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Fatigue of bridge joints using welded tubes or cast steel node solutions

A. Nussbaumer & S. C. Haldimann-Sturm

Swiss Federal Institute of Technology Lausanne (EPFL), ICOM — Steel structures Laboratory, Switzerland

A. Schumacher

Swiss Federal Laboratories for Materials Testing and Research (EMPA), Structural Engineering Research

Laboratory, Diibendorf, Switzerland

ABSTRACT: In the design of recently constructed steel-concrete composite bridges using hollow section
trusses for the main load carrying structure, the fatigue verification of the tubular truss joints has been a main
issue. Recent research on the fatigue behaviour of such joints has focussed on circular hollow section (CHS)
K-joints with low diameter-to-thickness ratios—a geometric characteristic typical to tubular bridge trusses.
Analytical and experimental research was carried out and joints with both directly welded tubes and cast steel
nodes were studied. This paper presents the main results of these studies and shows comparisons between
welded and cast steel solutions. The key issues for the design and fabrication of both types of nodes are re-
viewed and recommendations for the design and fabrication of tubular bridge structures are made.

1 INTRODUCTION

Tubular joints represent the critical point in the de-
sign of a bridge structure with circular hollow sec-
tion (CHS) members. Presently, three main methods
of joint fabrication can be found in existing bridges.
A conventional possibility consists of brace-to-chord
connections using gusset plates. This solution will
not be dealt with in this paper. The second possibil-
ity is the directly welded joint, where the braces are
cut to fit and welded to the continuous chord. Cast
steel nodes offer a third alternative whereby castings
are employed to provide a smooth transition between
the brace and chord members, which are welded to
the casting stubs.

The second and third mentioned solutions have
been extensively studied by the offshore industry
(Marschall 1992). However, the relatively new con-
cept of steel-concrete composite CHS truss bridges
presents the designer with new challenges, in par-
ticular with respect to the fatigue design of the
joints. In comparison to offshore structures, differ-
ences in member sizes, tube slenderness, fabrication
techniques, etc. make the direct application of the
current offshore knowledge difficult and demon-
strate that the current behaviour models for welded
joints and cast nodes subjected to fatigue are incom-
plete.

For the designer, an important question is
whether to choose welded joints or cast nodes in or-
der to insure better fatigue strength for a given pro-
ject. The lack of existing fatigue design rules has
been the underlying motivator for a series of studies

on the fatigue behaviour of directly welded joints
and of cast steel nodes in tubular truss bridges car-
ried out at the Steel Structures Laboratory (ICOM-
EPFL) in Lausanne, Switzerland. The experimental
studies are fully described by Schumacher
(Schumacher 2003a, Schumacher & Nussbaumer
2006) and Haldimann-Sturm (Sturm et al. 2003 and
Haldimann-Sturm 2005). In this paper, the compari-
son between both solutions is discussed. In the case
of welded CHS K-joints, the determination of the
stress concentration factors (SCF), synthesised in the
form of a modified stress concentration factor (re-
ferred to as SCFioal.), is explained. In the case of cast
steel nodes, the importance of a balanced design be-
tween the various potential crack initiation sites in a
joint is shown.

2 EXPERIMENTAL STUDIES

2.1 General

In order to include all aspects influencing the fatigue
strength, fatigue tests on large-scale specimens have
been carried out. The specimens consisted of K-
joints in a planar truss girder (Figure 1). The mate-
rial used for the truss members was steel grade
S 355J2H according to EN 10210-1:1994 and
EN 10210-5:1997. The material used for the castings
was steel grade GS20Mn5V according to EN 17182.
Regarding the allowable casting defects, the quality
of the castings was defined according to DIN 1690,
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Part 2. The test specimen (shaded in Figure 1) was
bolted in place by means of end plates. The top
chord I-girder and the two outer K-joints acted as a
load frame to the two inner K-joints. Both the
welded joints and cast nodes were tested in the same
way. For comparison purposes, Figure 1 shows half
of a truss girder with welded joints (on the left side)
and the other half with cast steel nodes (on the right
side). The constant amplitude fatigue loading, with a
load ratio of 0.1, was applied at midspan through
hydraulic actuators. Joint failure was defined as
through-cracking of the tube or cast node wall.

For the directly welded joints, Schumacher
(Schumacher 2003a) carried out a total of 4 test se-
ries with 2 test specimens per series. Each test series
examines a particular parameter: dimension, fabrica-
tion method or weld improvement. The non-
dimensional parameters (5, y, 7, 8, defined in Figure
1) of the specimens were chosen to reflect actual
CHS truss bridge parameters. Except for the weld-
improved specimens, twelve out of the sixteen
welded joints cracked at the same location and in the
same manner. Cracks initiated in the chord gap re-
gion at the tension brace weld toe, referred to as Lo-
cation 1 (Figure 2). This corresponded with the loca-
tion of the highest measured hot-spot stress. Crack
propagation occurred through the depth of the chord
as well as along the weld toe.

For the cast steel nodes, two series (A and B)
with 2 resp. 3 test specimens per series were carried
out. The tests were carried out to investigate the fa-
tigue strength of the cast steel nodes as well as the
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no cracking occurred and testing was stopped after a
certain number of cycles, all cracks initiated in the
girth butt welds between the casting stubs and the
CHS members with the highest measured stress
(Figure 2). That is, no fatigue cracking due to cast-
ing defects were detected in the cast steel nodes. In
additional destructive and non-destructive testing on
cast steel nodes, no non-allowable casting defects,
which could have been an initiation site of fatigue
cracking, could be found. It could be concluded that
in these tests, the girth butt welds were much more
susceptible to fatigue loading.

2.2 Comparison of results

Since tests on girders with welded joints and cast
steel nodes were carried out on a truss girder with
similar geometry and loading, it is interesting to
compare the results. When mentioning the test re-
sults of cast steel nodes, it is the test results of the
girth butt welds of the cast nodes to which reference
is being made, since no fatigue cracking was ob-
served in the nodes themselves. In other words, the
fatigue strength of the girders with cast nodes was,
in fact, determined by the fatigue strength of the
girth butt welds.

The comparison is mad e on the basis of hot spot
stress range values Aorps. Therefore, the hot spot
stresses in the girth butt welds of the cast steel nodes
are obtained by multiplying the nominal stresses in
the chord with a stress concentration factor accord-
ing to DNV recommendations (DNV 2001) to take
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Figure 1. Test specimen, only half represented with directly welded joints (left) and cast steel nodes (right).

fatigue strength of the girth butt welds between the
CHS members and the casting stubs. Several pa-
rameters were studied: cast steel quality, weld type
at stub connections and stiffness parameters. The
last parameter includes changes in the CHS thick-
ness, thickness ratios and stub length. This serves
the purpose of studying the influence of the stiffness
difference between cast steel nodes and CHS mem-
bers on the global behaviour as well as on the stress
distribution near the butt welds and in the cast steel
nodes. Except for two specimens of series B, where

into account the eccentricity in the weld due to dif-
ferences in thickness and diameter. The hot spot
stresses in the directly welded joints were extrapo-
lated from the strain measurements near the weld toe
of the tension brace.

In Figure 2, test results of series S1 and S2 (with
identical chord thickness) for the directly welded
nodes are represented by the black rhombi. The cor-
responding characteristic S-N curve was found based
on IIW rules. The triangular points show the test re-
sults for the girth butt welds without and with back-
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Figure 2. Hot-spot S-N results for tests on welded joints and cast nodes (girth butt welds)

ing bars (series A and B, resp.). The corresponding
characteristic S-N curve has been established by sub-
tracting two standard deviations of log(N) from the
mean curve. A standard deviation of 0.2 typical for
welded girders was used because only few test re-
sults are available to represent a significant sample
of test data. It can be seen that the results for the
welded joints come to a fatigue strength at 2:10° cy-
cles of Aoc=86MPa which is similar to
Aoc = 87 MPa for the girth butt welds with backing
bars. There is, however, a significant difference in
the fatigue behavior between the two types of tests:
in the welded joints, cracking is directed by high
stress concentrations at the weld toes and in the cast
steel node joints cracking is caused by weld root de-
fects in the girth butt welds at the casting stubs. Fur-
thermore, the fatigue strength of Aoc =54 MPa of
the girth butt welds without backing bars is much
lower. More testing on girth butt welds between
casting stubs and CHS members is currently being
carried out by the Versuchsanstalt fiir Stahl, Holz
und Steine at the Technische Universitidt Karlsruhe,
Germany.

As shown in Figure 2, the fat. strength of the
welded joints at 2:10° cycles is 86 MPa. In compari-
son, is it known from literature that the fat. strength
at 2.10° cycles of the cast steel nodes alone lies be-
tween 100 and 165 MPa (Haldimann-Sturm 2005),
depending mainly upon casting quality. Although
the strength of the cast nodes is considerably higher
than the welded joints, this was found to be irrele-
vant in the present tests, since this higher capacity
could not be mobilized as failure was governed by
the connections between the casting stubs and the
CHS members. In the present study, any type of
comparison (nominal stress, hot-spot, etc.), if prop-
erly done, shows that both solutions have about the
same fatigue strength. As discussed in Section 3.2, it
is possible to find an optimum in the design by re-

laxing the quality requirements on the cast nodes,
thus reducing their cost. This way, a balanced and
economical design between the various potential
crack initiation sites in a joint is obtained.

2.3 Pros and cons

The root cracking of the girth butt welds for cast
steel nodes can be seen as a disadvantage in com-
parison to the directly welded joints. Two main rea-
sons can be given. First, it is impossible to perform
non destructive testing (NDT) or to apply a post
weld treatment to the girth butt welds, because the
root is generally not accessible. During a bridge in-
spection, only through-thickness cracks can be visu-
ally detected. Second, there are at least four such
welds in each node (in the case of a K node). They
are the most critical detail and diminish the fatigue
strength of the whole structure if not properly de-
signed.

Looking at a truss girder with cast nodes, two girth
butt welds are necessary at each node in the chord to
ensure continuity, which means that weld quality
must be of a high and constant level to guarantee fa-
tigue reliability. Also, with the high number of girth
butt welds, pre-assembly and assembly sequences
must be well studied in order to properly manage
weld shrinkage and to respect tolerances. The advan-
tage is that all weld preparations are simple, on
straight edges and with constant bevel angle. This is,
however, not the case for on-site assembly. The last
tube cannot be placed in the assembled truss if the
backing rings, necessary to ensure good weld qual-
ity, are already welded. This problem can be solved
by adding cut-outs. In this way, the backing rings are
movable during the assembly of the tube. Once the
tube is put in place, the backing rings are pushed to
the right position for welding. An example of these



movable backing rings is shown on Figure 3 (Raoul
2005).

) . s, [ Rl

Figure 3. Movable backing ring for on-site asse
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In the case of welded truss girders, the chord con-
tinuity is an advantage, especially for the tension
chord, when speaking about fatigue reliability. There
are no girth butt welds except at CHS section
changes, at assembly joints between two tube mem-
bers and at site joints. However, this advantage dis-
appears partially for large bridges with spans over
80 m, since the maximum deliverable tube length
(for diameters over 500 mm and thicknesses over
25 mm) is less than 10 m. In these cases, the number
of butt welds will approach the one of the cast steel
node solution.

There are, on the other hand, also several advan-
tages of cast nodes, for example, their ability to
manage any geometry and number of incoming
members. For welded joints, there are limitations
due to minimum required angles between incoming
CHS members, gaps and eccentricities. Also, the
smooth geometry of cast nodes leads to low SCFs
and it is possible to integrate special features such as
parts of bearings or connectors to the concrete deck
directly into the castings. As a result, cast nodes are
particularly suited for nodes near or at supports,
where the bending moment is negative and where
there are usually more incoming tubes at the nodes.

3 NUMERICAL STUDIES AND DESIGN
METHODS

3.1 Tubular welded joints

The concept of the hot spot stress (Marshall 1992,
Zhao et al. 2000 and Zhao & Packer 2000b) was
used in the interpretation of test results. It has been
proven to be the best solution to properly account for
the complexity in the stress distribution in tubular
joints and to quantify the observed fatigue behavior.
Moreover, hot spot stress values can also be deter-

mined by FEM calculations using a validated stan-
dard procedure as explained in Schumacher (2003a).
The software programs [-DEAS® and ABAQUS®
were used to develop FE models of the truss girder
and of the K-joints. The welds were also included in
the models.

A large parametric study with over 200 FE mod-
els was performed on a range of welded joints to ex-
amine the effects of geometry and load. In particu-
lar, the study of low y, between 4 and 12, values
typical to bridges, differentiates the present paramet-
ric study from previous, comparable studies. The
study led to the proposal of SCFs (Schumacher
2003a) for ranges of non-dimensional parameters (£,
y, 7, 0) not yet available. Furthermore, the intuitive
fatigue design method summarized below was pro-
posed.

The concept of the hot spot stress gives the total
hot spot stress os;, at a joint Location 7 in the node,
due to a combination of nominal member stresses
(both in the brace and the chord). It is usually ex-
pressed as the summation of the contribution from
each individual load case (noted LC):

Ohsi = z 0,c-SCF, ;¢ (1

LC=1

Where n is the total number of individual load
cases necessary to represent a real load condition.
This equation can be rearranged by expressing the
percentage of each stress component, for example
Oax br, @S a percentage P, i of the total nominal
stress oiora1. In @ more general way, this results in the
following:

" P
O-hs,i = O-total ) Z l(L)E) ’ SCF;,LC = O-total ’ SCEota],i (2)
LC=1
Ohs.i hot spot stress at joint Location i

Ototal total nominal stress affecting the joint,

Ototal = Onom _ch T Onom_br The nominal
stresses in chord onom cn resp. in brace
Onom br correspond to the superposition of
axial and bending stresses.

Pic percentage of member stress, due to load
case LC, with respect to total stress

SCF;;c stress concentration factor at joint Loca-
tion i, for load case LC
SCFoa1; total stress concentration factor at joint

Location i

The total stress concentration factor can be repre-
sented as shown in Figure 4, for given geometry pa-
rameters and a given stress partition in the members.
A given ratio of stresses due to axial load and in-
plane bending in the brace and chord member was
assumed as recommended in current design guide-
lines (Zhao 2000b).

The total stress concentration factor is given as a
function of the percentage of member stresses,
which are expressed as the brace stress ratio:
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nom_br — nom_br ( 3 )

O-total o-nom_br + O-nom_ch
Onom br total nominal stress in the tension brace
Onom_ch total nominal stress in the chord.
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Figure 4. SCF i, calculated for non-dimensional parameters
p=0.5,y=4,7=0.3 and 6 = 60°

The advantages of this representation are that all
potential crack locations can be plotted on one
graph. For design, only the envelope can be given
(Locations 1 and 3 in Figure 4), since these locations
govern. Note that the denominator in Equation (3)
implies a scalar superposition of member stresses;
the fact that the stresses act in different directions is
accounted for by individual SCFs. For usual stress
partition values, the designer has at his disposal a set
of graphs from which can be extracted the proper
SCF total-

Table 1. Parameter values and stress partitions covered

Stress partition in
members [%]

(7] B 14 T Brace Chord

[O] ['] ['] [_] AO-ax/AO-bend AUax/AUbend

45 0.50- 40- 030- 75/25 65/35
0.70 30.0 0.70

60 050- 4.0- 030- 75/25 65/35
0.70 30.0 0.70

45 0.50- 40- 030- 100/0 100/0
0.70 30.0 0.70

60 050- 40- 030- 100/0 100/0
0.70 30.0 0.70

45 0.50- 40- 030- 0/100 0/100
0.70 30.0 0.70

60 050- 40- 030- 0/100 0/100

0.70 30.0 0.70

Table 1 summarizes the range of parameters for
the set of graphs that were developed for practical
applications (Schumacher 2003b). From Figure 4, it
can also be seen that the SCFiy, always stays below
a value of two. This figure does not show an isolated
result; relatively low SCF values were found
throughout the study. It was concluded that there is a

strong tendency for SCF values to decrease with de-
creasing y values. A low y value, inferior to seven as
seen with existing bridges, is therefore a desirable
geometric characteristic. This should be reflected
more in design specifications, which currently fix a
recommended minimum stress concentration factor
of SCF = 2.0, a value very penalizing if applied to
bridges with low y values. For bridge applications,
the minimum value can be taken as SCF = 1.0. How-
ever, one reason for a recommended minimum value
of 2.0 comes from the concern of possible root
cracking if too low values are used for weld toe fa-
tigue design. If the recommended minimum SCF is
lowered, it must be done in conjunction with the re-
quirement of full penetration for all welds in CHS
joints.

3.2 Cast steel nodes with girth butt welds

The fatigue test results have shown that cast nodes
have a far better fatigue strength, but that this capac-
ity cannot be mobilized as failure is governed by the
connections between the casting stubs and the CHS
members. A numerical study has been carried out to
quantify allowable initial sizes of defects in cast
nodes in order to provide a balanced design between
the various potential crack initiation sites, especially
between the girth butt welds and the cast steel node.

To find the internal forces under fatigue and ulti-
mate load acting on a cast steel node in a tubular
bridge structure, a typical steel-concrete composite
bridge was defined based on the properties of exist-
ing tubular bridge structures described in Sturm et
al. (2003) and Velselcic et al. (2003). The study is
limited to the two most critical nodes at different lo-
cations along the bridge with varying internal load
configurations acting on the casting stubs. At
midspan, the axial brace forces are much lower than
in a node near an intermediate support. For this truss
configuration, a cast node shape with minimal stub
length has been chosen because secondary bending
moments acting at the casting stub ends reach their
maximum for this case.

The software BEASY® was used to develop a
boundary element (BE) model of the cast steel node
to simulate propagation of cracks initiating from a
casting defect (Figure 5). Due to the longitudinal
symmetry, only half of the cast steel node was mod-
elled. The out-of-plane displacements were con-
strained in the plane of symmetry (not shown in Fig-
ure 5). The casting defects at different locations i in
the node were modelled as two-dimensional cracks,
representing all types of casting defects. This is a
very conservative assumption as the fatigue behav-
iour of a two-dimensional crack is much more criti-
cal than that of casting defects like gas holes, slack
inclusion or shrinkages. Figure 5 shows the 9 differ-
ent locations in the cast nodes where the allowable
initial sizes ao; of casting defects are quantified. At



Location 7, an inner crack has been assumed; at all
other locations, more critical surface cracks were in-
troduced in the cast node model.

The difference of the stress intensity factor AK(a)
1s needed for crack propagation calculations. When
moving the fatigue load (for this bridge example ac-
cording to the Swiss design code, SIA 261 (2003))
across the bridge, it is not obvious which load posi-
tion induces the minimum and the maximum stress
intensity factor (SIF) at a defect in the node. For this
reason, the SIF influence lines of an identical crack
at the 9 locations in the node were calculated con-
sidering the internal forces which are induced by the
moving fatigue load. Knowing the influence line of
the SIF and the crack propagation plane, the two
load positions defining AKj(a) for mode I could be
determined.

Figure 5. Different locations i of casting defects

Under fatigue loading, crack propagation at Loca-
tion i of the node was simulated using the software
BEASY®. The results are given at intermediate
steps in terms of crack configuration, crack depth a
and the appropriate maximum and minimum stress
intensity factors Kimax and Kimin (Figure 6 shows
Kimax). The final crack depth ar was limited to a
minimum of 90 % of the wall thickness and the
critical crack size in the case of brittle fracture,
which was found using the failure assessment dia-
gram (FAD) (Milne 1986). For this purpose, the
stress intensity factor under ultimate static loading
Kiurs was needed. The results showed that brittle
failure of a node containing cracks does not occur. A
crack depth equal to 90 % of the wall thickness at
the crack location was therefore chosen as the failure
criterion, assuming that a through-thickness crack is
unacceptable.

Once the final crack size ar was known, the initial
allowable crack size a¢ could be back-calculated us-
ing the Paris-Erdogan equation. As the BEASY®
output for crack propagation simulations consists of
discrete stress intensity factor values (Figure 6), the
Paris-Erdogan equation can only be solved dis-
cretely:

n-1

N, = ANk=%~{a1_a°+a2_a1+...+a“_a“'1} 4)

k=0 AKln(]) AKIT AKIr:
Niot service life in terms of the number of
loading cycles
C crack propagation parameter, C = 2-10"°
(mm / cycle)-(N-mm~%)™
m crack propagation parameter, m = 3
an final crack size ar

According to (Blair 1995) the crack propagation
parameters for cast steel correspond to those of fer-
ritic-perlitic steel. For the back-calculation, the fol-
lowing assumptions were made:

— A service life of 70 years according to (SIA 261
2003); the fatigue loads were adapted to corre-
spond to a service life of 2:10° cycles.

— The cracks behaved as long cracks (and not as
short cracks) and with no initiation period.

— Deterministic calculations were carried out.

— For the brittle failure verification, the fracture
toughness under quasi-static loading was used.
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Figure 6. Examples of SIF results at different crack locations in
the node at midspan

The resulting allowable initial defect sizes for the
typical steel-concrete composite bridge are very
large. They vary between approximately 28 and
88 % of the wall thickness at the defect’s location.
The smallest size is found in the casting stub at Lo-
cation 1, the biggest at Location 7 between the two
braces.

A further step of the numerical study consists in
the analysis of the SIF values with the aim to gener-
alize and simplify the procedure to determine the al-
lowable initial crack sizes. This simplified procedure
should enable an engineer to estimate the allowable
initial crack size (and so the defect size) without
numerical crack propagation simulations. The SIF
results obtained for the typical truss bridge (Fig-
ure 6) show that this simplification could be realised
by expressing the stress intensity factor Kj(a) in
function of a constant correction factor Y-

K (a)=Y-oN7-a 5)



Ki(a) stress intensity factor for mode I at crack
depth a

Y constant correction factor

o1 first principal stress at defect location

a crack depth

The constant correction factor can be obtained by
normalising the SIF with the principal stress at Lo-
cation i. Figure 7 shows the normalised SIF as a
function of the square root of the depth\/g . The
constant correction factor value can be extracted
from the slope of the regression curve, also shown in
the Figure 7.
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Table 2 summarises the values of the constant
correction factor in the crack depth (¥,) and in crack
length (Y.). In general, the correction factor is not
constant, but depends for example on the position of
the crack in the node and on the crack shape. This
simplification shows that it can be assumed constant
in cast steel nodes. The factors for an inner crack are
nearly equal to 0.64. This is typical for a two dimen-
sional circular inner crack. As seen in Table 2, Y. is
higher than Y,, indicating that the surface crack
propagates faster on the surface than in the depth.

Table 2. Constant correction factor at crack depth and length

Y, Y.
Surface crack 0.67 0.77
Inner crack 0.62 0.64

An error on the correction factor has a big influ-
ence on allowable initial defect size, since the cor-
rection factor in Equation (5) is inserted into Equa-
tion (4) with an exponent of m = 3. Comparison of
the allowable initial defect sizes obtained from the
numerical SIF and from the constant correction fac-
tors shows good agreement (+ 20 % deviation) and
confirms the validity of the constant correction fac-
tor approach.

This allows a simplification of the aforemen-
tioned procedure to quantify the initial allowable de-
fect sizes in cast steel nodes used for the typical

steel-concrete composite bridge. The simplified

steps are summarised in Figure 8:

— Determination of the critical crack size in the case
of brittle fracture using the failure assessment
diagram with a constant correction factor Y, to
calculate the stress intensity factor K[ (a) for
ultimate static load.

— Determination of the final crack size as the mini-
mum of 90% of the wall thickness and the critical
crack size.

— Back-calculation using the Paris-Erdogan equa-
tion with a constant correction factor Y, to calcu-
late the difference in the stress intensity fac-
tor AK, () for the fatigue load.

1) Failure assessment Diagramm Teq A
T-a

Au="

Ay = (R =(R-w))-x

Ogenss (8) =

K¢ (a)=Y, 0y N7 a

s

K,[a}—K"‘;{a} L (a)= Tpang ()
I “ Kus(a) _ 1 I :
Ke \."1 +05-(L, (a))f
Kus@ [ o (Fams@Y] "
f(o) - @) l1+o.s-|\ z ] |

f(a)=0—->a=a,

2) Final crack

I acrit 1
~0.9w <0.9w
a=09w a =a

crit

3) Paris-Erdogan equation

AK (a)=Y, Acyg, V7 a

N da
N = [—S2
- j c-[aKk(a)]"

a, =f§/af"" ~2:10°-C-(Y, Ay, V7 ) -1

Figure 8. Calculation steps of the simplified procedure

The simplified procedure can now be imple-
mented as an algorithm. This has been done as an
user-friendly function for Microsoft Excel® written
in Visual Basic for Applications (VBA). With the
aid of this algorithm, the allowable initial defect
sizes in any cast steel node can be calculated without
any crack propagation simulations. The first princi-
pal stress under ultimate static and fatigue load at the
critical defect location in the cast node is needed as
input to the algorithm. The stress can be calculated
using a FE or a BE model of the node.

The algorithm was also found suitable for a pa-
rametric study in order to determine the influence of
the utilisation ratio under ultimate static and fatigue
loads, the fracture toughness and the yield strength
of the cast steel as well as the node dimensions on
the defect size. The algorithm and the results of the
parametric study can be found in Haldimann-Sturm
(2005).



4 SUMMARY AND CONCLUSIONS

From the interpretation and comparison of the test
results between directly welded and cast steel nodes
the main points are recalled:

— The welded joints were found to have a fatigue
strength of Aoc = 86 MPa, which is similar to the
fatigue strength of Aoc =87 MPa for the girth
butt welds with backing bars.

— The hot spot fatigue strength curve for girth butt
welds between casting stubs and CHS members
corresponds to Acc =54 MPa without backing
bars and Aoc = 87 MPa with backing bars. When
computing the stress range, the stress concentra-
tion factor (SCF) due to differences in thickness
and diameter of the tubular members and casting
stubs must be taken into account.

— A significant difference in the fatigue behavior
between welded joints and cast nodes was ob-
served as cracking in the welded joints is directed
by high stress concentration at weld toes and in
the cast nodes it is caused mainly by weld root
defects in the girth butt welds at the casting stubs.

— Cast steel nodes are particularly suited for nodes
near or at supports. In the tension chord at
midspan, directly welded joints are the better so-
lution regarding fatigue reliability.

From the numerical studies on welded nodes the fol-

lowing recommendations are given:

— The hot-spot stress method has been found to be
the only current, widely accepted fatigue design
method for welded tubular joints. For the deter-
mination of SCFs, existing design guide formulas
cannot be extrapolated to low y values, such as
y<12, typical to bridges. For these cases, new
SCFs were derived from FE analysis. The results
show a strong tendency for SCFs to decrease with
decreasing y.

— The recommended minimum SCF at critical joint
locations in current design specifications,
SCF=2.0, is highly penalizing if applied to
welded CHS bridge K-joints. When y <12, the
recommended minimum SCF can be taken as
SCF = 1.0 for CHS K-joints.

From the numerical studies on cast steel nodes the

following recommendations are given:

— A procedure to quantify the allowable initial cast-
ing defect sizes to ensure a balanced design be-
tween the various potential crack initiation sites
in a cast steel node has been developed for a typi-
cal steel-concrete composite bridge. The defect
sizes vary between approximately 28 and 88 % of
the wall thickness at the location of the casting
defect.

— The procedure can be simplified by expressing
the SIF with a constant correction factor.
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