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BEHAVIOR OF STEEL BRANCH CONNECTIONS DURING FATIGUE LOADING

Fatigue behavior of the branch connection made of low-alloyed steel with yield stress of 355 MPa during low-cycle bending
test is investigated in the article. Numerical prediction of the stress and strain distribution are described and experimentally veri-
fied by fatigue test of the branch connection sample. Experimental verification is based on low-cycle bending testing of the steel
pipes welded by manual metal arc process and loaded by external force in the appropriate distance. Stresses and displacement of
the samples induced by bending moment were measured by unidirectional strain gauges and displacement transducers. Samples
were loaded in different testing levels according to required stress for 2.10° cycles. Increase of the stress value was applied until
the crack formation and growth was observed. Results showed a high agreement of numerical and experimental results of stress

and displacement.
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1. Introduction

Metal structures are in many practical applications subjected
to cyclic loads, which occasionally may be strong enough to
induce repeated yielding of the material [ 1-2]. Gas transmission
pipelines are often loaded by internal pressure fluctuations and
external loading can be also present due to insufficient soil con-
cretion, ground movement or presence of frequent road near the
pipeline. Similar problems might be present in case of pressure
vessels with character of external loading strongly depends upon
final construction solution and operational conditions. Branch
connections of the pipes can also maintain additional loads
caused by the armatures placed on the branch pipe near the con-
nection leading to bending of the branch pipe. Such loading leads
to severe stress cycles that may induce low-cycle fatigue damage,
the degree of which is influenced by stress concentrations (due
to geometrical and material discontinuities, surface roughness,
macro and micro inclusions and defects), the type of loading
(strain- or stress-controlled and degree of non-proportionality)
and the presence of residual stresses (from manufacturing pro-
cesses, prior large deformations and welding) [3].

Several authors performed low fatigue tests of the pipeline
materials, including austenitic steels or Ti and Nb stabilized steels
[4-5]. Such material tests are mostly preformed on the cyclically
loaded samples from the material, which do not always represents
real operational conditions. Rahman et al. [3] evaluated influ-
ence of cyclic bending and steady internal pressure influence to

straight pipes with proposal of an appropriate plasticity model to
describe material behavior. Low-cycle fatigue of the elbows with
different thickness (representing wall thinning by corrosion) was
studied by Takahashi et al. [6]. Authors showed that local wall
thinning influence low-fatigue life mainly if decrease of thick-
ness is at the intrados of the elbow. Fatigue testing of the branch
connections is still rather infrequent, although they belong to the
most sensitive piping components of nuclear power plants and
pipelines [7]. Xue et al. [8] proposed theoretical stress analysis
models for connection subjected to external loads transmitted
through branch pipes. Stresses indices in branch connections
with different angles between header pipe and branch pipe were
analyzed by Mkrtchyan et al. [7] and Sajish et al. [9]. However,
authors used only numerical solutions and appropriate design
codes but no experimental verification were present.

Presented article describes behavior of low-alloyed steel
branch connection during fatigue bending test. Experimentally
obtained results are compared with numerical solution of cyclic
loading by finite element method.

2. Experimental methods and materials

Cyclic bending test was performed on the branch connec-
tion made of S355J2H steel pipes. Chemical composition of the
pipes is shown in Table 1. Branch connection sample consisted
of header pipe with outer diameter of @159.0 mm and branch
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TABLE 1
Chemical composition of S355J2H steel pipes (in wt.%)
C Mn Si P S Al Cu Ni Cr Mo
Header pipe 0.16 1.15 0.201 0.012 0.009 0.027 0.10 0.04 0.04 0.008
Branch pipe 0.09 1.18 0.217 0.011 0.003 0.024 0.05 0.03 0.04 0.007

pipe with diameter of ©@60.3 mm. Wall thickness was 4.5 mm
and 4.0 mm for header pipe and branch pipe, respectively. Angle
between the pipes was 60°. Manual metal arc welding technology
was used to joining the pipes by circumferential fillet weld with
weld throat dimension of 7.1 mm.

Arrangement of the experimental test is shown in Fig. 1.
Bending force was applied by electro-hydraulic machine RSVH
with force detector LC-IE-20kN-EK acting in a distance of
I = 1,000 mm from the weld joint between header pipe and
branch pipe. Free end of the branch pipe was supported by the
spring (Fig. 2) due to high deformation of the pipe at the end
resulting to very low frequency of force during test. Specimens
were fixed by the 8 bolts at the ends of the header pipe, 4 bolts
at each end. For this purpose, experimental sample was equipped
by the steel plates welded to the header through four ribs

(Fig. 1).

|

Fig. 1. Experimental bending test arrangement for branch connection

Fig. 2. Reinforcement of the free end of branch pipe by spring

Stresses were measured by 6 unidirectional strain gauges
(SG) type 6/120 LY11 placed in the area of fillet weld during
testing process (Fig. 3). Unconventional fatigue testing process
was used with applied force adjusted to maintain required stress
level in at least one of the strain gauges and cycled from the
minimal to maximal stress value (force range of 2 kN). Stress
level value was chosen from the material Yield stress in such
way that stress should be in the range of allowable static stresses
for S355J2H steel. Required value of the stress (Table 2) was
increased after the sample maintain loading during the N=2.10°
cycles. Increasing of the force was applied until formation of the
crack in the sample was observed. Deformation of the sample
was measured by the displacement transducers (HBM WI-10-T)
placed on the top and bottom of the branch pipe in distance of
100 mm from the fillet weld.

Fig. 3. Position of strain gauges on the branch connection sample in the upper (a) and lower (b) part
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TABLE 4

Maximal and minimal displacement measured by upper and lower
displacement transducer during cyclic bending tests of branch con-

nection samples

N
TABLE 2
Required stress level and number of testing cycles during testing
. Required stress o, Required number of
Testing level [MPa] cycles N
1 140 2.10°
2 180 2.10°
3 220 2.10°
4 260 2.10°

Finite element (FE) stress analysis of branch connection
was performed in to propose the suitable tool for stress predic-
tion. Dimensions and fixing of the model corresponded with
experimental sample. Material properties of the branch connec-
tion parts was used from material database of the low-alloyed
S355 steel. Due to stress levels of the sample under the material
Yield stress, only linear stress-strain behavior was considered.
FE analysis included stress concentration evoked by weld joint
during cyclic loading process. Bending moment to the model
was computed by application of the loading force acting in the
distance of 1,000 mm from the fillet weld in accordance to experi-
mental measures (maximal and minimal loading force together
with frequency was the same as for experiment). Another force
was applied at the end of the branch pipe representing the spring
used during the bending test at the end of the sample. Force of
the spring was obtained by static loading test of the spring with
force measuring in dependence of spring deformation.

3. Results and discussion
3.1. Fatigue bending test

Results of the force necessary to obtain required stress
value are shown in Table 3 and displacement measured by the
upper and lower displacement transducer (DT) are in Table 4.
Required stress was in every stress levels measured by the strain
gauge placed over the fillet weld on the header pipe (SG 1). In
the final testing level of the sample, force had to be increased to
sustain constant stress value due to initiation and growth of the
fatigue crack from the initial maximal force of 6.4 kN up to more
than twice of this value (13.5 kN). Distortion of the branch pipe
was in each stress level higher on the upper side (on the side of
force acting) than on the lower side of the pipe. Pipe subjected
to bend moment thus not only distorted from the longitudinal
axis of the pipe but also in the cross-section leading to elliptical
shape of the pipe.

TABLE 3
Maximal and minimal loading force during fatigue bend test
Testing | Required stress Maximal force Minimal force

level o, [MPa] Fax [KN] Fin [KN]
1 140 3.0 1.0
2 180 3.8 1.8
3 220 4.7 2.7

4 260 6.4—-13.5 44-11.5

Upper displacement Lower displacement
transducer transducer
.| Required e €| _€—- €
oMPal) X85 | E8%| 385 | E&8%
1 140 1.20 0.58 0.69 0.32
2 180 2.23 1.61 0.88 0.50
3 220 2.53 1.92 1.05 0.69
4 260 3.08 2.48 1.40 1.03

Fig. 4 shows position of the fatigue crack in the heat af-
fected zone of the fillet weld on the header pipe. Initiation and
growth of the fatigue crack was observed in the stress level of
260 MPa after 647,000 loading cycles. Position of the fatigue
crack in heat affected zone might be influenced by several fac-
tors. First is behavior of weld joint between header and branch
pipe as a place where a fatigue crack can emanate [10]. Heat
affected zone (HAZ) has also higher hardness and coarser grains
as parent metal leading to higher rate of fatigue crack propaga-
tion. Rading [11] also include micro-mechanism of fatigue crack
growth and hydrogen embrittlement as a reason for presence of
crack in HAZ.

Fatigue crack

Fig. 4. Fatigue crack position

Except of the necessity of increasing of the loading, distor-
tion of the branch pipe also changed once fatigue crack started
to form (Fig. 5). Higher distortion was measured after crack was
initiated as a result of connection between header and branch
pipe breaking.

3.2. Finite element analysis

During the experimental measures, unidirectional strain
gauges were applied to measure stress of the branch connection.
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Fig. 5. Displacement change on the upper displacement transducer
influenced by initiation and growth of the fatigue crack

Because of it, 1% principal stresses are more suitable for com-
parison than the equivalent stresses. Distribution of the maximal
stress of the branch connection at the testing level 1 are shown
in the Fig. 6 for upper view and in Fig. 7 for the bottom view.
Results correspond with the experimental measures for the upper
and also lower side of the branch connection in the position of
strain gauges. High agreement with experimental results was also
obtained at the highest (4™) measured level (Fig. 8).
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Fig. 6. Distribution of the maximal 1% principal stress at the loading
level No. 1 (upper view)

Fig. 8. Distribution of the maximal 1*" principal stress at the loading
level No. 4 (upper view)

Distortion of the branch connection in maximal and minimal
loading value are shown in the Fig 9 and 10. Values obtained
by FE analysis highly correlate to the measured values during
experimental procedures in the places of displacement transduc-
ers. It can be also seen that higher value of maximal distortion
was present in the first loading level in the area of force acting.
Maximal distortion is in the first case was present at the end of
the branch pipe, but in the last measured level is placed between
the loading force and the spring. In highest loading levels, higher
force is evoked in the spring and lower distortion might be thus
measured.

Fig. 9. Distribution of the maximal displacement at the loading level
No. 1

Fig. 7. Distribution of the maximal 1% principal stress at the loading
level No. 1 (bottom view)

Fig. 10. Distribution of the maximal displacement at the loading level
No. 4
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4, Conclusions

Design of gas transition pipelines and pressure vessels still

requires high attention due to very large amount of construction
details, which might lead to defects initiation during operational
time. One of the most common and still most dangerous details
are branch connections due to additional loading that is often
present. Results of the experimental branch connection fatigue
testing can be summarized as follows:

1))

2)

3)

Branch connection without reinforcement can withstand
647,000 bending cycles with maximal stress of 260 MPa.
Heat affected zone of the fillet weld joint on the header
pipe is the most critical place for fatigue crack initiation
and propagation.

Finite element bending analysis might serve as the powerful
tool for predictions of stress and distortions of the branch
connection.
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