
1 INTRODUCTION

Resistance spot welding is the predominant joining
process for the assembly of thin sheet structures.
Although this process has been widely used for many
years, there are still a few subjects to be resolved. One
of them is the assessment of strength of spot welded
structures, which plays a key role in the design of thin
sheet structures. A large number of publications [1-7]
clarified the mechanical behaviour of single- and multi-
spot welded structures under various operating condi-
tions such as static, dynamic and impact loading. It was
also clarified that the strength of spot welds depends
upon various factors, such as nugget diameter, number
and location of spot welds, plate thickness, width and
material strength. Although some methods [1, 2, 4, 6]
were proposed for the assessment of the strength of
structures, their application is limited to simple cases, for
example, single spot welded specimens with plug type
fracture. However, various fracture patterns appear in
the tensile-shear test of spot welded specimens, which
are largely related to their strength. Nevertheless, the
relationship between the fracture modes and the

strength is not always clarified. As a result, empirical
equations are often used in the actual design of spot
welded structures and overestimated numbers of spot
welds are used in the manufacture of spot welded struc-
tures. Therefore, high reliable and applicable methods
are demanded in the assessment of strength. One
promising method for high reliable assessment of
strength is numerical calculation. Another one is the pre-
diction of strength based upon formulae. Since the for-
mer method is time consuming, this study focused on
the latter method, especially for the tensile-shear
strength of spot welds. In the formulation of the strength
of spot welds, however, the effects of factors, fracture
modes, uneven and complex stress distribution on the
fracture load should be taken into account.

In this study, first, we analysed three fracture modes;
plug type fracture, shear type fracture and fracture
across the base metal, which occurred in the tensile-
shear tests. Based on the characteristics of fracture
modes, a prediction method is proposed for the assess-
ment of strength of spot welds, which consists of three
equations derived from the relationship between the
maximum stress and material strength for the three frac-
ture modes. In these formulations, two appropriate para-
meters were proposed for the evaluation of maximum
stress in the uneven stress distribution near the spot
weld including the effect of the bending moment. These
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parameters also include the effects of plate geometry;
weld size and material strength on the fracture load and
become master curves for the evaluation of the fracture
load for plug type fracture. Assuming that fracture takes
place at the weakest position, the minimum value in the
corresponding loads to three fracture modes gives the
strength of spot welds. This prediction method based
on fracture mode was applied to single- and multi-spot
welded specimens and the accuracy of proposed
method was confirmed by the comparison with the
experimental results.

2 CHARACTERISTICS OF FRACTURE
MODES IN TENSILE-SHEAR TEST

OF SPOT WELDS

Resistance spot welding has been used for the con-
struction of various sizes and shapes of thin sheet struc-
tures. Because of the complicated shape of structures,
however, the empirical equation is often used in the
design of structures and overestimated numbers of spot
welds are made when manufacturing structures. This is
caused by the insufficient assessment of strength in
multi-spot welded structures. Therefore, this study inves-
tigates the prediction of strength for single- and multi-
spot welded plates. Fig. 1 shows the single- and multi-
spot welded specimens used in this experiments. As
shown in Table 1, mild steel and stainless steel plates
of different thickness and width were used to prepare
these specimens. In the multi-spot welded specimens,
the prediction of strength was performed on the double
spot welded specimens, which are a constitutive ele-
ment of the multi-spot welded specimens. These results
also extend to the specimens with three or four spot
welds distributed in the transverse direction. Otherwise,
it is well known that various fracture patterns are
observed in the tensile-shear test of spot-welded struc-
tures, which depend upon the weld size, plate geome-
try, number and location of spot welds. Fig. 2 schemat-

ically shows the typical patterns of fracture observed in
the tensile-shear test of spot welds. These fracture
modes can be classified as follows:

– Fracture across the base metal:
Similar to fracture observed in the tensile test of mate-
rial, the fracture occurs across the base metal, far away
from the spot welded area. This fracture pattern appears
in the narrow mild steel specimens with large weld size.
When the plate width increases or when the plate thick-
ness decreases, this fracture mode tends to disappear.

– Plug type fracture:
This fracture mode occurs around the spot weld and a
button shaped pattern remains on the surface of the
other side of the plate. This is the typical fracture type
observed in the tensile-shear test of spot welded spec-
imens.

– Shear type fracture:
Fracture occurs through the nugget. This fracture modes
typically occurs in the specimens with small weld size.
This fracture pattern is also observed in the thick stain-
less steel plate, in which two spot welds of large size are
distributed in the loading direction. Generally, this frac-
ture takes place at a lower load.

From the mechanical point of view, it was clarified that
these fracture modes were related to the interaction
between the axial force and bending moment induced
in the tensile-shear test of the specimens, as well as
the material strength, especially weld metal and base
metal. Fig. 3 shows a schematic illustration of the axial
force and the bending moment, and the stress distribu-
tion at each fracture location. It is seen that the additional
stress due to the bending moment increases the stress
near the welded area, which results in the occurrence
of plug type fracture. However, the bending moment has
minor effects on the shear stress in the welded region
and the stress in regions far from the spot weld.
Assuming that fracture takes place when the maximum
stress reaches the material strength, each fracture mode
has the following relation.
Fracture across base metal:
σb = Pb /(t . w) or Pb =  σb

. t . w (1)
Plug type fracture (single spot weld):
σw = β . Pp /(t . w) or Pp = σw

. t . w/β (2)
Plug type fracture (double spot welds):
σw = α . Pp /(t . w) or Pp = σwt .w/α (2’)
Shear type fracture:
τs = Ps /Aw or Ps = τs

. Aw (3)
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Table 1. Specification of specimens.

Type S Type 1 Type 2

Plate thickness 0.8–1.2 0.8–1.2 0.8–1.2
Plate width 10–100 30–75 30–75
Distance between
spot welds 10–50 10–50
Materials Mild steel, Mild steel, Mild steel,

Stainless Stainless Stainless
steel steel steel

Fig. 1. Specimens.

Fig. 2. Typical fracture patterns.
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Where

Pb, Pp and Ps are the fracture loads for fracture across
the base metal, plug type and shear type fractures;

σb, σw and τs are the tensile strength of weld metal, base
metal and shear strength of the weld metal;

t and w are the plate thickness and width; and

Aw is the welded area of the spot weld.

In these relations, the material strength is an important
factor. Fig. 4 shows the shear strength of the weld metal
and the base metal obtained from the shear test of spe-
cially designed slit type specimens. It is seen that the
weld metal in the mild steel specimen has one and half
times the strength of base metal, while the stainless
steel has same strength in both weld metal and base
metal. These tendencies are good agreement with the
empirical equation σ = 9.81Hv/3 (Hv: Vicker’s hardness)
with respect to the deformation resistance to the load.
Therefore, each fracture load is determined by different
material strength criteria, i.e., shear strength of weld
metal for shear type fracture, tensile strength of base
metal for fracture across the base metal, and tensile
strength of weld metal for plug type fracture. These dif-
ferent criteria result in different fracture loads ever for the
same specimen. Since the fracture in the tensile-shear
tests takes place at the weakest position, the minimum
load in the ones evaluated by three above equations
determines the strength and fracture mode of the spec-
imen. However, some parameters are required for the

evaluation of the effects of the bending moment and
uneven stress distribution on the fracture strength in
plug type fracture. These are shown below.

3 EFFECT OF BENDING MOMENT
ON FRACTURE LOAD

As above mentioned, there are three fracture patterns
in the tensile-shear test of spot welds. Each pattern has
a unique load depending on the fracture position. Since
the actual fracture occurs at the weakest region, the
strength and fracture mode of a specimen is determined
by the fracture pattern of lowest load. Therefore, the
assessment of the fracture load for the three fracture
patterns is required to determine the minimum load. As
shown in equations (1), (2) and (3), it is easy to assess
the loads for shear type fracture and fracture across the
base metal, but the appropriate parameter is required for
the assessment of effect of the bending moment and
the uneven stress distribution in plug type fracture. In this
study, two parameters are proposed to have an influence
on the fracture load.

3.1 Parameter β for single spot welds

The bending moment and uneven stress distribution
induced by the tensile-shear test of single spot weld are
complex, and depend upon the plate geometry, weld
size and material. In this study, as shown in Fig. 5, their
effect on the fracture load is evaluated by the ratio β of
average stress to the material strength. The ratio of weld
diameter to plate width c/w is also an important para-
meter in the application of parameter β to specimens of
different weld size and plate width. Fig. 6 shows the
relationship between parameters β and c/w (c: weld
diameter, w: plate width). It is noted that the relation
indicates the same trend in spite of the data being
obtained from specimens of different weld size, plate
width and material. It is also seen that the parameter β
decreases with increasing c/w and becomes almost con-
stant for c/w > 0.4. This means that the parameter β is
useful in the evaluation of the effects of the bending
moment and uneven stress distribution on the fracture
load and becomes a master curve for the prediction of
fracture load in plug type fracture of single spot weld.
The fracture load is given by the equation Pp = t.w.σw /β.

Fig. 3. Schematic illustration of axial force,
bending moment and stress distribution.

Fig. 4. Comparison of shear strength between
base metal and weld metal. Fig. 5. Parameter β.



3.2 Parameter α for double spot welds

The bending moment in tensile-shear tests of spot welds
is due to the eccentric structure of welded plates and
largely depends upon the deformation near the spot
welded area. When two spot welds are distributed sep-
arately in the direction of applied force, the distance
between these two spot welds also affects the bending
moment induced in the spot welded area, which is one
of the dominant factors for the prediction of the fracture
load. In a previous documents [6], we also considered
the same parameter α, which is the ratio of the average
stress to the material strength for multi-spot welds. As
shown in Fig. 7, this parameter α decreases with the
distance between spot welds and becomes almost con-
stant for distances over 40 mm. However, the values of
this parameter change with the plate geometry, e.g. plate
thickness and width. Therefore, we proposed another
parameter α*, which is generalised by dividing each
value by a constant value α0 obtained for widely spaced
spot welds. Fig. 8 shows the relationship between the
generalized parameter α* and the distance between spot
welds. It is noted that the generalized parameter α* indi-
cates the same relationship regardless of plate thick-
ness and width. Therefore, this curve is also a master
curve for the prediction of fracture load in the plug type
fracture of double spot welds. The fracture load can be
calculated by the following procedure.

1. Plate thickness, width, weld size and distance of spot
welds are given.

2. Fracture load and parameter β are obtained from the
master curve of single spot weld, using given values of
weld size, plate thickness, width and material strength.

3. Since value α at distance of 0 is equal to parameter
β for a single spot weld and α* is 1.96, the constant
value α0 in the spot welds located with a spacing greater
than 40 mm is given by the product of 1.96 and β.

4. Multiplying α* by the constant value α0, the relations
between the parameter α and the distance of spot welds
is obtained for the given plate thickness, width and weld
size of specimen.

5. Since the parameter α of given specimen is obtained
from the relation between the parameter α and the dis-
tance between spot welds, the fracture load is given by
Pp =  σw 

. t . w/α.

4 PREDICTION OF FRACTURE LOAD
IN VARIOUS SPECIMENS

As mentioned above, three fracture patterns appear in
the tensile-shear test of spot welds and each pattern is
dominated by a specific criterion to fracture position and
material strength. Although it is possible that every spec-
imen may fracture according to every one of the three
fracture patterns, its occurrence depends upon the frac-
ture load. It is reasonable to assume that the fracture
takes place at the weakest position. Therefore, the
strength and fracture pattern can be predicted by the
minimum fracture load of all the loads in three regions:
around the spot weld, across the welded region and far
area from the spot weld, which are calculated by equa-
tions (1), (2) and (3). The following results show the
comparison of predicted and experimental fracture loads
and fracture modes.

4.1 Single spot welded specimens; Type 1

Fig. 9 shows the relationship between weld diameter
and fracture load in the mild steel specimens with dif-
ferent plate thickness and width. The three lines in the
figures indicate the fracture load predicted by equations
(1), (2) and (3). It is seen that the relation between the
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Fig. 6. Relation parameter β and c/w. Fig. 8. Relation between parameter α*
and distance between spot welds.

Fig. 7. Parameter α.
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weld diameter and fracture load has a unique relation to
the fracture pattern, as follows. Shear type fracture
shows parabolic increases of fracture load with weld
diameter, while the plug type gradually increases with
increasing weld diameter. For fracture across the base
metal, however, the fracture load remains constant
regardless of the weld diameter. These relationships
also show that the plate geometry affects the strength
and fracture mode of a specimen. In the calculation of
a 15 mm wide specimen, shear type fracture occurs for
small weld diameters below 2.5 mm, while plug type
fracture occurs for weld diameter from 2.5 mm to
6.5 mm. For large weld diameter over 6.5 mm, fracture
occurs across the base metal. In wide specimens over
30 mm in width, on the other hand, most fractures are
plug type fracture, except the shear type fracture for
small weld diameter below 2 mm. If fracture takes place
at the weakest position, a minimum load corresponding
to the weld diameter gives the strength of spot-welded
specimen. The minimum load is in close agreement with
the data in the figures, which are obtained by ultrasonic
measurement of spot weld size and the tensile-shear
test of spot welded specimens. Therefore, the prediction
method proposed is useful for the assessment of
strength and design of spot welded structures.

Fig. 10 shows the relationship between fracture load
and weld diameter of spot welded stainless steel spec-
imens. Similar trend to the mild steel specimens can be
observed. However, the calculated results suggest that
there is no occurrence of the fracture across the base
metal, since the maximum stress around the spot weld
is always higher than that in regions far from the spot
weld and the strength of the spot welded region is almost
the same as for the base metal. It is also seen that the
predicted strength of the spot weld is in close agree-
ment with the experimental results.

4.2 Double spot welded specimens; Type 2

The basic procedure for the prediction of strength for
the double spot welded specimens is almost the same
as for single spot welded specimen. In this case, the
parameter α is used for the evaluations of the effects of
bending moment and uneven stress distribution instead

of parameter β, which was used for the single spot
welded specimens.

Fig. 11 shows the relationship between the distance of
spot welds and the fracture load for the double spot
welded specimens of different plate thickness and width.
In these figures, the prediction line for shear type frac-
ture is not shown because higher loads due to two spot
weds are required in the specimen. It is seen that the
relationship between the distance between spot welds
and the fracture load show different trends, depending
on the plate thickness and width and two fracture pat-
terns occur in the double spot welded specimens. In this
case, the assumption of minimum load for the prediction
of strength was also confirmed by comparing predic-
tions with the experimental results.

Fig. 12 shows the results for the stainless steel spec-
imens. In the stainless steel specimens, two fracture pat-
terns occur; plug type and shear type fractures. Although
the predicted results of strength for plug type fracture
coincide with the experimental results, the loads for the
shear type fracture are higher than the actual fracture
loads. The reason for the large differences between the
prediction and the experiments is thought to be that the
shear strength of the weld metal is overestimated.
According to the experimental results, the shear strength
across the welded region was estimated to be 530 MPa,
which was 70% of shear strength shown in Fig. 4.

Fig. 9. Relations between fracture load
and diameter of spot weld (mild steel). Fig. 10. Relations between fracture load

and diameter of spot weld (stainless steel).

Fig. 11. Relations between fracture load
and distance spot welds (mild steel).



4.3 Multi-spot welded specimens; Type L

As shown in Fig. 1, multi-spot welded specimens are
considered to be those in which a number of spot welds
are linked transversely in a row. The constitutive spot
welds in type T and type L specimens are single spot
welds of type 1 and double spot welds of type 2, respec-
tively. Since the strength of constitutive spot welds was
estimated in the previous sections, the fracture loads
for multi-spot welds are given by the summation of
strength of the constitutive spot welds.
Fig. 13 shows the schematic illustration for the assess-
ment of the fracture load for the multi-spot welded spec-
imen, type L. Considering the effects of different weld
size and weld spacing in the specimen, the multi-spot
welded specimen is divided into a groups which are half
the size of the single spot weld. Since each half size
element supports half of the load of a single spot weld,
the fracture load of type L is given by the summation of
loads supported by each half size element.
Fig. 14 shows the comparison between the predicted and
experimental fracture load. It is seen that the estimated
loads are in close agreement with the experimental results

for the multi-spot welded specimens with 2, 3 and 4 spot
welds and various widths. This method can be applied to
the type L specimens by replacing the single spot weld
element with double spot welds. However, it was impos-
sible to compare the estimated loads with actual loads for
the type L specimen, since the estimated loads are higher
than the capacity of the test machine used.

5 CONCLUSIONS

In the tensile-shear test of spot welded structures, frac-
ture takes place mainly around the spot weld, across
the nugget and at the base metal. The fracture mode
depends upon various factors, such as the uneven and
complex stress distribution, as well as weld size, plate
geometry, location and spacing of spot welds and mate-
rial properties. These fracture modes are also related to
the fracture load of spot welded specimen. In this study,
a method of predicting the strength of spot welds is pro-
posed, which is based on the fracture loads evaluated
for three fracture modes; plug type fracture, shear type
fracture and fracture across the base metal. The main
results obtained are as follows.

1 Each mode has a different criterion for the assess-
ment of fracture load, which depends upon the plate
thickness, width, weld size and material strength. The
typical fracture mode is the plug type fracture.
Nevertheless, insufficient weld size and a weld metal
strength higher than that of the base metal yield shear
type fracture and fracture across the base metal, respec-
tively.

2 Parameters α and β given by ratios of maximum
stress to average stress are useful parameters for the
quantitative evaluation of the bending moment in single
and double spot welds, which become an important rela-
tionship in the prediction of fracture loads for plug type
fracture.

3 The lowest fracture load of the three fracture modes
determines the strength and fracture mode of spot
welded specimens. This agrees well with the experi-
mental results.
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Fig. 12. Relations between fracture load
and distance spot welds (stainless steel).

Fig. 13. Schematic illustration for assessment
of fracture load for type L specimens.

Fig. 14. Comparison between predicted
and experimental fracture load.
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