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FATIGUE ANALYSIS OF BUS STRUCTURES

C.M. BRANCO* and J.A. FERREIRA**

The paper presents the main results of a fatigue analysis of
welded joints in rectangular tubes used in bus structures.
S-N and crack propagation data was obtained loading the speci
mens in plane bending in air at room temperature and at a load
ing frequency of 1410 cycles/min. Different steel grades were
tested and their fatigue strength was compared.

A defect tolerance analysis was performed based onstress
intensity computation and fatigue crack growth data. Defect
or damage tolerance curves were obtained and compared with the
experimental S-N curves. These curves can be used in the fati-
gue design of the structure.

INTRODUCTION

Bus structures are often subjected to dynamic loads leading to fatigue fail
ures. In public transport vehicles the dynamic loads are transmited from
the pavement to the structure causing fatigue in the welded joints of the
tubes. The fatigue cracks usually initiate at the toes of fillet welds of T
type connections made with rectangular thin walled tubes.

Welded rectangular thin walled sections with tube thicknesses ranging
from 1.5 to 6 mm are extensively used as the main structural element in
bus structures. These type of structures combine low weight with high val
ues of the bending and torsion modulus. It is therefore possible to redu-
ce the weight of the structure allowing an increasing load capacity in the
vehicles and reducing the fuel consumption. However, fatigue failures
should be avoided and therefore an appropriate fatigue design is required.

A considerable number of failures in bus structures have occured in
the past in Portugal because fatigue loading was not taken into, account in
the design of the structure. The need for fatigue studies was recognized
and the authors have initiated three years ago a testing programme in order
to assess the fatigue behaviour of welded rectangular hollow sections used
in bus structures. Some results were published elsewhere (1-4) and report
ed on the influence of tube thickness and weld surface finish. The crack
propagation phase was studied with fracture mechanics methods applying the
similarity approach and two simple crack propagation models. Fractographic
observations were carriedout usingbothoptical and scanning microscopes and
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as a result failure modes and crack initiation mechanisms were identified.

Research work 'in the field of fatigue of rectangular tubes has been ex
tensively done in Holland by Wardenier (5,6) and in the USA by Stephens (7)
Wardenier tests are in different types of tubular connections such as Ky T
and Y joints loaded in tension and bending. The influence of the geometry
of the joint and welding locationwas assessed. However the size of the tu-
bes was considerably greater than those used in bus structures, and moreover
no study of the influence of weld geometry was performed. 1In (7) stress in
tensity solutions for surface cracks in square tubes subjected to torsion
were obtained and in (8) similar results were obtained in rectangular tubes
in bending. In these studies the similarity approach was applied for the K
computation and that was based on compact tension specimen data obtained in
specimens taken from the tube walls in the locations where the crack was
propagating in the tubes. In (2) the authors found a reasonable agreement
between their solution and Stephens one but only for cracks growing in the
lateral sides.

Recently in Japan a detailed stress analysis study was published quot-
ing structural stress concentration factor results obtained in several ty-
pes of rectangular tubular connections (9). The finite element method was
used but the geometry of the weld was not considered in the investigation.
It is worth while to mention that in none of those papers defect tolerance
and weld geometry was considered and these are fundamental parameters in
any fatigue analysis of welded structures.

More work is being published in the field of fatigue of welded joints
in circular tubular structures used in off-shore applications. Some of the
latest results may be found in (10). In these structures conclusive proof
now exists that Fracture Mechanics can be used to assess fatigue life and
therefore its applicability to rectangular tubes should be studied and deve
loped further as reported herein. -

In the present paper a fatigue analysis methodology for welded joints
in rectangular and square tubes of mild steel used in bus structures is pre
sented. Fatigue design data was obtained in specimens representing the more
critical details in the structure. The influence on fatigue life of materi
al, tube and weld geometry is assessed theoretically and experimentally in
some cases. A defect tolerance analysis was carried out using Fracture me-

chanics and the results were compared with the appropriate experimental da-
ta.

EXPERIMENTAL METHODS

The materials used were three mild steel grades St37-2,St44-2 and St 46-2 ac
cording to DIN 17100 specification. The steels are low carbon steels, con-
taining 0.15% carbon in the St 37-2 grade and 0.16 to 0.18% carbon in the

St 44-2 and St 46-2 grades respectively. The nominal dimensions of the tu-
bes were 82x38x2 and 38x38x2 (height x width x thickness). These tubes are
manufactured by cold bending of steel sheets with the same nominal thickness
as the tube followed by resistance welding along the longitudinal direction.
H?nce the tubes have a welded longitudinal seam. The main mechanical proper
ties obtained in tensile tests are presented in Table 1. Tensile tests were
also carried out in plate specimens taken from the tube walls, but the re-
sults will not be reported here.
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TABLE 1 - Mechanical properties of rectangular tubes of mild steel
(DIN 17100)

ial 0ys uTs R
Materia (MPa ) (MPa ) (7)
St 37-2 Grade 398 440 9.3
(82x38x2)

St 46-2 Grade 370 428 33.8
(82x38x2)

St 46-2 Grade 396 449 26.7
(38x38x2)

St 44-2 Grade 381 458 ——=
(82x38x2)

St 44-2 Grade 402 468 o
(40x40x2)

The fatigue specimens were tubes provided with fillet welded gusset
plates simulating the critical detail in the structure where fatigue fail-
ure initiated. Fig. 1 shows the nominal dimensions of the specimen. The
gusset plate shown is 3 mm thick and it is welded at the built-in end of
the specimen in order to simulate the crack initiation point in service.Can
tilever plane bending was chosen for the loading mode since that proved to
be the appropriate loading node when checked by strain gauge readings in ser
vice. The same welding procedure and weld metal was used as in service.
Thus this specimen is a full scale model of one of the more heavily stres-
sed tubular T connections in the structure where fatigue failures have oc-—
cured.

Fatigue testing was carried out in a specially build test rig with
+ 20 kN maximum load capacity at the specimen free end (2). The top faces
of the specimen were clamped at the gusset plate end (built-in end) as
shown in Fig. 1. The weld toe region was outside the clamped ends and the
load was applied at the other end of the tube using an eccentric and lever
mechanism giving a constant deflection of the specimen free end. All the
fatigue tests were performed in air, at room temperature with a loading
frequency of 24 HZ and a stress ratio R = 0. The crack initiated in the
weld toe of the upper gusset plate when the stress was tensile, propagated
firstly through theupper partofthe tube(upper rectangule of the cross sec-
tion and then vertically through the lateral sides until it reached appro
ximately the mid height of the specimen; then the test was stopped (see the
sketch in Fig. 1).

In some tests crack length in the laterg% sides was measured with a
travelling microscope with an accuracy of 10 “ mm. Stroboscopic light was
used for every crack length measurement and the sides of- the tubes were ca
refully polished for a better crack tip observation.

Nominal stress was measured in the specimens using strain gauges bond
ed at locations 10 mm away from the weld toe and linearly extrapolated to
the weld toe line. At the strain gauge location there is no stress concen
tration effect of the weld and this was confirmed by the finite element
calculations. Hence the nominal stress at the weld toe was used to plot the
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S-N data and the stress was monitored during the fatigue tests.

RESULTS AND DISCUSSION

Since crack propagated first in the upper part of the tube followed by E:z:
:Zation in the lateral sides it was decided to carry 2?t the Strii;éu; n
: i ts. In the upperpart, a
i rately for both par :
B e e red mmanical i he finite element method while for
re obtained numericaly applying the fin e :
t:zslzieral sides the similarity approach and an available K solution were

applied.

Stress intensity factor computation in the upper part of the tubes

The stress intensity factor formulation for the upger pa;tdoili?e t;:iz
he Albrecht metho .

i 1 element) was computed based.on t .
(hzzzsozgaspecially suited for welded joints and stress concentration gio?%
tiies and is simple and quick to apply. In most practical cases the solu
ions derived for K are sufficiently accurate.

It is known that in welded joints there is always a stress gradlgntd in
the weld toe section. Hence the stress intensity factor may be obtaine

using the equation

k=m K B

where. ¢ 1is the complete second order elliptic integral.(q =1 for a con-
t'nuoué crack), K' is the stress intensity factor.for.a s%m1lar geometr%f .
%thout the weld and assuming a constant stress distribution along the thick

::ss direction,and is a magnifying factor taking due respect of ttigigiif.

i i i i is equal to the stress concentra :
—uniformity in the weld region. )

zontuzlwhen tze crack length is zero and can be com?uted knowing the disZZl
biiign of stress along the crack line and substituting these stress valu

in the Mk equation derived in (11).

For the specimen shown in Figure 1 and in the upggr p?;tt?f tgzntEZe
i i imate stress distribution
jected to cantilever bendlng,an.approx : : .
zz:i;Zd considering an uniform nominal tensile stre§sk1n thefttiz :iééwallg
is i i due to the very small thickness o
This is approximately true y o
i i i be thickness was obtained wi e
stress distribution along the tul ¢ s aine ite &
zzzent method .Figure 2 shows the meshusedwith e1ght.;odiﬁD ;§zziza§e§:12he e
i f freedom in each node. n this fi t
ments having two degrees o . . e
i i 1d leg length and B, is the gusset p :
tube thickness, LG is the we ik
i i ired the loads were app
. Since an uniform tensile stress was requ . 0ad
zisiension in the nodes 116 to 124, and the built-in condition at the other

end of the specimen was achieved by constraining the displacement in the no
des along the Iine 1 to 13.

= 6
values were obtained for values of B = 2,3‘and 4 mm, B.= 3 ang mm
d LG= 6,12 and 20 mm. Table 2 presents the entire set of résults for e
22 a func;ion of a/B and these can be fitted accurately by a power law equat

ion
M, = o/ (a/B) 2

d the values are given.in Table2.
and are dependent on B,By anq LG an :
;gzr:ogrelatgon coefficients for equation (2) are also quoted in the same ta
ble thus confirming the validity of equation (2).
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TABLE 2 - Values of M in the upper part of the tubes (Mk = p/(a/B)q)
B ERE 1 | e 6 6 |3 |5 13 [ o | & ]

B 2 B) 4 2 3 4 2 3 4 2 3

Lo 3 b 6 12 12 12 20 20 20 40 40 “
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The stress concentration factors, K_ = (M, )(a/B = 0)at the weld toe
(poirit A in Fig. 2) were taken from Tablé 2 afd its variation with tube

thickness for the different weld geometries considered in Table
in Figure

99y .99e L5999 [ .99y .9%7 | 999 RE

2 is shown
3. It is seen that the stress concentration factor increases when
the weld leg length decreases and increases also with the gusset plate thick
ness. However the K_ values are not very high (range between 1.2 and 1.7).

Photoelastic tests are in progress to establish a comparison of Kt values ob
tained by the two methods.

The computed stress values at the element nodes showed that for a/B va
lues greater than 0.12 to 0.18 the stress values are very close to the nomi
nal stress in the tube wall. Hence the stress gradient at the weld toe is
rather localized and confined to the points situated at a distancé less than
0.12 to 0.18 B. Then the equations for the stress intensity factor are

K = Mk(l.122—0.561a—0.205a2+0.471a3-0.19a4)ov Ma = MkK' (3)

and K = K' when Mk =1 for 0.12:0.18<a/B<0.65

In these equations o = a/B, and for K' the Tada et al (12) solution for a sin-
gle edge crack in a finite width plate in tension was taken. The values |
are those given in equation(2)with the values of p and q taken from Table2.@
was taken equal to 1 because the fractographic analysis revealed very shal-

low cracks growing from the tube corners (values of the ratio a/2c less than
0.2

As the stress intensity values depend on the values of it will be se
en from the results given in Table 2 that K increases with tube thickness

and decreases with increasing leg length following the same trend as the
stress concentration factor results.

Fatigue crack propagation and stress intensity factor computation in the la-
teral sides of the tubes

Crack propagation in the lateral sides was measured during fatigue tests
with precracked tubes in order to compare the crack growth behaviour of the
steels and obtain data for the stress intensity computation. Typical plots
crack length a in the vertical direction against number of cycles are plot-
ted in Figs. 4 and 5. The results in Fig. 4 are for higher nominal stresses
than Fig. 5. It is seen that the fatigue crack growth rate in the lateral

647



sides increases with the number of cycles and the applied stress and it is
higher in the St 46-2 tubes compared with the St 44-2. Crack length values
below 2 mm were not obtained since these occured in the upper part of the tu
be where no experimental observation was possible.

Other objective of these tests was to eliminate the crack initiation
phase. Therefore the tubes whose results are plotted in Figs. 4 and 5 were
provided with 0.65 mm deep notches at the corner. The notch was severe
enough to initiate the crack after a very small number of cycles and that
can be confirmed by the results shown in Figs. 4 and 5. However fatigue
crack growth measurements in plain specimens (not precracked) revealed a si
gnificant crack initiation phase for low applied stresses (3,4).

The S-N curves for the 0.65 mm deep precracked tubes (rectangular and
square) in the St 46-2 and St 44-2 steels are plotted in Fig. 6. Two cur-
ves were obtained, one for the 82x38x2 tubes and the other for the square
ones (38x38x2). No influence of steel grade was found and only the height
of the tube has influenced the S-N curve. Hence fatigue life is greater in
the rectangular tubes due to the fact that the crack has to travel a bigger
distance in the rectangular tubes before final failure occurs at the mid
height of the tube.

S-N data was obtained in the plain welded tubes. The range of fatigue
lifes is from 5 x 10% cycles to 107 cycles and in some tests fatigue fail-
ure did not occured. These results will be analysed later in the paper and
here only a discussion about the variation of the nominal stress during the
test will be done. Hence Fig.7 shows typical plots nominal stress against
number of cycles in the strain gauge location indicated in Fig. 1 Nominal
stress (stress in the outerfibre subjected to tension) remained practically
constant while no crack was initiated in the upper part of the tube(usually
at the tube corner near the strain gauges).This was followed by a slight in
crease in stress during crack propagation in the upper part of the tube and
finally the stress in the outer fibre decreased sharply as the crack was
propagating in the lateral sides. However the decrease in stress only oc-
cured when the crack was long, very near the end of the test. Hence it is
accurate enough to consider a constant nominal stress in the specimen
throughout the fatigue life.

The S-N curves of the precracked tubes (Fig. 6) were obtained by line-
ar regression of the experimental results.

Assuming that fatigue life is crack propagation only, which is approxi
mately true in this case, then the slopes of the S-N curves plotted in Fig.
6 are equal to the exponent m of Paris law. The constant C may be obtain-
ed by the following equation proposed by Gurney (13)

C=1.315 x 107* /895.4™ (4)
Hence the values of m and C are

m=-4.26 and C = 3,494 x 10—17 for the rectangular tubes

m= 4.68 and C = 2.01 x 10_18 for the square tubes

These values of m are in close agreement with those of da/dN, AK curves ob-
tained in fatigue crack propagation tests of centre cracked specimens in
tension (14) .These specimens were taken from the tube walls and the crack
was propagating in the same direction as in the tubes (14) . Hence it ap-
pears that the method used herein for the determination of m is accurate and
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has the advantage of being faster, more economical and easier than the one ba
sed on the determination of the da/dN, AK curve of the material. -

Calculation of stress intensity factor in the lateral sides of the tubes

Two methods were used to obtain a K formulation for the lateral sides of the
tgbes._The first one is the Murakami (15) solution for a crack in the width

dxre?tlon of a rectangular cross section bar subjected to cantilever or plane
bending. 1In the present study the width of the specimen was taken as equiva
lent to the tube height since the tube is built-in. The equation for K is

K=o/ h /Ta (0.78570° + 0.6186a + 0.862) (5)

where a= a/h, h is the height of the tube and ¢ is the nominal stress at
the weld toe line as defined before.

K Yalues were also obtained applying the similarity approach and using
the fatigue crack Propagation data refered in the previous section (Figs.4
and 5).The equation to calculate the geometrical factor Y = f(a/h) in the
stress intensity equation may be expressed as (3)

1
o VIl p

da L/m

¥ = fa/h) =
dN ¢ (6)

(L
C

with the val9es of m and C given above. From the (a,N) data obtained in the
tubes (see Figs. 4 and 5 for examples) the da/dN equation was obtained in

] For the St 46-2 steel Fig. 8 shows the plot f(a/h) against a/h obtained
in the rectangular tubes and Fig. 9 is a similar plot for the square tubes.

The .data shown was obtained in five rectangular specimens and four square

specimens. It is seen that f(a/h) increases with the crack lenght for val-
ues of a/h between 0.05 and 0.5 approximately. Crack propagation for values
of a/ﬁ below 0.05 was not considered because it does not occur in the late-
ral sides. For a/h values above 0.5 crack growth rate is usually above 1073

height of the specimen. A fourth order polynominal produced the best fit
for the data points in Figs. 8 and 9 and the equations for f(a/h) are
Rectangular tubes (82x38x%2)
f(a) = 0.2162 + 2.231q - 12.214a2 + 30.541&3 - 26.98504 (7a)
Square tubes (38x38x2)
f(a) = 0.2632 + 1.848¢ - 6.172042 + 10.171(13 - 6.418(14 (7b)

Theref?re the stress intensity factor may be computed in the tubes with the
following equations

(i) Rectangular tubes 82x38x2 ; LG = 6 mm and B, =3mm

-0.0988
K = 0.7965 o x K!' for a=a/B < 0.184 (8a)
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K =K' for 0.184 < a/B < 0.65 (8b)
and

' 4
K =ovB Vi5(0.216242.231a-12.214a2+30.541a°-26.985a") a>B/h (8c)

or K =ovh VTa(0.7857a%+0.6186a+0.862) @>B/h (8¢)
(ii) Square tubes 38x38x2; LG=6 mm and Bl= 3mm
K =0.79650 0-9988 o for a/B < 0.184 (9a)
K =K' for 0.184 < a/B <0.65 (9b)
and
K =ovE VTG (0.2632+1.845a-6.1720°+10,171a3-6.4180%) «>B/h
9
or K =o/h /Ta(0.7857a°+0.6186a+0.862) s w>B/h

Fractographic analysis

Scanning and optical microscope photographs of fracture surfaces were Faken
in order to detect crack initiation points and_modes of crack propégatlon.
Two examples can be seen in Figs. 10 and 11. ?13. 10 shows the entire top
left corner of a St 46-2 tube tested at a nominal stress of 232 MPa. The
picture covers all the tube thickness, the weld toe an@ weld metal. The
cracks have initiated both at the weld toe and at the inner sufface‘of tﬁe
tube. Propagation took place in the horizontal and vertical directions 1n a

similar pattern. This was the more often found crack initiation and propaga

tion mode and that fits, so far as the crack propagation in the veftical di
rection is concerned, rather well with the theoretical model used in the pre
sent work. In Fig. 10 an internal flaw was observed (cleavage) probably due
to HAZ cracking or material inhomogenity.

Fig. 11 with a higher magnification than Fig. 10 was taken in the latemal
side of a rectangular tube of St 46-2 steel tested at a very low stress level
(154 MPa). Crack propagation is by mixed mode both transgranular and inter-
granular.

Two grains of the material are visible in the photograph and within the
grains striation formation is indicated despite the fact that these could on
ly be seen with a higher magnification. This mixed mode was general}y found
for low stress levels only. For higher stress levels crack propagation was
mainly intergranular.

Defect tolerance analysis and comparison with S-N data

Crack propagation S-N curves as a function of initial flaw size were derived
so that a defect tolerance programme can be developed for this type of vel@ed
joints. The data can therefore be used in any defect tolerance ana}ys%s in
bus structures since the results apply to the morecritical weld detail in the
structure. .

The crack propagation S-N curves were the integration of the Paris law

equation substituting the K values by equations (8) and (?). The resulting
equation for the total number of cycles of crack propagation was
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(I,+ 1.) T
N =N +N, + N, = 1 1 2+ 3 (10)

m m ™
Co 7 -1 7 =1
B h

where N, , N, and N, are the number of cycles of crack propagation for the
three terms of tge stress intensity equations respectively (a/B<0.184;
0.184<a/B<0.65 and a>/B/h)and I.,I, and I. are the crack propagation inte-
grals for the same stages and given by thé equations

Qo

I]_ =f S S = da
w5 oo v)

where o,=0.184 and ai=ai/B

. 1 0‘5 (lla,b,c)
1
. L= SUS— da and 1= _______}____.da
J===y M m
(laY ) (/T £(a))
%o /h

In Fhese equations Y is the geometrical factor for the K' equation (Tada so-
lution) and f(a®) is either the Murakami geometrical factor(equation 5) or
the functions given by equations 7a) and 7b).

The integrations were carried out as a function of a., the initial
crack size at the weld toe in the tube wall, and in the thitkness direction.
The values of ai=0.1; 0.2 and 0.65 mm were selected since the first two re-
present typical flaw sizes in these welds, as shown by nondestructive ins-
pection procedures in the structure, and the latter one is the initial flaw
size for the experimental results plotted in Fig.6. Bigger initial flaw si-
zes have no practical interest for a defect tolerance analysis since the
0.65 mm size is about one third of the tube thickness

The theoretical S-N curves given by equation (10) are
12 and 13 together with the experimental data obtained in the welded tubes
(not precracked). Two sets of curves were obtained corresponding to f(a) gi
ven by equation(5)or by the K calibration obtained with equations 7a and 7b.
For both rectangular and square tubes the Murakami solution for f(a) gives
higher fatigue strengths and the difference increases with the initial flaw
size. However the difference is increasing with the initial flaw size due to
the N, term contribution for the total number of cycles. Hence, for high ini
tial “flaw sizes, N, is closer to N +N, and any differences in f(a) in equa
tion (1l.c) produce”a larger variation in N..
Figure 12 is the plot for the rectangular tibes, which shows that fatigue
strength is greater in the St 44-2 steel compared with St 4§-2. The same be-
haviour was observed in the square tubes (Fig.13). Comparing the experimen-
tal S-N curves for the rectangular and square tubes no influence of geometry

is detected.Hence both square and rectangular tubes have similar fatigue
strengths. . ’

plotted in Figs.

Good agreement was obtained between the theoretical and experimental
S8-N curves. The slopes of the curves are very close thus indicating that the
crack initiation period is small. The difference in fatigue strength between
the St-44 and St 46 steels is mainly due to weld quality levels(initial flaw
sizes). Thus, while for St 44-2 the initial flaw size level is between 0.1
and 0.2 mm, in the St 46-2 the experimental S-N curve lies close to the

AT1



0.65 mm initial flaw size curve. This is confirmed by the Position of the
experimental S-N curve in the 0.65 mm precracked speci?ens,ln she scatter
band of the St 46-2 S-N curves in plain as welded specx@egs,(Flgs. }2 and
13). Hence fatigue life is greatly dependent on the initial flav sizes and
good fatigue strength is obtained if the defect tolerance level is gept be-
low 0.1 to 0.2 mm. If these limits are increased up to 0.65 mm as in the
St 46-2 steel tubes fatigue strength is reduced by a factor of 2/3 and a fa
tigue limit may not be obtained (Fig.l12 and 13). However f9r the results
in the St 44-2 steel tubes a fatigue limit may be defined with a value beg
ween 160 to 170 MPa. For the St 46-2 tubes perhaps it is possible to defi
ne a fatigue limit close to 120 MPa (Figs.l12 and 13).

CONCLUSIONS

1. Fracture Mechanics can be applied sucessfully in the fatigue analysis
of welded rectangular thin walled tubes used in bus structures.

2, A stress intensity factor formulaticn was derived to obtain the stress
intensity values for cracks propagating in the top or bottom faces of
the tube and in the lateral sides.

3. S-N data was obtained to establish appropriate design stresses and to
compare the influence on fatigue life of steel grade and tube geometry

4. Fractographic analysis has revealed that the fatigue cracks are usua}-
ly initiated at the tube corner in the weld toe and then propagated in
the horizontal and lateral side. The main microstructural crack propa
gation modes were identified and ccmpared.

s Theoretical crack propagation S-N curves were derived hésed on the_
stress intensity factor equations mentioned in 2 and using the Paris
law equation for the material and geometry of the tubes. These curves
can be applied i1 tte defect tolerance analysis of Fhe structure since
good agreement was found with the appropriate experimental S-N curves.

6. Further work is required to improve the stress intensity model using3D.
finite element nodes.The experimental work should be extended to other
tube thicknesses and weld details.
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