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Abstract

This paper provides a new formula to take into account phase differences in the determination of an equivalent von
Mises stress power spectral density (PSD) from multiple random inputs. The obtained von Mises PSD can subsequently be
used for fatigue analysis. The formula was derived for use in the commercial vehicle business and was implemented in
combination with Finite Element software to predict and analyse fatigue failure in the frequency domain.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Mechanical fatigue is of major importance in the development of dynamically loaded structures. Performing
numerical analyses to predict fatigue helps to shorten development time and cost.

High-cycle fatigue can be analysed by means of the so-called stress-life approach [1]. Using this method,
fatigue failure prediction is based on the magnitude and mean of the stresses occurring in the construction.
The stress amplitude and the mean stress caused by the loading can be rainflow counted and related to an S—-N
curve, which gives the number of cycles that can be applied to the structure until failure [2]. The total fatigue
damage may be determined by using the Palmgren—Miner rule. S—N curves are usually determined for uni-
axial stress states.

However, in a real environment, stresses will not be uni-axial, but bi-axial or in the most general case multi-
axial. Many multi-axial fatigue criteria have been developed (see e.g. Refs. [3,4]). Many of them are based on
the critical plane approach. Alternatively, it is possible to calculate an equivalent stress from the multi-axial
stresses, which can subsequently be used to perform uni-axial stress-life fatigue analysis as described above.
Popular equivalent stresses are the von Mises stress, the maximum principal stress and the maximum shear
stress (Tresca).
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Fatigue analyses are mostly performed in the time domain, in which equivalent dynamic stresses can be
easily calculated and the stress-life method introduced above can be applied without further problems.
However, if the vibrations in a construction have a random character, fatigue analysis is often based on multi-
axial stress power spectral densities (PSDs) in the frequency domain. Calculating an equivalent stress from
these stress PSDs and performing frequency domain fatigue analysis is less trivial. Several authors have
introduced methods to calculate equivalent stresses in the frequency domain [5-10].

In this paper, we are considering Preumont and Piémont’s very useful stress-life fatigue analysis procedure
[5]. It will be shown that Preumont’s method does not take into account phase differences between the multi-
axial stress components while calculating an equivalent von Mises stress PSD. However, these phase
differences can be present in real life in case of multiple random excitations, ¢.g. road excitation for trucks. A
new formula will be derived that includes phase differences between the multi-axial stress PSDs.

As a basis, Section 2 shortly describes the appearance of the multi-axial stress PSDs from which we would
like to calculate an equivalent stress PSD. We apply the von Mises stress as an equivalent stress. The
calculation of the von Mises stress in the time-domain is reviewed in Section 3. In Section 4, it is shown that
Preumont’s formula does not take into account phase differences. The new formula that takes into account
phase differences is derived in Section 5. In Section 6, it is shortly indicated how the new formula can be
included in frequency domain stress-life fatigue analysis. An automotive example case comparing both
Preumont’s and the new formula is also included in Section 6.

2. Determination of the bi-axial stress responses from multiple random excitations

Assume a structure that is dynamically loaded by multiple random excitations, e.g. a truck loaded by road
irregularities through its wheels. In this case, the random road excitation of the ith wheel of a truck is given by
G,(f), the Fourier transform of the auto correlation function of the excitation signal. This is called the PSD.

Correlations that exist between the wheels are taken into account using cross PSDs. Wheels at the left rear
of a truck are subjected to the same excitation as the left front wheel, only after a time delay, i.e. a phase
difference is present in the cross PSDs between front and rear wheels. This phase difference results in complex
cross PSDs. Similar correlations exist between left and right wheels.

For each frequency f,,, the input PSD matrix G(f,,) can now be defined as

Gll(fm) e Gln(fm)

G(f) = (1)

Tn (fm) e Gm’l (fm)

in which G7,(f,,) denotes the complex conjugate of Gy,(f,,). Eq. (1) is a Hermitic matrix, containing the auto
PSDs on the diagonal and the cross PSDs on the off-diagonal positions. The size of the matrix is n x n, with n the
number of multiple excitations. For a truck with 12 wheels G(f,,,) is a 12 x 12 matrix. A more detailed description
of the construction of the input PSD matrix for trucks excited by road irregularities is presented by Anderson [11].

The response stress PSDs can now be determined from this excitation PSD matrix using a matrix of transfer
functions H,(f,,) [12]:

Gzrzr(fm) = H;(fm) ' G(fm) ' HI(fm)- (2)

In case of multi-axial stresses, the stress response PSD matrix G,.(f,,) is a 6 x 6 matrix. For fatigue,
however, it is often assumed that cracks start at a free surface where a bi-axial stress state exists [2], in which
case G, (f,,) reduces to a 3 x 3 matrix. This is also the case when analysing thin plates. Two normal (in x- and
y-direction) and one shear stress (in the xy-plane) PSD remain:

G(fxx,zrxx Go'xx,a yy G(rxx,rx y E (Gtcx O-n) E (O-;k(x O-yy) E (G:x Txy)
Goo(f,) = G;xx,o'yy Goppoyy  Goppaxy | = | E (O-xxaf’y) E (G;y" w) E (O-;kfyrxy) 3)
:;xx,rxy *ayy,rxy GT«\‘J/,TX}’ E(O-xxf;kcy) E(O'yy‘E;y) E(T;yfxy)

with E the expected value operator.
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3. The von Mises stress in the time domain

For uni-axial fatigue analysis, it is necessary to determine an equivalent stress from the bi-axial stress state.
We use the von Mises stress gy, Which can be calculated in the time domain by

O—VM(I) = 0 (l) + O—yy(t) Jxx(t)oyy(t) + 3Tiy(l)~ “4)

Assuming sinusoidal stresses with zero mean stress but including phase differences, one inserts stresses of
the form o(¢) = 6 cos(wt + ¢) in Eq. (4) and calculates the von Mises equivalent stress by

svm(?) = Re(6)" ARe(o), (3)
where
Gxx COS(OI + @) 1 —05 0
Re(o) = Oy cos(@i+¢,) % and A= |-05 1 0
Tyy cos(@t + @) 0 0 3

Fig. 1(a) presents the equivalent time domain von Mises stress for the general case of out-of-phase bi-axial
stresses. ¢ in Eq. (5) is the complex and time-dependent bi-axial stress vector. Eq. (5) can be rewritten to

ol + 6H>A<0' + 0'*) _ 6"Ac + Re(c" Ao)

2 2 2 ©)

ooy (1) = Re(6)"ARe(0) = <

6* is a vector containing the complex conjugates of the complex bi-axial stresses and ¢ denotes the
Hermitian conjugate of the complex stress vector. In the complex plane, Eq. (6) may be displayed as a vector
of length abs(0.5(¢"As)) rotating with time around the point 0.5(¢''Ae) as shown in Fig. 1(b).

4. The von Mises stress PSD neglecting phase differences

In 1994, Preumont and Piéfort [5] proposed the following formula for the calculation of an equivalent stress
PSD based on the von Mises stress:

Govml(f,,) = trace(A - Gs(f,,))
= Gaxx,rixx(fm) - Re(Gaxx,(fyy(fm)) + Griyy,(ryy(fm) + 3ery,zxy(fm) (7)

in which G,,(f,,) denotes the multi-axial stress PSD matrix from Eq. (3).
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Fig. 1. (a) Time domain von Mises stress for out-of-phase bi-axial stresses; and (b) The von Mises stress as a rotating vector in the
complex plane.
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The auto PSD values at frequency band f,, are equivalent to the amplitudes of the sinusoidal stress-time
domain signals:

Goxx,axx = E(O-j;xaxx)w&ix'
The cross PSD values at certain frequency f,, are equivalent to the following expression:

GU«’C«’GJY}’ = E(U;xa}’y)wa-xx&yy COS((/)XX - (pyy)‘

We can now write Eq. (7) as

Govm(f,) = ?{ix — G,,0,, COS(Qyy — @) + 6;, + 3%;, =o' Ac (8)
with
G @ @105
o= 1 6,000
%Xyej(“’”"/’v')

Since Eq. (8) neglects phase differences between the bi-axial stresses, it is always larger than Eq. (6). Only in
case the stresses are in-phase, it yields the same results. This can also be observed in Fig. 1(b).

Fig. 2(a) presents a time domain von Mises stress which was calculated from in-phase bi-axial stresses by
Eq. (4). The result of Eq. (7) for the same in-phase bi-axial stresses described in the frequency domain is
indicated in Fig. 2(a) as the dashed line. Thus, Fig. 2(a) shows that in case of in-phase bi-axial stresses, Eq. (7)
exactly calculates the maximum value of the corresponding time-dependent von Mises stress. This maximum
von Mises stress can subsequently be used for further uni-axial fatigue analysis. Thus, Eq. (7) is valid in case of

in-phase bi-axial stresses. For out-of-phase bi-axial stresses, however, Fig. 2(b) shows that Eq. (7)
overestimates the maximum von Mises stress.

5. A new formula for the von Mises stress PSD including phase differences

We will now propose a new formula that includes phase differences. We assume zero mean bi-axial stresses
including phase differences as introduced in Eq. (5) in Section 3. Using the goniometric relationship

L A ———————y 6
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Fig. 2. (a) In-phase bi-axial stresses: time-dependent von Mises stress (solid line) and PSD value calculated using Eq. (7) (dashed line); and
(b) out-of-phase bi-axial stresses: time-dependent von Mises stress (solid line) and PSD value calculated using Eq. (7) (dashed line).



M.H.A. Bonte et al. | Journal of Sound and Vibration 302 (2007) 379-386 383
cos(wt + @) = 0.5(1 + Re(e®(@+9)) Eq. (5) can be rewritten to

s(0) = 0.5(6%, + 62, +312) + 0.5 <5§xR€ (Hrtow) 4 62 Re(e2@+00)) 4+ 372 Re (SZj(wt-Hp,\.y)))

XX

— Re (6, 00) Re (5,0 +00)).
The last term of this equation may be deduced as follows:

G @@ 4 &xxej(‘“t“"x»*)> <&yyei(wt+so,w) + 5yyej(wt+%)>
2 2

= 0566,y Re (€37 PxF0)) 4 0.56464, cos(@,, — @,)-

Re(6,,6@+0:0) Re(3,,60+00)) — (

The von Mises stress now becomes

2 _ A2 A2 A oA 22
oym() = 0.5 (axx +0,, — 0x0yy cos((yy — goyy) + 3rxy)
52 o2ip, 22 2joy, s 2 (@ t0,, 22 2ip., \ ~2iot
+ 0.5Re((axxe e GGy @ P Pm) 4 3ty,e7% )e ) )

Note the resemblance with Fig. 1(b). The first part is the mean of the von Mises stress, the second part is the
real part of the vector rotating with time. As indicated in Section 4, the interesting stress quantity to take into
account for fatigue analysis is the maximum von Mises stress. Calling to mind the zero mean bi-axial stress
assumption, this maximum von Mises stress equals the von Mises mean plus the modulus of the rotating
vector:

max(a%,M) =0.5 (6-3.). + 6')2,}, - a'xxa-yy COS(Qoxx - Qoyy) + 3%~2cy>
+ 0.5abs (&ixezj"’“ + a’iyezj(p” - &xx&yyej((p'\‘#(pw) + 3%,2\'}762””)
= 0.5(&§x + 37, = Gaxbyy COS(P — @) + 3?@)
+0.5abs (62, + 62,500 0m) — 5 3,00 00) 4 372 H0=0w)),

For each frequency f,,, the von Mises PSD value is defined as the maximum von Mises stress, which results
in the following alternative for Eq. (7):
GO'VM(fm) =05 (&ix + a-iy - &XX6}’J/ COS(QDxx - (pyy) + 3%,2vy)
4 0.5abs (&ix + &inZj(r/)y,,—rp\:\) — 6-xxa-yyej(<ﬂyy—(/7,n) + 3%iye2j((p<\y—(pxx)). )
All amplitude terms in Eq. (9) can be derived from the response stress PSDs of G,(f,,,) as defined in Eq. (3):

A2 2 A2
O-xx(fm) = O-,tx(fm)o-xx(fm) = GJXX,O'XX(fm)’ ny(fm) = Gﬂy)’a”}’y(fm)7 Txy(fm) = ery,my(fm)a

~ ~ /A2 ~2
Oxx (fm)oyy(fm) = O_xx(fm)o—yy (fm = \/Go‘xx,(rxx(fm)Gﬂyy,fiyy (fm)'

For the phase angles the following relation can be derived:

(pyy(fm) - (Pxx(fm) = angle(Goxx,ayy(fm))>
(pxy(fm) - q)xx(fm) = angle(GGXX,TXJ’(fm))'

For in-phase stresses, Eq. (9) reduces to Eq. (7). Fig. 3 shows that Eq. (9) indeed gives the maximum von
Mises stress for both in-phase and out-of-phase bi-axial stresses. The formula can be extended to multi-axial
stresses without further problems.

The formula has been derived for bi-axial stresses assuming a zero mean stress. Non-zero mean stresses
could be incorporated using the first stress invariant of the static stress tensor and the Goodman diagram [5,8].




384 M.H.A. Bonte et al. | Journal of Sound and Vibration 302 (2007) 379-386

a b
16 T T T T T T T T T
& 7 FAY 12 e e D e e
14 A A [\ Y\ \ A
‘4' \ f \ / \I 10 (w' \ fﬁ L\ ‘f \‘
12 r I 1 Jlf xwl‘ { \ ’!: \l l) \ ‘f 1.|
\i | .I ) | | { | /
ot [ | [ 8 / \ J \ f \
{ | f ! i y / f \
8 I f / | { l\
| \ / 6 \ / { |
| f 1 ! ! \ \ { 4
6 | ‘ | \ | /
{ \ \ | . / \ . | /
| \ | / \ ! \ \ / \
4t \ / V] VT / \/ \Vj 3
f | \ ol 2
2 Hf \ \ |
\ / \ ‘}/ \ /
0 Wi . AV A 0 1
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
time (s) time (s)

Fig. 3. (a) In-phase bi-axial stresses: time-dependent von Mises stress (solid line) and PSD value calculated using Eq. (9) (dashed line); and
(b) out-of-phase bi-axial stresses: time-dependent von Mises stress (solid line) and PSD value calculated using Eq. (9) (dashed line).

6. Fatigue analysis of a truck chassis

The new formula can be included in frequency domain stress-life fatigue analysis as follows:

. Calculate the response stress PSDs in each finite element using Eq. (2). The input PSD matrix of
Eq. (1) should be known, the transfer functions H,(f,,) follow from a Finite Element frequency response
analysis.

2. Calculate the von Mises equivalent stress using the new formula presented in Eq. (9).

. Perform a Dirlik rainflow count [13,14] on the von Mises stress PSD.

4. Apply the Palmgren—Miner rule to determine the fatigue damage.

W

To demonstrate the above analysis, we will apply it to a small example. The above procedure and another
example have also been demonstrated in another paper by the authors [15]. For this example, consider a truck
driving over a specific road type at a speed of 50 km/h. The road surface information has been measured and is
presented as a PSD. Using the truck’s velocity and its wheelbase, one can determine the input PSD matrix
G(f,,) of Eq. (1) from this road surface information PSD. NASTRAN Finite Element software is used to
calculate the transfer functions H,(f,,). Eq. (2) yields the response stress PSDs in each finite element.

The next step is to determine the von Mises equivalent stress by the new formula (Eq. (9)). Fig. 4(a) presents
the results for a part of the truck’s chassis. Fig. 4(b) presents the results when Eq. (7) is applied instead of
Eq. (9). One can observe different contours in the lower part of the chassis beam where out-of-phase stresses
are known to be present. It can be seen that Eq. (9)—as expected—yields lower stress values in this region than
Eq. (7). Fig. 5 shows for both formulas the von Mises stress PSDs in finite element X indicated in Fig. 4. Again
the difference between Eq. (9) and Eq. (7) is clearly demonstrated. However, the considered element is not the
hot-spot, which is located near the hole in the chassis beam (see Fig. 4). Here, stresses are close to uni-axial

and the difference between both formulas diminishes.

The third and fourth step of the fatigue analysis comprise Dirlik rainflow counting [13—15] and applying the
Palmgren—Miner rule to yield the expected fatigue damage. For both Eq. (9) and Eq. (7) Palmgren—Miner
numbers have been calculated to be 78 975 and 93 814, respectively. Hence, the fatigue damage of element X is
estimated to be 19% higher using Eq. (7) than using Eq. (9). It can be concluded from this example that using
Eq. (9) instead of Eq. (7) results in a less conservative fatigue life estimate for certain locations in a

construction where the multi-axial stresses are out-of-phase.
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b

Fig. 4. (a) von Mises stress in a truck chassis calculated using the new formula Eq. (9); and (b) von Mises stress in a truck chassis using
Preumont’s formula Eq. (7).

x 1014

Von Mises stress PSD (PaZ/Hz)

Frequency (Hz)

Fig. 5. von Mises stress PSD histogram in a truck chassis calculated using Eq. (7) (dashed line) and Eq. (9) (solid line).

7. Conclusions

A practical formula has been derived for determining an equivalent von Mises stress in the frequency
domain. Assuming zero mean, sinusoidal multi-axial stresses, it takes into account phase differences between
the multi-axial stress components. This calculated von Mises PSD can subsequently be used for frequency
domain fatigue analysis of structures that are randomly excited by multiple loads, e.g. a truck subjected to
road irregularities.
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