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Abstract
The estimation of the damage and fatigue life of spot welds in vehicle components with hundreds or thousands thereof
within reasonable computation time is a challenge even for recent computers in automotive industry. Hence, an advanced
procedure in the frequency-domain is proposed. Whereas the general frequency-domain approach is well-established,
it nevertheless becomes efficient for a large number of spot welds only with a package of measures. Among others,
a two-scale FE-method using a pre-processed data base for various spot weld/sheet geometries and specified basic load
cases, application of the cutting-plane method, and a priori stress estimations to reduce the number of spot welds to be
checked completely are suggested. By the example of a tank of a cooling medium in a vehicle it is shown that the proposed
algorithm may reduce the computation time as compared to time-domain calculations substantially.

Effiziente Frequenzbereichs-Methode zur Abschätzung der Ermüdungsfestigkeit von
Schweißpunkten in Fahrzeugkomponenten

Zusammenfassung
Eine rechenzeitgünstige Lebensdauerabschätzung einer großen Anzahl von Schweißpunkten in Fahrzeugkomponenten stellt
auch für moderne Computer eine Herausforderung dar. Es wird deshalb eine neue Vorgehensweise im Frequenzbereich vor-
geschlagen. Während die allgemeine Methode wohlbekannt ist, wird sie für große Anzahlen von Schweißpunkten dennoch
erst durch mehrere Zusatzmaßnahmen effizient. Es werden unter anderem eine Zweiskalen-FE-Methode unter Verwen-
dung einer Datenbank für diverse Schweißpunkt-/Blechgeometrien unter definierten Einheits-Belastungen vorgeschlagen,
Anwendung der Schnittebenenmethode und A-priori-Spannungsabschätzungen zur Reduktion der vollständig zu unter-
suchenden Schweißpunkte. Am Beispiel eines Kühlmitteltanks in einem Fahrzeug wird gezeigt, daß die vorgeschlagene
Vorgehensweise eine signifikante Rechenzeitreduktion gegenüber Zeitbereichs-Berechnungen ermöglicht.

1 Introduction

During driving, the components of a vehicle permanently
are subject to various excitations which originate not only
from road irregularities but also from interior sources like
engine vibrations, and they lie within a wide frequency-
range. Hence, the estimation of the fatigue life of vehicle
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components is an important task in automotive industry; for
a quite recent example see [1]. Since for advanced models
with large numbers of degree of freedom fatigue analy-
ses by FE-simulations in the time-domain are very time-
consuming, frequency-domain methods are applied more
and more during the early design process. Surveys of these
methods and underlying basic ideas can be found, e.g.,
in [2–4], and a comprehensive literature survey particularly
of frequency-domain multi-axial dynamic fatigue analysis
is given in the state-of-the-art paper [5]. Essentially, the
method is based on the categorization of random loading
and the resulting stresses – in the nodes of an FE-mesh –
by power spectral density (PSD) functions and modelling
the structure under consideration by linear transfer func-
tions [3]; in order to make the paper self-contained, a short
summary of the general approach is given in Sect. 2.
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Whereas the computation time can be reduced signif-
icantly by using this procedure as compared to time-do-
main calculations, in complex vehicle structures with a huge
number of FE-nodes the computational effort still may con-
stitute some problem. In this regard, a particular challenge
is the treatment of spot welds since a typical modern ve-
hicle body-in-white contains about 4000–6000 thereof. In-
deed, spot welds are the dominant joining elements, there,
and essentially two failure modes may occur: Fracture of
the weld nugget through the plane of the weld or nugget
pullout, i.e. fracture of the sheet around the weld while the
nugget remains intact [6]. Of course, a failure of spot welds
affects the performance and stability of a structure signifi-
cantly, and therefore the strength and/or fatigue life of spot
welds as well as the relations between their failure and the
dynamic behavior of the structure have been the subject of
several investigations. For example, the latter issue is in the
focus of the studies [6–10], and static strength and failure
analyses of spot welds can be found, e.g., in [11, 12]. The
influence of the sheet thickness(es) and the spot diameter
on the fatigue life is a topic of [13, 14], while in [15, 16]
both various FE-models and the effects of different load
cases are studied.

Indeed, with respect to the modelling of a spot weld,
in essence there are two approaches in the literature: On
the one hand comparatively simple FE-models with only
a few elements [15] and on the other hand very detailed
models with hundreds or even thousands thereof [11]. Both
of these model-types have their benefits and drawbacks.
Whereas the simple models are computationally very ef-
ficient, they provide a rather gross approximation of the
stress state within the nugget and its immediate vicinity
only. On the contrary, complex models are able to cap-
ture the stress distribution necessary for accurate fatigue
life predictions quite exactly, but the effort for extremely
fine meshes at all the spot welds in a vehicle body could
hardly be justified from an engineering point of view [6].
Although the latter issue is of paramount relevance partic-
ularly in time-domain calculations, it nevertheless cannot
be neglected in frequency-domain analyses, too. Moreover,
in the hitherto published literature on welded joints fatigue
problems mostly time-domain approaches have been taken.
Some of the few exceptions thereof are the study [10] on
the effects of spot welds damage, and a recent investigation
of weld seams [17].

Hence, in the present study on spot welds several mea-
sures are proposed to speed up the computations sig-
nificantly. For example, an efficient superposition of the
stresses from a modal analysis, using a pre-processed data-
base, with the PSD input may increase the performance
and allow fast consideration of variants of the fatigue
life estimations both for different PSD input curves and
different spot weld and sheet geometries. Moreover, the

so-called cutting plane method used hitherto in the time-
domain proves advantageous in the frequency-domain, too.
Additionally, by appropriate a priori stress estimations the
number of spot welds to be considered further can be re-
duced essentially. To show the benefits of these measures,
a fatigue life estimation of an actual vehicle component
both with the suggested method in the frequency-domain
and with standard time-domain approach is presented and
discussed.

Thus, the focus of the present study is rather on the
computational efficiency of the software for spot weld fa-
tigue life estimation than on a discussion of specific fa-
tigue criteria from a materials science point of view. In
this study, the well-established (maximum) normal stress
criterion is used. Indeed, application of the normal stress
criterion proves quite beneficial with respect to the compu-
tation time. Hence, this widely used engineering fatigue cri-
terion is applied here, irrespective of its simplicity; for a dis-
cussion of several classical and recent approaches see [5,
17–21] and the references quoted therein.

The paper is organized as follows: In Sect. 2, the basic
approach in frequency-domain calculations is summarized.
Subsequently, in Sect. 3, the computational procedure of
spot weld fatigue analysis in the frequency-domain is dis-
cussed in detail, and both the analogies and differences to
the corresponding time-domain calculations are addressed.
Then, in Sect. 4 the computational efficiency of both ap-
proaches is compared. Finally, some concluding remarks
are made in Sect. 5.

2 Basic approach in frequency-domain
fatigue calculations

As mentioned in the Introduction, here a brief recapitulation
(essentially based on [2, 3]) of the underlying ideas for the
frequency-domain fatigue analysis shall be given.

It is presumed that both the (random) loading and the
response of a structure can be categorized by PSD func-
tions. The PSD function represents the Fourier transform
of the autocorrelation function of a signal, and it does not
contain any phase data. Moreover, the signals are under-
stood to be ergodic stationary Gaussian random processes.
In a stationary Gaussian random process the statistics are
not influenced by a shift of the origin, and the ensemble
probability density function is a Gaussian one. Ergodicity
of a stationary process then means the equality of the statis-
tics of one sample with those of the entire signal.

Next, the concept of frequency-domain analysis requires
the determination of the transfer functions for the model
of the structure. By a transfer function – which for com-
plex structures must be determined by FE-methods – the
ratio of output (stress) amplitude to input amplitude can
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be found for each frequency of a harmonic excitation. In-
put quantities here may be forces or accelerations (see the
subsequent Sect. 3.1, Step b). Then, one obtains the PSD
response by multiplying the transfer function with the input
loading PSD; of course, this approach is based on linearity
of the equations governing the structure’s response.

Now, from the stress PSD an estimate of the probability
density function (PDF) of the occurring stress ranges must
be found. To this aim, several procedures for its derivation
from the stress PSD were proposed (see, e.g., [2, 4, 22]).
In the present paper, the widely-used and well-established
Dirlik’s method for broad band processes is applied (see
Sect. 3.2 below), in which the computation of the spectral
moments of the stress PSD up to the fourth order is neces-
sary. Then, from the PDF the numbers of stress cycles with
certain stress amplitudes to be expected during the exposure
time of the structure are calculated. Nevertheless, note that
a determination of non-zero mean values of stress cycles
from the PSD remains out of the scope of Dirlik’s method.

Thereafter, based on the notion that each stress cycle
causes a certain fatigue damage, the total damage caused
by the entire action of the excitation is calculated by linear
superposition of these partial damage values according to
the Palmgren-Miner rule. Finally, the damage is determined
with reference to the (given) S-N-curve of the material un-
der consideration, which shows the relation between stress
cycles to failure Nf and stress range S .

In contrast to this, in the well-known standard procedure
in the time-domain the numbers of stress cycles with certain
amplitudes and mean stresses usually are obtained from the
time history of the stresses by a rainflow count (e.g., [23]).

3 Computational procedure of spot weld
fatigue analysis: detailed outline

Prior to the discussion of the steps in the spot-weld fatigue
life estimation it shall be mentioned that the following algo-
rithm is implemented in the program FEMSITE which has
been developed at MAGNA STEYR company and works
quite efficiently as will be shown below (see also [24]).

Figure 1 shows the schematic of the overall procedure.
Whereas the general algorithm is applicable to the en-
tire structure, of course, the specific features in several
steps of the proposed approach for spot weld analysis will
be pointed out in the following. Moreover, the flowchart
gives a unified representation for both frequency-domain
and time-domain calculations, so that both the analogies
and differences can be seen clearly.

3.1 Calculation of the stress-PSDs (frequency-
domain) or the stresses (time-domain)

In Step (a), a modal analysis of the entire structure is per-
formed by an FE software (NASTRAN or ABAQUS) to
obtain the modal stresses �Modal

i (e.g., [25]). In particular,
at the surfaces of the (usually thin) sheets connected by
a spot weld a plane state of stress in its immediate vicin-
ity is considered [26, p. 102]. Hence, the components of
the modal stresses in a node have the indices i = x; y; xy,
there, and the dimension of each modal stress component
is identical with the number j of considered modes. It can
be specified how many modes shall be taken into account
or until which frequency level the modes are requested.

A part of the essential measures to speed up the calcu-
lations for spot welds in the subsequent steps is summa-
rized in the orange boxes of Fig. 1, see Steps (aspotwelds,1)
and (aspotwelds,2). As a pre-processing an FE-calculation of
48 basic load cases with unit forces and unit moments at
a spot weld model with fine mesh (element size approxi-
mately 0.25mm) is performed, see Fig. 2. In the FEMSITE
database, results for more than 900 such models for various
sheet thicknesses are available. To accelerate the computa-
tions further, just the stress tensors at the four circular con-
tours of a spot weld on both sides of each sheet are saved;
since at each circle there are 48 nodes, totally 192 evalua-
tion nodes for each spot weld are considered in the follow-
ing. The stress tensors at these nodes for some specific spot
weld then are loaded to the main program. Thereafter, to
obtain the actual stresses at the spot weld, a superposition
of the stresses caused by appropriate basic load cases is per-
formed: To this aim, the respective unit forces and moments
are replaced by the actual ones. These actual forces and mo-
ments are obtained from the aforementioned modal analy-
sis of the entire structure with coarse mesh (Fig. 3a), where
the spot welds are represented by simple hexahedron ele-
ments (CHEXA) with beam elements (CBAR) at the edges
perpendicular to the shell elements, see Fig. 3b (the con-
nection is realized as mesh independent by the multi-point
constraint equations, MPC). By proper transformations the
forces in the nodes of this coarse spot weld model then are
converted to equivalent actual grid point forces and mo-
ments acting as inputs in appropriate basic load cases with
fine mesh, and the stresses therefore are obtained as mul-
tiples of the (unit load case) basic ones. Hence, essentially
the whole procedure corresponds merely to a multiplication
of pre-calculated stresses with appropriate factors to obtain
the actual ones and thus is computationally very efficient.

In Step (b), in the frequency-domain a frequency re-
sponse analysis (analogous in time-domain: transient re-
sponse analysis) with unit acceleration (e.g., 1 g) for one
or more principal directions is performed; in the present
analysis, as is common practice in most vehicle component
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Fig. 1 Schematic of spot-weld fatigue life estimation procedure
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Fig. 2 Schematic of a spot
weld model with fine mesh in
FEMSITE database for some
unit load case

fatigue studies, the focus is on an excitation in one prin-
cipal direction, i.e., one channel excitation. Thus, transfer
function Tj .f / (where f denotes the frequency) and phase
angle 'j .f / for each considered mode are obtained. The
sizes of both the transfer function array and the phase angle
array for each mode depend on the size �f r of the frequency
array which is determined by the chosen frequency range
and the fineness of its discretization; usually, the latter is

Fig. 3 a Example of an entire
structure of a vehicle com-
ponent; b a simple spot weld
element

chosen higher near the eigenfrequencies, thus leading to
unequally distributed abscissa values. Step (b) can be per-
formed in NASTRAN with “Solution sequence SOL111-
Modal frequency response” or in ABAQUS with “Steady
State Dynamics (SSD)”.

In Step (c), as already mentioned in the Introduction, the
cutting-plane method established in the time-domain now
also is applied in the frequency-domain. There are two rea-
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sons for this choice. The most important is the following
one: If the normal stress fatigue criterion is applied, the ex-
tremum normal stress could be determined by calculating
the eigenvalues of the stress tensor at each node, in princi-
ple [3]. However, for thousands of spot welds with a large
number of FE-nodes each this would be computationally
hardly feasible within reasonable CPU time, even with the
acceleration measures mentioned above; hence, the cutting-
plane method proves very efficient from the computational
point of view. And a further advantage is the possibility
of comparing the results of frequency-domain and time-
domain calculations directly without any influence of a se-
lected equivalent stress; nevertheless, if desired, in FEM-
SITE the equivalent v. Mises stress (or the shear stress) can
also be taken without difficulty.

The method is based on the calculation of the modal
normal stress �Modal

n .�/ on a number of sequentially ordered
cutting planes; the lower index n signifies the normal to the
respective cutting plane. Of course, in addition the modal
shear stress �Modal

n .�/ might be determined, too. Usually,
only 18 such planes with a constant angle increment of 10o

are considered, which proves sufficiently accurate. Then,
the modal stress components according to Fig. 4 on a cutting
plane are given by [26, p. 104]

�Modal
n .�/ =

�Modal
x +�Modal

y

2

+
�Modal

x −�Modal
y

2 cos2� + �Modal
xy sin2�;

(1)

�Modal
n .�/ = −

�Modal
x − �Modal

y

2
sin2� + �Modal

xy cos2�: (2)

In Step (d), in the frequency-domain now the super-
position of the results of the frequency response analysis
with the given acceleration PSD [Input (e)], Ga .f /, is per-
formed according to

G .f / = Ga .f /

2
64

0
@

ModeX
j=1

�
Modal.j /
n Tj .f / cos'j .f /

1
A

2

+

0
@

ModeX
j=1

�
Modal.j /
n Tj .f / sin'j .f /

1
A

2
3
75

(3)

where G .f / denotes the stress PSD and summation has
to be done for all modes considered (this equation is valid
for one channel excitation). A particular advantage of this
method is the possibility of a fast investigation of the fa-
tigue behavior for various different loadings – correspond-
ing, e.g., to specific road profiles – which are characterized
by different PSD-input-functions Ga .f /. This is due to
the fact that for once determined normal stresses at unit
acceleration input the stress PSDs then simply follow by
a multiplication.

Fig. 4 Modal stress components on a material element with user-de-
fined cutting plane

Analogously, in time-domain calculations a superposi-
tion of the modal normal stresses over all modes is per-
formed.

Now, performing Step (f), a further acceleration of the
spot weld calculations is possible. Namely, at each of the
192 evaluation nodes of a spot weld the maximum normal
stress, �n;max, is estimated: In the frequency-domain, this
stress is presumed as �n;max = 5�RMS where �RMS =

p
m0

means the RMS stress and m0 the zeroth spectral moment
of the stress PSD (and m0 can be calculated very fast, see
below).

In analogous time-domain computations, acceleration for
a spot weld can be achieved by considering the normal
stresses at critical time points only. These critical time
points are defined as the time points where for each mode
the maximum of the respective modal normal stress compo-
nent occurs, and then the values of the modal normal stress
components of the other modes at the same time point are
superposed. This is done consecutively for all critical time
points as long as the subsequently given inequality is ful-
filled: �n;max is compared with the fatigue limit �f of the
material under consideration, and if �n;max < .2=3/ �f for
all of the 18 cutting planes, the further steps are skipped for
this node, and the next one is considered (of course, also
some other factor than 2=3 could be chosen).

3.2 Calculation of the fatigue damage and the
estimated fatigue life

Based on the thus determined stress PSD, the damage and
hence the fatigue life estimates can be calculated. Although
this part of the procedure is essentially the same as in other
frequency-domain investigations, for the global spot welds
analysis in the full vehicle (or large parts thereof) special
attention must be paid to the choice of the integration rou-
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tine for the computation of the moments of the stress PSD
as will be discussed below.

In Step (g), for the application of Dirlik’s method to
obtain the PDF, the spectral moments (kth moment of area)
mk of the stress PSD,

mk =
Z fnf r

f1

f kG .f / df with k = 0; 1; 2; 4, (4)

must be calculated. Here, f1 and fnf r
mean the small-

est and largest frequency taken into account in the fre-
quency array, respectively. Since the data are available in
tabulated form only, a numerical integration technique for
discrete and arbitrarily spaced abscissa values must be ap-
plied. Due to the large number of FE-nodes to be consid-
ered, the routine should be well-balanced between the re-
quirements of sufficient accuracy and short necessary CPU-
time. Hence, four different integration methods, i.e. trape-
zoidal rule, Simpson’s rule (with two sub-variants) and the
commercially available routine Davint [27] were tested for
this purpose. As a result, the elementary trapezoidal rule
according to

mk Š
nf rX
i=2

fi − fi−1

2

h
f k

i G .fi / + f k
i−1G .fi−1/

i
(5)

proved the most efficient one. In particular, this holds true
also with respect to numerical stability if relatively large
differences between the abscissas of the data points occur
(for other integrators, this requires additional CPU-time-
consuming error estimation routines).

Now, Dirlik’s method (e.g., [3]) is used to generate an
estimation of the stress PDF. Since the original Dirlik’s
equations [28] are however formulated with respect to the
stress range S , for a simpler implementation in FEMSITE
they are re-written using the stress amplitude �a = S=2.
Thus, the probability density function reads

p .�a/ = D1
2Q�RMS

e

�
−�a

Q�RMS

�
+ D2�a

.R�RMS/2
e

�
− 1
2

�
�a

R�RMS

�2�

+D3�a

�2
RMS

e

�
− 1
2

�
�a

�RMS

�2� (6)

with the abbreviations

D1 =
2

�
xm − I 2

�

1 + I 2
; D2 =

1 − I − D1 + D2
1

1 − R
;

D3 = 1 − D1 − D2;
(7)

R =
I − xm − D2

1

1 − I − D1 + D2
1

; Q =
5 .I − D3 − D2R/

4D1
: (8)

In the above relations, the irregularity factor I = E Œ0� =E ŒP�

is the ratio of the expected number of zeros, E Œ0� =p
m2=m0,

Fig. 5 Example of a PDF of the stress amplitude

and the expected number of peaks, E ŒP � =
p

m4=m2; and
the mean frequency is xm = m1= .m0E ŒP �/.

Then, the rounded number of stress cycles for a certain
stress amplitude, Ni .�a/, to be expected in an exposure
time T (which is a user-defined input quantity) is calculated
from the relation

Ni .�a/ = Round fE ŒP � T p .�a/ d�ag (9)

where the probability of an occurrence of a stress amplitude
�a;i is approximated by p

�
�a;i

�
d�a (see Fig. 5). Since the

value of the maximum stress amplitude with non-negligible
probability is not known a priori, the total number of dis-
crete amplitude levels to be used also must be specified by

Fig. 6 Example of a PSWT curve with illustration of the meaning of
Ni and Nf;i

K



928 Forsch Ingenieurwes (2019) 83:921–931

the user, and by an appropriate algorithm then �a;max and
thus also the value of d�a is calculated iteratively.

In contrast to the above approach, time-domain calcu-
lations follow the well-known procedure where for the
prescribed acceleration input the actual normal stresses in
a node are obtained by superposition of the modal ones (at
all time points). Thereafter, as already mentioned in Sect. 2,
one obtains the number of stress cycles for a certain stress
amplitude by a rainflow count, which – unlike Dirlik’s
method – also yields occurring non-zero mean values.

In Step (h), finally the results for the damage and the es-
timated fatigue life for a node are obtained. To this aim,
the S-N-curve in the particular form of a PSWT-curve
([29], [30, Chapt. 3.3.1]) is applied, where

PSWT =

r
� 02

f

�
2Nf

�2b
+ � 0

f
E "0

f

�
2Nf

�b+c
: (10)

Fig. 7 a Schematic of an expan-
sion tank for a cooling medium
in a passenger car; b cracks in
the bracket that occurred during
durability runs, spot welds were
optimized beforehand

a

b

There, � 0
f
means the fatigue strength coefficient, "0

f
the fa-

tigue ductility coefficient, b the fatigue strength exponent,
and c the fatigue ductility exponent. Based on this rela-
tion, damage D is calculated by Palmgren-Miner’s damage
accumulation hypothesis [3],

D =
X
i

Ni

Nf;i

I (11)

for a graphic representation of the approach see Fig. 6.
Finally, the estimated fatigue life Tf l is found as the ratio
of exposure time to damage, i.e., Tf l = T=D.

A short remark on the choice of the PSWT-curve for
damage calculation should however be made. It was pro-
posed in [31] to include the effect of non-zero values of
the mean stress, which in the frequency-domain however
cannot be obtained by Dirlik’s method. Nevertheless, in the
time-domain an appropriate mean stress correction for any
cycle with different ratio of maximum to minimum stress
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Fig. 8 Input to the carrier: acceleration time history and corresponding PSD

can be taken into account [24], and in frequency-domain
calculations in FEMSITE it is possible to add some con-
stant stress values caused, e.g., by gravity or prestressing
forces.

4 Comparison of computational efficiency
of frequency-domain and time-domain
approach

An assessment of the proposed approach now shall be given
by the example of a bracket for an expansion tank of a cool-
ing medium. This expansion tank is mounted at the front of
a passenger car next to the radiator, see Fig. 7a; the mass of
the tank with the cooling medium is 1.9kg. In the bracket,
during durability test runs cracks occurred (see Fig. 7b), but
in the spot welds failure did not occur: They a priori were
recognized as possibly sensitive parts and dimensioned ap-
propriately.

Fig. 9 Calculated damage in the
bracket

For the numerical simulation a measured acceleration
signal was applied to the carrier. This was done on the one
hand by the acceleration time history in the time-domain
and on the other hand by the corresponding PSD in the fre-
quency-domain (Fig. 8). In the latter domain, first the FE-
analysis with unit acceleration for the frequency response
was performed with ABAQUS “Steady State Dynamics
(SSD)”, and subsequently the damage estimation was done
with FEMSITE. In the time-domain, for the FE–analysis
ABAQUS “Modal Dynamics” was used, and thereafter also
FEMSITE was applied, where time-domain routines are im-
plemented, too (for details of the time-domain approach
see [24]).

Figure 9 shows the comparison of frequency-domain and
time-domain results for the bracket. As one observes, the
general distribution of critical damage is almost indistin-
guishable. The (left) most vulnerable position found by
the calculations is perfectly coinciding with the position
of crack occurrence in tests shown in Fig. 7b, thus validat-
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Table 1 Comparison of CPU-times and calculated maximum
damages

Time-domain Frequency-domain

ABAQUS CPU-time 31 s 1.6 s

FEMSITE CPU-time 86 s 20 s

Max. damage spot weld 0.460 0.412

Max. damage base material 4.796 4.083

ing the simulations. With regard to the spot welds, they are
confirmed to be in a safe state (within the load history), and
the difference between the D− values obtained for them by
both methods is only about 11% (see also Table 1). As com-
pared to the time-domain approach, the frequency-domain
method predicts a slightly smaller damage.

Whereas time-domain and frequency-domain calcula-
tions yield absolutely comparable results, particularly for
the spot welds, Table 1 reveals that the differences in the
necessary CPU-times are enormous. In ABAQUS, a reduc-
tion by a factor of about 20 and in FEMSITE of about 4
was possible for the present example. Moreover, it should
be noted that here a comparatively short load history was
used and that for longer load histories still larger factors
will occur since the data volume of the PSD is (practically)
independent of the length of the load history.

Furthermore, it shall be pointed out that for vehicle com-
ponents with a much larger number of spot welds the reduc-
tion in CPU-time as compared to time-domain calculations
will be still more pronounced; summing up, a substantial re-
duction will be possible by application of the above method.

5 Concluding remarks

In this paper, an advanced algorithm for the damage and fa-
tigue life estimation for spot welds was proposed. Whereas
the general frequency-domain approach is well-established,
of course, the following special measures and features give
rise to a superior computational performance for spot weld
calculations:

(i) Initially, a comparatively coarse FE-mesh for the en-
tire vehicle component is used, and the grid point
forces at the spot welds then are transformed to input
forces for spot weld models with fine mesh, which are
available in a pre-processed data base. These models
(in FEMSITE more than 900) take various geometri-
cal properties and basic unit load cases into account,
and the actual modal stresses then simply are obtained
as multiples of the ones caused by the unit loads.

(ii) The cutting-plane method, hitherto used primarily in
time-domain calculations, is applied and proves very
efficient in the frequency-domain, too, since, e.g.,

time-consuming eigenvalue calculations are avoided;
moreover, alternatively normal stress or shear stress
(or also v. Mises equivalent stress) can be used in the
further steps.

(iii) By an appropriate a priori estimation of the ratio of
maximum occurring (normal) stress to fatigue limit
a substantial reduction of the spot welds to be consid-
ered in the further steps is achieved.

(iv) Applying the classic trapezoidal rule in the integra-
tions necessary for Dirlik’s method yields the opti-
mum balance between speed of computation, accu-
racy, and numerical stability.

(v) Based on the above approach, the influences of qual-
itatively different load histories caused by, e.g., vari-
ous road types can be studied within short time. This
essentially is due to the fact that the calculation of
the stress PSDs is performed by a computationally
fast multiplication process using the input accelera-
tion PSDs. Furthermore, since the latter may be con-
sidered independent of the length of the load history,
the data volume to be handled remains more or less
constant.

Thus, the proposed procedure gives the automotive en-
gineer a computationally very efficient tool to estimate the
damage and fatigue life of vehicle components with a large
number of spot welds. Of course, it would be worthwhile to
extend the computational scheme also to the significantly
more intricate case of multi-channel excitation; this how-
ever remains a task of future studies.

Acknowledgements The authors acknowledge the TU Wien Univer-
sity Library for financial support by its Open Access Funding Program.

Funding Open access funding provided by TU Wien (TUW).

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

1. Zhang M, Ji X, Li L (2016) A research on fatigue life of front axle
beam for heavy-duty truck. Adv Eng Softw 91:63–68

2. Bishop NWM (1999) Vibration fatigue analysis in the finite element
environment. Invited Paper for XVI Encuentro del Grupo Espanol
de Fractura, Torremolinos, Spain

3. Halfpenny A (1999) A frequency domain approach for fatigue
life estimation from finite element analysis. Key Eng Mater
167–168:401–410
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