
The center bending and counter bending along the y direction, Case
E5 and Case E6, respectively, are listed as Eq. (9) and Eq. (10), according
to Sung and Pan [17]:
(Mcy+M,y) 3 cosd

(f’rr)Es:Tt Zay {46+ [P (1 +v)+a*(1-v)]

2(r—v+ ) [ B+v)+a*(1-v)] -

F(1-v)[FPB+y) —*(1+v)] }

9
where

Z=43+v)+a*(1 —v)



L. Zhang et al.

) = 9(Mcy — Myy) 1
s 4br? 7' Xy

+Y[a*(1 -

where X = (1 —v)(a® + 3) +4¢*(3+v) and Y = (1 +v) + *(1 — ).

Similarly, the center bending and counter bending along the x di-
rection, Case E7 and Case E8, respectively, are listed as Eq. (11) and Eq.
(12), according to Sung and Pan [17]:

—(Mp,+Mp,) 3 sin(6)
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(PP +v)+ @0 -] [4(1+0) + (@ + 1)1 -0) |

(10)

vy +a'(1-v)(3—7") +4a7* (v* +v) + 7' (1 — v) | cos20

_9(F81+F4Z_FZZ_FGZ)
82y XY

+a*(1 fz/)} [40{2(1 +0)+(a*+ 1)2(1 71/)]

(60 )g10=

{r*lr*(+y)

(0 =M M) 300 3 1)) Y [0+ (-0 -7) +4a% 0 +) 7 - )cos20)
v O(Fyt Fi—Fr—Fg) | 1
22—+ D[ G+0) +at(1-0)] — P (1-0) [P (3+2) 2 (1+0)] } seyxy )
(€8D)] . . . 2

+a2(17y)} [4a2(1+1/)+(a4+1) (171./)]
Y [a®(1-v)+a*(1-v)(3—y*) +4a*y*(y* +v) +7*(1 - 1) cos26}
14

*9(MDX*MBx) 27,2 2 2 4 2

(6rr)gg :W{y [FP(1+v)+a*(1-v)] [40: (I+v)+ (a*+1)°(1 71/)] 12)

—Y[a* (1 —v)+a*1—0v)(3—7") + 4’ (' +v) + 7' (1 — 1) | cos20

2.3.3. Interfacial notch opening

The opening forces along z direction, Case E9, is listed as Eq. (13),
according to Lin and Pan [16]:

(Fs; — Fy;) 3 cosf

On)pny = >
( )Ell 2 t2 Zﬂ}’3

{4+ [P(1+v)+a*(1-v)]

where X = (1 -v)(a®+ 3) + 422(3+v), Y = (1+v) + a?(1 —v),
Y =¥Z anda =2

The center bending caused by the out-of-plane nodal forces along the
y and x directions, Case E11 and Case E12, respectively, are listed as Eq.
(15) and Eq. (16), according to Sung and Pan [17]:

F2r— v+ D)[PFB+0) +a(1-1)] — A1 - V) [AB+v) — (1 +1)] } (15)
(O'rr)mz = _(F()Zz_ F2Z) ;2 S;;[(;) {4(3 + l/) [72(1 + 1/) + (l2(1 — I/)] 16)

RE—v+ )G+ +at(1-v)] -1 -)[FB+v)—*(1+v)] }

_ _3(F8z+F4z+F2:+F6Z)
217 (@ (= 1+v) — b*(1+v)]

+62(1+v) [ (= 14v) = *(1 +v)]in(b /a)
+2 B2 (1 +v)" — (= 1 +17)]in(r/a)

(0rr)ky

{az(lf2 - rz)( —14v)
13)

where the equivalent radius b’ = \2/—’3_[ is used based on the equivalent
circular plate model as suggested by Lin and Pan [16].

The cross counter bending, Case E10, is listed as Eq. (14), according
to Lin and Pan [9] and Sung and Pan [17]:

The opening forces along z direction for the plate with the rotation of
%, Case E13, is listed as Eq. (17), according to Lin and Pan [16]:

o 73(F7:+F31+F1z+F51)
2P [a’(— 14+ v) — b (1 +)]

+02(1+)[@(=1+v) = (1 +v)]in(b [a)
. [bwz(l + D)Z _ az( — 1+ yz)}ln(r/a)}

(0r)k13

{@(®*=r)(-1+v)

@a7)

where
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_2V2b
V3
The cross counter bending for the plate with the rotation of Z, Case

E14, is listed as Eq. (18), according to Lin and Pan [9] and Sung and Pan
[17]:

b//

—9(F\.+Fs. — F3. —
8y XY

(B i {PIra+y

+a*(1—v)] [4(12(1 +v)+ (a* + 1)2(1 —y)}

+Y[a*(1—v)+a*(1-v)(3—7") +4a’ (¥ +v) + 7' (1 —v) | sin26}
| 9(F11+F527F327F7Z>
‘ 82y XY

{Plra+v)

+a2(1—v)] [4(12(1 +1/)+(a4+1)2(1 —y)}

Y[ (1-v)+a*(1—=v)(3—y") +42%7* (v +v) +7* (1 —v) |sin26}
as)
The center bending and counter bending caused by out-of-plane
nodal forces for the plate with the rotation of £, Case E15 and Case

E16, respectively, are listed as Eq. (19) and Eq. (20), according to Sung
and Pan [17]:

(Fy, — F3;) 3 (cos@ — sind)
(0 )15 = 2 2 Zvﬂyrg

4B+ [r*(1+v) +a*(1 —v)]
2@ —v+ D[y *G+v)+a(l-v)

—a? (1 =-V)[y*B+v) —a*(1+v)]}

19)

—(Fs, — F1;) 3 (cosf + sind)
(Grr)El(, = ) t_z Z.ﬂ}/,,3

{43 +v) [;/”2(1 +v)4+a(1 - 1/)}

2r—v+D[y*B+v) +a* (1 -v)

a1 -v)[y*B+v)—a*(1+v)]}
(20)

where Z =4(3+v) +a*(1-v),/ = f,anda” = L.
3. Applications in modeling of multiple Spot-Welded specimens
3.1. Lap-Shear specimen with double spot welds in series

Lap-shear specimens with double spot welds are used to examine the
accuracy of the proposed coarse-mesh hybrid structural stress method.
Because there are no applicable closed-form solutions in literature for
the lap-shear specimens with double spot welds, two approximate
analytical methods (referred to hereafter as Methods 1 and 2) for making
use of existing closed-form solutions are devised here for comparison
with both the hybrid structural stress method as well as the direct
method. The first analytical method (Method 1) takes into account of
both the through-nugget forces and moments (in-plane shear and center
bending) and the self-balanced forces and moments (in-plane tension
and counter bending), as discussed in Lin and Pan [16]. The second
analytical method (Method 2) only takes into account of the through-
nugget forces and moments, representing the approach adopted by in-
dustry based on the work by Rupp et al. [6].

The spot weld studied in this investigation has a nugget radius a of
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Fig. 8. The schematics of a lap-shear specimen with double spot welds in series.

3.5 mm. Fig. 8 shows the schematic of a lap-shear specimen with double
spot welds in series. The width of the specimen B is 38 mm, the distance
between two spot welds L is 38 mm, and the length of the overlap region
W is 76 mm. The corresponding FE models for the direct method and the
coarse-mesh hybrid structural stress method are shown in Fig. 9a and b,
respectively. In Fig. 9a, the two welds are explicitly modeled as the two
circular regions with the MPC beam constraints [30]. In Fig. 9b, the
same two welds are simply represented by two linear beam elements at
their center locations. The boundary conditions of the lap-shear spec-
imen with double spot welds in series are similar to those of the lap-
shear specimen with single weld shown in Fig. Bla and Fig. B2a and
are not elaborated further here. To examine the mesh-insensitivity of the
hybrid method in structural stress determination, three mesh sizes with
b/a of 2.72, 3.39, and 4.07 are used, as shown in Fig. 10. Here, a is the
radius of the weld nugget and b is the element size around the spot weld.

Fig. 11a and b show the normalized radial structural stress o, (by
applied remote nominal stress) around weld nugget edge notch tip of 1st
and 2nd spot welds, respectively. In the figures, the black solid lines with
circular markers represent the reference solution obtained by means of
the direct structural stress method. The black dashed lines represent the
solution obtained by using Method 1 (labeled as “Analytical Solution 1”
in Fig. 11a). The black dash-dotted lines represent the solutions obtained
by using Method 2 (“Analytical Solution 27). The red, blue, and green
dashed lines represent the results obtained from the hybrid method
developed in this study, corresponding to three different element sizes.
As shown in Fig. 11, the radial structural stress o, obtained from the
coarse-mesh hybrid structural stress method agrees very well with those
obtained using the direct method, proving the method’s mesh-size
insensitivity.

The results in Fig. 11 also show that Method 2 (“Analytical Solution
2”) only taking into account of through-nugget forces and moments
cannot capture the radial structural stresses o, adequately, as also dis-
cussed in Lin and Pan [16]. Method 1 (“Analytical Solution 1) which
takes into account of both through-nugget and self-balanced forces and
moments offers a reasonable estimation of the radial structural stress o,
for the 2nd spot weld, but not for the 1st spot weld.

3.2. Lap-Shear specimen with double spot welds in parallel

Fig. 12 shows the schematics of the lap-shear specimen with double
spot welds in parallel. The width of the specimen B is 76 mm, the dis-
tance between spot welds L is 24.5 mm, and the length of overlap region
W is 38 mm. The corresponding FE models for both the direct method
and the hybrid structural stress method are shown in Fig. 13a and b,
respectively. Fig. 13a shows the welds explicitly modeled as two circular
regions with the MPC beam constraints [30]. In Fig. 13b, the welds are
simply represented by two beam elements. The boundary conditions of
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®)

Fig. 9. The FE models of a lap-shear specimen with two spot welds in series using (a) direct structural stress method and (b) coarse-mesh hybrid structural
stress method.

Fig. 10. The close-up view of the three coarse mesh sizes near spot weld with the b/a of 2.72, 3.39, and 4.07 from left to right.
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Fig. 11. The computational radial structural stress distributions around weld
nugget edge of (a) 1st weld and (b) 2nd weld in the lap-shear specimen with
double spot welds in series.

the lap-shear specimens with double spot welds in parallel are similar to
those for the lap-shear specimen with single weld shown in Fig. Bla and
Fig. B2a and are not elaborated here.

Due to symmetry, only one-half of the lap-shear specimen with
double spot welds in parallel is considered. Fig. 14 shows the normalized
radial structural stress o, around the weld nugget edge. The results
obtained from the hybrid structural stress method agree very well with
those obtained using the direct structural stress method. The results in
Fig. 14 also prove Method 2 (“Analytical Solution 2”) only taking into
account of through-nugget forces and moments cannot offer an adequate

10
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38

Fig. 12. The schematics of a lap-shear specimen with double spot welds
in parallel.

estimation of the radial structural stresses o,., as also shown in Lin and
Pan [16]. Furthermore, Method 1 (Analytical Solution 1) with both
through-nugget and self-balanced forces and moments fails to correctly
predict the radial structural stress o, around weld nugget edge in this
case. The details of the approximate analytical solutions will be dis-
cussed in detail in a later section.

3.3. Fatigue test data correlation

The experimental data in terms of nominal stress range vs cycle to
failure for the coach-peel with one weld and lap-shear with one or three
welds obtained from Zhang et al. [19] were shown in Fig. 15a. Here,
nominal stress range is defined as applied force range divided by the
loaded sheet cross-section area. As expected, the nominal stress range vs
cycle to failure fatigue test data from different types of specimens are far
apart from one another, particularly between coach peel and lap shear
specimens. Therefore, as is well known, nominal stress based methods
do not offer fatigue test data transferability. Once the structural stress
for each type of specimens is computed using the hybrid method pre-
sented in the previous section is used, the structural stress range
parameter offers an effective data correlation, as shown in Fig. 15b,
regardless of specimen types. The details of the coarse-mesh hybrid
structural calculation procedure are given in Appendix B. The results in
Fig. 15b imply that the hybrid structural stress method not only provides
reliable structural stress results with a very coarse finite element mesh
(e.g., see Fig. 13), but also enables fatigue test data transferability
among different specimen types and loading conditions, as illustrated in
Fig. 15.

4. Discussions
4.1. Mesh-Size insensitivity and multiple weld interactions

The mesh insensitivity exhibited in the structural stress results ob-
tained by the hybrid method is overall satisfactory, as discussed in
Section 3.1 for the lap-shear specimen with double spot welds in series
and in Appendix B for both the lap-shear and coach-peel specimens with
single spot weld. It is observed from Fig. 10 and Fig. B3 that a smaller
mesh size tends to result in a somewhat lower maximum radial struc-
tural stress o, , which is likely due to the limitations inherent in the
available analytical solutions adopted from Sung and Pan [17]. Sung
and Pan [17] presented that the ratio of b/a should be larger than 5 for
ensuring the accuracy of the analytical solutions.
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Fig. 13. The FE models of a lap-shear specimen with two spot welds in parallel using (a) direct structural stress method and (b) coarse-mesh hybrid structural

stress method.

15 T " T T T
- -O - Direct structural stress method
- - - - Hybrid structural stress method (b/a = 3.5)
12 ;Q&\ - - - - Analytical solution 1 o]
N Analytical solution 2 J
8
9 z s\\ A ‘\ v, 7
N N 3/
= AY AN 1 l,
b AN ’e
ke 3 - / 1
3 6 . O IS?,
N . Y LT
g N ‘5\ o
L N i1 |
B 3 .‘\‘\\‘\\ u/l,
z \\\‘é\ e
or ! :
3t 1
-6 L L 1 L 1
0 60 120 180 240 300
0 (degree)

Fig. 14. The computational radial structural stress distribution around the
weld nugget edge of the lap-shear specimen with double spot welds in parallel.

Based on the proposed hybrid structural stress method, the radial
structural stress o, distribution around the 2nd spot weld in the lap-
shear specimen with double spot welds in series seems to show some
noticeable discrepancies (see Fig. 11b), compared with the results as
shown in Fig. 1la. This can be attributed to the inadequate

11

representation of the deformation field around spot welds in such a
coarse finite element model with each spot weld being modeled by a
beam element. As a result, a single beam element simulating a spot weld
is not capable of accurately representing the complex deformation
characteristics around weld nugget, leading to the discrepancies in the
structural stress results shown in Fig. 11b. Here, two aspects are worth
noting: (a) The somewhat over-estimation in the structural stresses ob-
tained by the hybrid method in Fig. 11b can be viewed as being con-
servative for engineering applications while offering a significant
simplicity; (b) The structural stress results for the critical weld (the 1st
weld in this case) of the two is sufficiently accurate. The latter is
important since structural fatigue lives are governed by just a few crit-
ical welds, for which the hybrid method seems to work well.

To substantiate the above observations, the multi-spot-welded H-
shear component shown in Fig. 1b is considered here, under the fatigue
loading conditions described by Zhang et al. [19]. Indeed, the peak
structural stress location at = 0°, 360" shows a more reasonable esti-
mation than that at # = 180°. It is worth noting that the predicted § =
0°,360° position is indeed consistent with the test results documented in
[8,19]. It should be noted that the discrepancies around # = 180" shown
in Fig. 16 are in the region of very low stress and therefore do not impact
the fatigue life evaluation of structures in which only high stress regions
dominate fatigue performance. To further improve the structural stress
results around § = 180" shown in Fig. 16, a new finite element formu-
lation by introducing sufficient deformation constraints around nugget
edge may need to be explicitly considered, which is beyond the current
scope of study as far as a hybrid structural stress method is concerned.
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Fig. 15. Fatigue test data correlation: (a) Nominal stress range vs life and (b)
correlation of structural stress range vs life of the lap-shear specimens with 1 or
3 welds and coach-peel specimens with 1 weld.

4.2. Limitations in existing analytical stress solutions

For the lap-shear specimens with double spot welds in series and in
parallel examined in Section 3. Approximate analytical stress solutions
are used to compare with the results obtained from the coarse-mesh
hybrid structural stress method. Fig. 17 shows the side view of the
lap-shear specimen with double spot welds in series and the free body
diagrams (FBDs) for the 1st spot weld and 2nd spot weld. As shown in
Fig. 17a, the 1st spot weld is close to the applied force and the 2nd spot
weld is close to the free edge. In FBDs shown in Fig. 15b, F; and M; are
the force and moment through the upper part of 1st spot weld in top
plate or the lower part of 2nd spot weld in bottom plate due to sym-
metry. Similarly, F» and M, are the force and moment through the upper
part of 2nd spot weld in top plate or the lower part of 1st spot weld in
bottom plate due to symmetry. Also, the force balance and moment
balance require:

Fi+F,=F 21
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Ft
M1+M2:M:5

(22)
where t is the plate thickness, F is the applied force and M is the through-
nugget moment from the applied force F.

The FBDs of the plates with 1st spot weld and 2nd spot weld are
shown in Fig. 18a and b, respectively. The decomposition processes to
the cases of shear force, tension force, center bending moment, and
counter bending moment are also shown in Fig. 18 for the plates with 1st
spot weld and 2nd spot weld. The decomposition processes and the
corresponding analytical solutions are similar to those in Zhang et al.
[31] for the lap-shear specimen with single spot weld as shown in
Fig. 19. When calculating the total radial structural stress distribution
for 1st spot weld at upper plate, replace (Fayx + Fcx)/2 with F/4 in Eq. (5)
for shear case, replace (Fcx — Fax)/2 with 3F/4 in Eq. (6) for tension
case, replace (Mg, +Myy)/2 with (M —M,)/2 in Eq. (9) for center
bending case, and replace (Mcy, — Myy) /2 with (M + M>)/2 in Eq. (10)
for counter bending case. When calculating the total radial structural
stress distribution for 2nd spot weld at upper plate, replace (Fax + Fcx)/2
with F/4 in Eq. (5) for shear case, replace (F¢x — Fax)/2 with F/4 in Eq.
(6) for tension case, replace (Mcy + May)/2 with M2/2 in Eq. (9) for
center bending case, and replace (Mg, — May) /2 with M /2 in Eq. (10)
for counter bending case. Finally, add all these radial structural stresses
from the four cases discussed above. It should be mentioned that the b
used in analytical solution 1 and analytical solution 2 is different
compared with that used in hybrid structural stress method. In analytical
solution 1 and analytical solution 2, b represents the half width of the
plate. In coarse-mesh hybrid structural stress method, b represents the
element size.

Fig. 20 shows the top view of the lap-shear specimen with double
spot welds in parallel. Due to the lack of analytical solution, the
analytical solution for the lap-shear specimen with single spot weld is
adopted here as an approximation. The red square area in Fig. 18 shows
the cut-out to apply the approximate analytical solution. As shown in
Fig. 18, the nodal forces F, and nodal moments M, at the nodal points 1,
3,4, 5,7, and 8 are used to obtain the analytical stress solutions under
self-balanced loading conditions, in-plane tension and counter bending
as shown in Fig. 19. In order to obtain the accurate analytical stress
solutions under resultant loading conditions, in-plane shear and center
bending as shown in Fig. 17, the nodal forces Fx = F/2 and nodal mo-
ments My, = Ft/4 at the weld are used. The details of the analytical stress
solution for the lap-shear specimen with single spot weld can be found in
Lin and Pan [16] and Zhang et al. [31].

The readers should realize that even for these simple laboratory
specimens, the proposed approximate analytical stress solutions require
tedious free body diagram analyses and also adopt the decomposition-
superposition scheme to take account of the various loading condi-
tions. It should be mentioned that, unlike the coarse-mesh hybrid
structural stress method, the approximate analytical stress solutions
here only consider the loading forces along the x direction and moments
along the y direction. In addition, it should be pointed out, the
approximate analytical stress solutions are not unique and different re-
searchers may propose different solutions. For example, one may
approximate the lap-shear specimen with double spot welds in parallel
as two simple lap-shear specimens as shown in Fig. 21 for the use of the
analytical solutions presented in Zhang et al. [31].

It also needs to emphasize that it is impossible to derive the accurate
approximate analytical stress solutions for the complicated spot-weld
structures like the modified H-shear component in Fig. 1b. To solve
the difficulty of applying approximate analytical stress solution in
complex spot-weld structures is the intention of the proposed coarse-
mesh hybrid structural stress method.
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A 2" spot weld

L

15t spot weld B

Lt

e ' .
(a)
A B
1
Top plate |
«— + — F
Bottom plate :
Ft
"2
1
1 %-’ F
h 4% I
F 1
Ft
M=—
2 FBD of 2" spot weld FBD of 1%t spot weld

M, 34
F. F.
FWG % ’ 1

My

e

M,

(b)

Fig. 17. (a) The side view of the lap-shear specimen with double spot welds in series and (b) the free body diagrams for the top/bottom plates and 1st/2nd

spot welds.

13



L. Zhang et al.

Top plate
Bottom plate

Shear

Tension

Center bending

Counter bending

Top plate
Bottom plate

Shear

Tension

Center bending

Counter bending

15t spot weld

International Journal of Fatigue 164 (2022) 107109

M, M
P2 e F
F/2 «6
M, _
F/4—> —> F/4
F/4+— «— F/4
+
3F/4«— ——> 3F/4
F/4 «— — F/4
+
™ - Mp)/2 ") - My)/2
My/2 ") M2
+
™+ )72 ( D) M+ My)/2
M,/2 ( ) M, /2
(a)
2nd gpot weld
M,
9» F/2
s Ea
M _ M,
F/4—» —> F/4
F/4+— «— F/4
+
F/de— — F/a
3F/4+— — > 3F/4
+
M2/2( ) M,/2
™ = My)/2 Y) (M- My)/2
+
MZ/ZC ) My/2
M+ Mp)/2 ) M+ My)/2

(b)

Fig. 18. The schematics of the decomposition process of the shear resultant force for (a) 1st spot weld and (b) 2nd spot weld in a lap-shear specimen with double spot

welds in series.

14



L. Zhang et al.

Top plate
Bottom plate

Shear

Tension

Center bending

Counter bending

Ft/2
F/|2—>

F/2 «—

F/2 «—
F/2 «—

International Journal of Fatigue 164 (2022) 107109

single weld decomposition
Ft/2

t A

—> F/2

«—F/2
+

— F/2

— F)2
+

) Ft/2

) Ft/2
+

Fig. 19. The schematics of the decomposition process of the shear resultant force for single weld in a lap-shear specimen.

P
P
P — F
»
P
Cut-out to use analytical solution
le F3x
X
M 1y M3y y
Fgy Fyx z
ng M4-y
F. 7x F, 5x

I,

I,

Fig. 20. The top view of a lap-shear specimen with double spot welds in parallel and the cut-out square domain for applying analytical solutions.

15



L. Zhang et al.

International Journal of Fatigue 164 (2022) 107109

l O

F
O Cut-out to use analytical solution
Py
()
e
O Cut-out - F’
P

(b)

Fig. 21. (a) The top view of a lap-shear specimen with double spot welds in parallel and (b) the cut-out (lap-shear specimen with single spot weld) for applying

analytical solutions.
5. Conclusion

A new hybrid structural stress method is presented in this paper for
significantly simplifying spot weld representations in fatigue evaluation
of complex structures while retaining a high degree of accuracy in
structural stress computation. The method is formulated by extracting
nodal forces and moments around a group of domain elements con-
nected to a spot weld represented by a regular beam element. Through a
systematic decomposition technique, existing closed-form solutions,
previously only valid for modeling single spot weld test specimens, can
now be used for calculating the relevant structural stresses under simple
loading mode conditions. The superposition of the structural stress so-
lutions corresponding to decomposed simple loading modes leads to the
actual structural stress solution for each spot weld in a given structure.
The accuracy of the hybrid structural stress method proposed is vali-
dated by the mesh-insensitive structural stress method (referred to as the
direct method in this paper) which requires explicit spot weld repre-
sentation and is not suitable for applications in complex structures. As a
result, the hybrid structural stress method offers the following
advantages:

(a) Simple representation of a welded connection in coarse-mesh
structural models

(b) Accurate structural stress estimations at critical weld and critical
weld nugget edge position

(c) Data transferability for collapsing small lab specimen fatigue test
data

(d) Structural life predictability, i.e., using small lab single spot-
welded test specimen test data for inferring complex multiple
spot-welded components.
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Appendix A. Detailed decompositions of nodal Forces/Moments with respect to available analytical stress Solutions.

The decompositions of the nodal forces and nodal moments at the eight nodal points around weld shown in Fig. 4 are presented in this section.
Fig. Ala shows a schematic of a decomposition of the in-plane nodal forces into the in-plane edge forces. The left, top, right, and bottom edges of the
coarse mesh are named as edge A, B, C, and D, respectively. The 16 in-plane nodal forces are calculated into 4 edge forces by:

Fay = Fiy + Fg, + Fy,
Feo = Fyo + Fae + Fs,
Fpy = Fiy + Fy, + F3,
Fpy = Fsy + Fg, + I,

+ (Fo + Fei) /2
+(F2);+F6)»)/2
+ (F4y + FS,\')/Z
+ (F4y Jng),.)/Z
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Fig. Al. (a) The in-plane edge forces calculated from the in-plane nodal forces and (b) the decomposition of the in-plane edge forces with respect to available
analytical stress solutions.

where Fa,,Fgy,Fcx, and Fp, are the edge forces at the left, top, right, and bottom edges of the coarse mesh. Fig. A1b shows a schematic of a decom-
position of the in-plane edge forces into four simple loading conditions. The simple loading condition E1 is the in-plane shear force along x direction.
The simple loading condition E2 is the in-plane tension force along x direction. The simple loading condition E3 is the in-plane shear force along y
direction. The simple loading condition E4 is the in-plane tension force along y direction. The analytical solutions for a plate with a rigid inclusion
under in-plane shear and tension forces are presented in Sung and Pan [17].

Fig. A2a shows a schematic of a decomposition of the nodal moments into the edge moments. The 16 nodal moments are calculated to 4 edge
moments by:

My, = Myy + Mg, + M7y + (Myy 4+ Ms,) /2
M, = My, + My, + Msy, + (Mo, + M,) /2 (A2)
MBx = Mlx + er +M3X + (M4x +M8x /2
Mp, = Ms, + Mg, + My, + (M, + Mg, ) /2

where Myy,Mpy,Mcy, and Mp, are the edge moments at the left, top, right, and bottom edges of the coarse mesh. Fig. A2b shows a schematic of a
decomposition of the edge moments into four simple loading conditions. The simple loading condition E5 is the center bending moment along y
direction. The simple loading condition E6 is the counter bending moment along y direction. The simple loading condition E7 is the center bending
moment along x direction. The simple loading condition E8 is the counter bending moment along x direction. The analytical solutions for a plate with a
rigid inclusion under the center bending and counter bending moments are presented in Sung and Pan [17].

Fig. A3 to Fig. A6 are the decompositions of the out-of-plane nodal forces. The simple loading conditions E9 and E10 in Fig. A3 are the opening
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Fig. A2. (a) The edge moments calculated from the nodal moments and (b) the decomposition of the edge moments with respect to available analytical
stress solutions.
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Fig. A3. The decomposition of the out-of-plane nodal forces (E9 and E10) with respect to available analytical stress solutions.
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Fig. A4. The decomposition of the out-of-plane nodal forces (E11 and E12) with respect to available analytical stress solutions.
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Fig. A6. The decomposition of the out-of-plane nodal forces (E15 and E16) with respect to available analytical stress solutions.
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force along z direction and cross counter bending moments, respectively. The simple loading conditions E11 and E12 in Fig. A4 are the center bending
moments along y and x directions, respectively. The simple loading conditions E13 and E14 in Fig. A5 are the opening force along z direction and cross
counter bending moments for the larger coarse mesh (black dashed mesh) which is similar to that in Fig. A3 but with a counter clock-wise rotation
about z axis of § and a larger edge length of \/2b. Similarly, the simple loading conditions E15 and E16 are the center bending moments for the larger
coarse mesh (black dashed mesh). The analytical solutions for the opening force and cross counter bending moments are presented in Lin and Pan
[9,16].and Sung and Pan [17].

Appendix B. Coarse-Mesh hybrid structural stress method on Lap-Shear and Coach-Peel specimens with single spot weld

Fig. Bla and b show FE models of the lap-shear and coach-peel specimens for the direct structural stress method, respectively. In the FE models, one
side of the specimen marked in red was constrained in all directions and the other side of the specimen marked in blue was constrained in all directions
except the direction of the loading that was applied at the center of the grip region. The loads are applied at reference points located at the center of the
grip region and the other elements in the corresponding grip regions are connected to the reference points by rigid body constraints in Abaqus. The
Abaqus linear shell element S4 is exclusively used throughout the models.

Fig. B2a and b show FE models of the lap-shear and coach-peel specimens for the coarse-mesh hybrid structural stress method with mesh size b of
9.5 mm, respectively. The boundary conditions are the same as those for the direct structural stress method as shown in Fig. B1. As shown in Fig. B2,
the welds are represented by beam elements. The pre-defined square-shaped domain is marked as a red square. Mesh-insensitivity study is also
conducted in the lap-shear and coach-peel specimens with single spot weld. Three mesh sizes with b/a of 2.72, 3.39, and 4.07 are used for the mesh-
insensitivity study.

Since the structural stress analytical solutions for the lap-shear and coach-peel specimens with single spot weld are available in the literature
[9,16,17], both the structural stresses obtained using the direct structural stress method and coarse-mesh hybrid structural stress method are
compared with the analytical solutions. Fig. B3a shows the radial structural stress o, distribution around weld nugget edge in the lap-shear specimen
with different mesh sizes based on the analytical solution presented in Sung and Pan [17]. The results obtained from the direct structural stress method
and coarse-mesh hybrid structural stress method have similar radial structural stress o, distributions. However, the maximum radial structural stress
0yr,,,. Obtained from the coarse-mesh hybrid structural stress method is slightly lower than that obtained from the direct structural stress method. The
maximum radial structural stress o, obtained from the analytical solution is close to that obtained from the direct structural stress method as shown
in Fig. B3a.

Fig. B3b shows the radial structural stress o, distribution around weld nugget edge in the coach-peel specimens with different mesh sizes based on

Constrained: 123456

Constrained: 23456

(a)

Constrained: 123456

Constrained: 12456

(b)

Fig. B1. The FE models for direct structural stress method for the (a) lap-shear specimen and (b) coach-peel specimen.
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Selected coarse mesh Constrained: 123456

Constrained: 12456

(b)

Fig. B2. The FE models for hybrid structural stress method for the (a) lap-shear specimen and (b) coach-peel specimen.

22



L. Zhang et al.

International Journal of Fatigue 164 (2022) 107109
15 : T T : :
—o6— Direct structural stress method
- - - - Hybrid structural stress method (b/a = 2.72)
- - - - Hybrid structural stress method (b/a = 3.39)
- - - - Hybrid structural stress method (b/a = 4.07)
10 - --- Analytical solution 1
oF
o
8
= 5
IS
=
o
=z
0
Lap-shear o Tealt
5 . . . . .
0 60 120 180 240 300 360
0 (degree)
(a)
250 T T T T T
—o6— Direct structural stress method
- - - - Hybrid structural stress method (b/a = 2.72)
200 k - - - - Hybrid structural stress method (b/a = 3.39) i
. - - - - Hybrid structural stress method (b/a = 4.07)
EXs®, |~~~ - Analytical solution 1 K /,;,
. 150 - b
S
o
8
3 100 | b
£
=
2
50 - b
0 L N
-50
0 60 120 180 240 300 360
0 (degree)

(b)

Fig. B3. The computational radial structural stress distributions around weld nugget edge of the (a) lap-shear and (b) coach-peel specimens with single spot weld.

the analytical solution presented in Sung and Pan [17]. Similarly, the radial structural stress o, distributions obtained from the direct method and
coarse-mesh hybrid structural stress method agree with each other. But the maximum radial structural stress oy, obtained from the coarse-mesh
hybrid structural stress method is slightly lower than that from the direct method. Instead, the maximum radial structural stress oy, obtained
from the analytical solution is close to that obtained from the direct method as shown in Fig. B3b.

Small mesh size effect is observed in Fig. B3a and b that smaller b/a ratio results lower maximum radial structural stress o, . The reasons for the

small mesh size effect of the coarse-mesh hybrid structural stress method are discussed in Section 4.
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