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ESTIMATION OF THE FATIGUE LIFE OF THE FRONT AXLE
OF A TRUCK

L. PROCHOWSKI (WARSZAWA)

Problems of dynamical loads and statistical characteristics of stresses in the front axle
of a truck were considered. The probability of fatigue damages and the estimation of the
fatigue life for various conditions of the vehicle’s operation were calculated.

1. INTRODUCTION

The loads acting on the elements linking the body of a truck with the
wheels are a conseqguence of, above all, the forces of action of the road on
the wheels. Figure 1 shows that two types of loads can be distinguished,
namely

the loads produced by intense breaking or lateral forces due to skidding
or, finally, by occasional bumps of considerable height (at the crossing of a
railway track, for instance) [1, 3] and

the loads resulting from the kinematic action of the unevenness of the
road.

The results of the action of the loads classed {(in a conventional man-
ner) in the first or the second group can be taken into account during the
computation of quasi-static or high-cycle fatigue strengths [2, 3, 5, 11}, re-
spectively,

Our attention will be focussed, however, on the loads due to the action
of the roughness of the road on the wheels. The aim of the present paper
is to analyse the characteristics of those loads with a view to estimate the
fatigue life of the front axle of the truck.

2. DYNAMIC LOADS OF THE FRONT AXLE

Let us consider the loads acting on the load-carrying system of a vehicle
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in steady rectilinear motion. Figure 1 shows the principal parameters used
in the analysis of the load acting on the front axle Fi.
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FiG. 1. Conventional suspension of {ront wheels of a truck.

The 8-degrees-of-freedom model of a truck described in [4] will be used
to determine the dynamic loads acting on the front axle:
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where v is the travelling speed of the truck, y,.(¢) — dynamic defleciion
of the tyre, c,., k; — coefficient of radial stiffness and damping of the tyre,
respectively, ¢*(¢) ~ unevenness profile of the road, STAT - static equilibrium
index.

The excitation acting on the left- and right-hand wheels of the model
considered are different {6],

L
qL"(t) # qpi(t)’ Gr2 (t) =45 (t - T)? T= V »
and can be reduced to
(2.3) q,. = M d2; = Or: — Gpi i=1,2,

1i 2 ? 2 ?

where q; € {g11, @12} is the excitation acting in a symmetrical manner on
the left- and right-hand wheels (producing vibration in the vertical plane},
and ¢z € {qu1,q22} — asymmetrical excitation (producing, above all, lateral
angular vibrations), L — axle base, i ~ axle number.

Symumetrical and asymmetrical action of the road on the wheels are con-
sidered, the actions normal to the wheel plane due, for instance, to the
transverse slope of an unevenness of the road being disregarded. The prob-
lem of such loads will be studied in a separate paper. Following many works
([6, 10, 13] and others) it will be assumed that the action g¢(t} is stationary
and of Gaussian distribution. The statistical characteristics of the excita-
tion forces have been determined from the results of measurements of road
roughness, which are presented in [7]. Under such conditions the statisti-
cal characteristics of the loads which will be used in what follows have a
sense of estimators, the accuracy of which is directly connected with that of

estimation of the spectral densities of excitation [6,7].
' The equations of state of the model vehicle, which are presented in an
explicit form in [4], can be expressed in the matrix form:

(24) Aii+Ba+Cu=Q,

where u is the vector of generalized coordinates, u € {&, &2, 51, 82,...}, and
Q — the vector of excitation, Q € {g11,q12, ¢21, §22,0,0,0,0}.

By solving the equations of state we can determine the spectral trans-
mittances of state variables and, on this basis, the spectral densities of the
response of the model. Taking into account the structure of the excitations
¢1 and g9, three cases can be considered {4, 13]
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g1 #0, g2=0. Then
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where G’( ) is the spectral density of dynamic loads Ff(‘} ), Gy, ~ spectral

density of the excitation g11, PFE(jw) = %:—8—%% — spectral transmittance
expressing the ratio of the La,place transform of the variable Fx (%) to the
excitation transform gy1(¢), and # is an index denoting a conjugate complex
variable, w = 27 f, where f is the frequency and j = /=1.

2} 1 =0, g2 # 0. Then
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where Gy, ,4,, is the cross-spectral density of the functions ¢1;(¢) and gz(t).
Figure 2 shows the amplitude-frequency charactenst:cs of the prancapal
load components acting on the front axle,

Arg(w) = |®FK(jw)}, Fxk is the force in the wheel axle,
(2.8) Apa(w) = |BFA(jw)], Fa is the force in the shock absorber,
App(w) = |$FB(jw)|, Fr is the force in the leaf spring.
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Fia. 2. Amplitude-frequency characteristics of the load on the front axle; symmetrical
and asymmetrical excitation.

The type of variation of those quantities means that the proportion of
high-frequency components in the loads acting on the wheels is considerable.
The diagrams in Fig.3 illustrate what is termed partial systems [9], which
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Fi1G. 3. Diagrammatic representation of system used for computing natural frequencies.

are often made use of for computing natural vibrations of the front axle
beam:

o f2e, 4+ 2¢ _ bicz +”bf(c_,( ’
(2.9) we =4[ — wg = 1/ TP .

In the model truck considered, the fundamental characteristics of which
approach those of the STAR 1142 truck, the theoretical natural frequencies
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are

wg sgrad  f, = 9.2Hz,

wpg = 61, fz = 9.7Hsz,
The importance of the dominant modes which correspond to those frequen-
cies and which can be seen on the amplitude-frequency characteristics is
confirmed by the results of the tests presented, among other papers, in [8].
On the other hand, the dominating amplitudes of the operational loads on
the front axle (Fig.4) depend on the vibrations of both the body of the truck
and the axles of the wheels. The contribution of the two excitation compo-
nents (g1, ¢z2) to the generation of the loads acting on the wheel axles are
comparable.
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F1G. 4. Estimators of spectral densities of loads acting of the wheel axles V' = 40 km/h.

The spectral densities (2.5), (2.6) and (2.7) having been determined, we
can determine the variance of the load Fx and those of its first and second
derivative, that is

(2.10) = [ Grelw)do,
) [
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G e = [ POk do,
0
8 = fwéGpﬁ-(w)dw.

6 — standard devia.tionoof F,

This results has been used. to calculate following indices of dynamic load
on the wheel axles, that is '

the coeflicient of width of the frequency band of the load

1 I 6127‘ K
@1) - 5T Srkbpy

the mean number of peaks per 1 km of the road and their mean frequency
of occurrence ‘

3600 8y

ap = gy E ’ V[km/h] )
_apV

= 3500

Table 1 contains the values characterizing the state of load on the wheel
axles for two models of the truck (with full load).

model 1 ZK,STAT = 2000 daN,
model 2 ZK,STAT = 4000 daN.

In the Model 2, for which the static load acting on the wheel axles is
twice as high as that for the Model 1, the characteristics of the suspension
and the tyres have been changed to suit the required load carrying capacity
of the system. _

The dynamic loads on the wheel axles increase with increasing velocity
of motion and increasing height of the irregularities of the surface. It is
worthwhile to observe that épg > 0.5Zk staT for V = 40 km/h for soil-
surfaced road. Such a high degree of dynamic load is frequently a cause of
contact loss between the wheels and the road, which impairs considerably
the travel safety. Dynamic loads due to the motion of the vehicle on soil-
surfaced and paved roads are of the wide-band type I, < 0.7. The mean
number of peaks and the frequency of their occurrence depend little on
the road conditions. A decisive influence on those quantities is that of the
natural frequencies of the road wheel axles and the coupling between the
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vibrations of the front and the rear part of the vehicle. With increasing V
the frequency of occurrence of peaks far also increases, begining with values
approaching f; and fp, for low V, and reaching much higher values; this
is connected with increasing vibration of the front axle and also with the
displacement of the local dominants of spectral density of excitation (with
increasing V') towards higher values of the frequencies {4, 6, 8.

The values obtained for the standard deviations épx approach those
presented in the paper [12], which contains the results of measurement of
the loads acting on the front axle of a wheeled tractor. For a static load
approaching the Model 1 considered here, it was found that

. 8pg =164 — 184daN for V =17 —22km/h, &, =1.1cm.

3. LoADS SPECTRUM OF THE FRONT AXLE

As regards strength computation of the front axle of a truck, the most
impdrtant cross-section lies, as a rule, in the neighbourhood of the mounting
point of the leaf spring {1,3] (Fig.1). This is a region of possible damage,
often occurring in the form of plastic deformation of the axle. The bending
stress in the cross-section £ — z can be determined from the relation

o a - Tg

G A

o Zr,  Zr(t) = ZxstaT + Fr(t).

We have, of course,

a+ d T
(3.1) O'G(t) = Oggrar T JG,DYN(t) = W . ZK STAT + :-V DFK(t) )

where
a(t) = [ropan — Y(B)] 18O = T tge — y(t)tga,
aroaotge when g(t) € rypur-

The results of analysis of the state of load on the front axle enable us to
assume that Fg(t) is stationary process with Gaussian distribution at

ElFx(®)] =0,

where E is the mean value operator.
Therefore
E[GG,DYN(t)] =0.




168 L. PROCHOWSKI

Then otz
E[ch(t)] =0y = W, OZK,STA’I‘

a+ 2o

JG W.'J: 6FK ?

i

8. — standard deviation of the stress.

Using the observed values of I, (index of width of the load spectrum),
the variation of the mean values and the amplitudes of particular load cycles
separated from o ;. () should be taken into account. The results of tests of
dynamic loads on vehicles [11, 8] justify the assumption that the distribution
of the mean values &,, is a Gaussian distribution and that of load cycles o,
— a Rayleigh distribution. Then, the probability density of peak values can
be described by the Rice relation

o?
202 &2

(3.2)

exp

_ B
plo) = V2r b,
1-52,
T 9 Buts © 2\
+0 -5 exp( a) / exp(—%) dr,

V2T 82 262

where §, is the standard deviation of the stress

—0

(3.3) B, =+/1-1I%.

The notion of amplitude used here has no complete physical interpreta-
tion (a wide-band process) and is connected with the assumption that each
peak value of the process ot} determines a load cycle between the consecu-
tive maximum and minimum. Thus the k-th load cycle can be described by
the mean value of the cycle ,,, and its amplitude o,,.

Figure 5 shows the probability distribution of the amplitude of load (the
stress in the cross-section z — z)} due to the motion of the vehicle on an
asphalt, paved and soil surface at a velocity V = 40km/h. The value of
the static load o,, = 04p,p has been assumed as a reference level for the
distributions of load amplitude just mentioned. The limiting values of the
amplitude distribution were determined: s follows:

Opax ™ Oginr T+ Kol
(3.4

v = Ogpar — Kobs
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Fi1q. 5. Probability distribution of stress amplitudes (peak values) due to symmetrical
action on the wheels, V = 40 km/h.

where k, is the limiting coefficient of the maximum value.
The loads, the probability p(¢) of occurrence of which is below 1075 are
disregarded, therefore
‘ infiy
(3.5) ] p(o)do = 1075 .
TMAX

Hence k, = 4.27.

Table 2. Relation between the kind of the road surface and the state of
dynamic loads on the vehicle (symmetric action on the wheels, ¢ # 0, g2 = 0).

Road cross-section ¥ — & )
surface bqy P Ber ploa> Zoren) | lile estimate
V =40 km/h | [cm] | [cm/s®] | [MPa] in km
asphalt 0.64 86 8.12 < 0.00001 > 10000000
paved 1.29 220 19.9 0.02 920006
coumiry i 430 | 900 | 78.3 0.32 260
road :
Z g pep — according to 4.1; o3 — standard deviation of the acceleration of the truck body.

Table 2 contains the values of standard deviations of the height of the
irregularities of the road surfaces mentioned above as well as the quantities
characterizing the dynamic loads acting on the vehicle. Those values show
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that the influence of the variation in height of the irregularities of the road
surface on the dynamic loads acting on the vehicle system and its durability
is essential.

Fia. 6. The influence of the travelling speed on the distribution of p(e4). Boulder paved
road. Symmetrical action on the wheels,

Figure 6 illustrates the influence of a variation in the travelling speed
on the stress amplitude distribution in the cross-section ¢ — x (Fig.1) of
the front axle. With increasing V the diagram of probability distribution
becomes more flat, thus showing an increase in probability of occurrence of
cycles with amplitudes o4 > Zg (fatigue limit}. Load cycles with amplitudes
above the fatigue limit Zg are decisive for the life of the structural element
analysed. '

In agreement with (2.3) the model tests included the determination of
dynamic loads due to symmetrical and asymmetrical forces acting on the
vehicle wheels.

The relations between the results of the action of both excitation compo-
nents {q1, ¢2) originating from the road are described in detail in [4]. Figure
7 shows the influence of the excitation components on the probability dis-
tribution of stress amplitudes. The effect of superposition of the results of
action of both excitation components, which is natural for the vehicle and
is described in the analytic manner in (2.7), is manifested by the increase
in load amplitudes (dashed line in Fig.7). The values in Table 3 show that
superpose of resonance dominants (cf. Fig.4) as a result of summation of the
results of simultaneous action of the excitations ¢; and ¢, produces also the
increase in load amplitudes and, consequently, an increase in the coefficient
I;. The common action of those two phenomena reduce the fatigue life of
the structure.
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F1G. 7. The influence of the traveling speed on the distribution of p(o.4). Boulder paved
road; ¥V = 40km/h.

Table 3. The influence of the structure of excitations acting on the vehicle
wheels on the state of load of the front axle in the cross-section z — z. Paved
road; V = 40 km/h.

Excitation p(o0a > Zomen) | Is | Estimated life
7 #0, 5 =0 0.02 0.41 | 92000 km
n £, 2 £0 0.13 0.63 | 9600 km

4. ESTIMATION OF FATIGUE LIFE

It is assumed that the Wohler diagram of fatigue life of a structural
element may be expressed by the relation [2]

oM N = C for N < N,
g, = Za N > Ny.

Knowing the probability distribution of load amplitude p(s ), the life L,
of the element can be calculated in kilometers of mileage, on the basis of the
Palmgren - Miner theory {2, 11} of cumulation of fatigue damages

(41) L5M= o ND ?
AMAX o, L3N
o ] (32) sode,
Zg G

where 0, yax = kobo, L6 = Zgpep = k(25 — ¥0,,), ks is influence coeffi-
cient of the stresses below the fatigue limit, ¥ — coefficient of sensitivity of
the material to asymmetry of load cycles.
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In the practice of computation of fatigue life it is preferred to calcu-
late simultaneously the mileage (the operation time) on the basis of several
different theories of cumulation of fatigue damages. Under such conditions,
making use of the relations given by Serensen and Haibach, it was also found
that [2, 11] '

L-5'1 - a’sN 0
% & A MAX o, \™ ’
Apy f (_Z_) p(aA) daA
Zg G
s a, No
(4’2) g = afm. ’
N,
L = 0 :
Zg fg \™2 TAMAX /¢ \T4
oy f ('Z—A) p(UA) dUA + f (zﬁ') p(JA) dUA
74 NG Zg G
TAMAX T AMAX
f UAP(UA) do, — O 4 aex . I plo,)do,
. 7amMmw AMIN
(43) a.R - aA,MAX *
(UA,MIN - JA,MAX) . [ plo,)do,
AMIN

where a, = 0.1...0.2 is the Serensen coefficient, and my, m; are the coefli-
cients of the slope of the left-hand and right-hand branch of Wéhler diagram,
which is given, for computation of LE, by the relation

o™MN = 9] for N < Ng,
O’_T‘zN = (Cy for N > Ny.

Following [11] it was assumed that

1S = Lgl if ep < asz,
¢ ng if aR Z as .

Experimental results show that an analysis based on the Palmgren-Miner
or Haibach theory give results approaching the upper bound of the estimated
value of the fatigue life of the element considered, while the Serensen theory
leads to results approaching the lower bound of the fatigue life. Figure 8
compares the results of computation of the expected fatigue life in a manner
showing the contribution of both the excitation components (¢ for verti-
cal vibrations and g; for horizontal angular vibrations) in the process of
cumulation of fatigue damages.
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FIG. 8. Estimates of statistical characteristics of the loads and a forecast of the fatigue
life of the front wheel axles:

Making use of the results of model studies available, the probability
of plastic deformation (constituting the overloading damage} in the cross-
section of the front axle considered was calculated. Tt was assumed for the
analysis that the distribution of stress amplitude and that of yield limit are
of the Gaussian type. Then, the probability of damage is

where o(#) is the variation of the stress, its mean value being o,, = oy ur
and the standard deviation §, . The symbols Rg and org denote the mean
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value and the standard deviation of the plasticity limit Rg of the structural
element considered, respectively. The material assumed for computation
was 40 HM (R = 687 MPa).

It was found for section z — 2

R = 172MPa,
Za = 107 MPa,
Wx = 43cm3,

116 MPa.

il

Tarar

The results of the analysis presented in Fig.8 show that the character of
variation of the fatigue life of the front axle as a function of the travelling
speed of the truck may constitute, to a considerable degree, a reflection of
the variation of the standard deviation of the forces in the wheel axle. We

‘observe also an advantageous influence of the decrease in number of load
cycles aps (with increasing V') on the value L, thus enabling us to increase
the mileage at high V. The reduction in fatigue life is closely connected
with an increase in probability of damage.

Le : Pu
[km]

ILLE S

vikm/h)

Fi6. 9. Computation results of the fatigue life Lo and the probability of damage pu for
various travelling speeds. A — asphalt; B - boulder pavement; G — soil surface. -

Figure 9 illustrates the variation of the estimated fatigue life Lo and the
probability of damage p, as function of the travelling speed of the truck.
Confrontation of those variations shows the relations which may exist be-
tween the state of the pavement and the fatigue life of the front axle. High
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probability of damage of the front axle produces a necessity of reducmg the
travelling speed on a soil-surfaced or paved road.

5. CONCLUSIONS

The theoretical results presented here concern the range of limited fatigue
life. Estimation of the fatigue life by the procedure presented is closely
connected with the relation (3.1} and can be made use of as a criterion for
improving the design of the vehicles Another practical advantage of this
theoretical forecast is that a relation is indicated between the excitations
considered and the structure of the loads acting on the vehicle under various
operating conditions, and the fatigue life of vehicle elements. This applies in
particular to the mutual relations between the road surface and the travelling
velocity as those operating factors which may be decisive for the resulting
- fatigue life of the vehicle.
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