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While welded joints are extensively used in the connections of steel truss bridges, service life of the bridges is
largely dependent on the fatigue resistance of the welded joints. Stress concentration and weld residual stress
are two primary causes of fatigue damage in the welded joints. In this study, corner-fillet profile (CFP) and ultra-
sonic impact treatment (UIT) are used to improve the fatigue performance of the welded joints through relieving

stress concentration and weld residual stresses, respectively. The fatigue resistance of welded joints is evaluated

Keywords:

Steel truss bridge

Fatigue resistance
Ultrasonic impact treatment
Corner-filleted profile
Fatigue evaluation

through experimentation. The results indicate that the use of CFP and/or UIT can alter the initiation location of
fatigue crack. The fatigue resistance of welded joints was increased by 24% and 36% by using the CFP and UIT,
respectively. The fatigue performance of welded joints was evaluated using three different methods, including
the nominal stress method, effective notch stress method, and peak stress method. The peak stress method
with a single fatigue resistance curve demonstrated the highest applicability and accuracy.

© 2017 Published by Elsevier Ltd.

1. Introduction

Steel trusses have been extensively used in railway bridges and
hybrid highway-railway bridges. Steel truss bridges are typically con-
structed by assembling prefabricated truss components on site. Fig. 1
(a) and (b) show a representative cross section of a main girder in a
hybrid highway-railway bridge. The girder is assembled using different
truss components, including the chords, vertical posts, diagonal ele-
ments, etc. The components are connected through welding and/or
using high-strength bolts. Integrated welded joints (Fig. 1(b)) are usu-
ally prefabricated in factory to ensure high welding quality. The welded
joints between the flange and gusset plates are subjected to varying
tensile stresses and other adverse effects on fatigue resistance, and
thus susceptible to fatigue damages. In general, the adverse effects
include stress concentration, weld defects and residual stresses at
welded joints [1-4]. Under cyclic loading, cracks tend to initiate at the
welded joints (Fig. 1(b)) and compromise the long-term durability of
the truss bridge.

The effects of stress concentration, weld defect and residual stresses
on fatigue resistance of welded joints have been investigated [1-9]. The
stress concentration of steel truss joints has been studied through finite
element analysis [1] and experimentation [2-9]. The geometry of weld
joints was optimized, and a corner-filleted profile (CFP) at weld of cru-
ciform joints was recommended to reduce stress concentration [5].
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Effects of weld residual stresses on fatigue resistance of welded joints
were evaluated [2]. The ultrasonic impact treatment (UIT), which is a
metallurgical processing technique, was utilized to study the effects of
residual stresses on fatigue resistance [6-8].

Different methods for evaluating fatigue resistance of welded joints
have been proposed [10-12], with consideration of stress concentration
and weld residual stress. Nominal stress method is recommended by
several design specifications for steel structures, such as Eurocode
3 [10], IW recommendation [11], AASHTO specifications [12], etc. Hot
spot based methods have been applied to evaluate the fatigue
performance of weld toe or weld root in different types of welded joints
[3, 13-15]. Other methods with a single S-N curve have been presented
for fatigue evaluation of specific weld details, such as the weld toe or
weld root, including the effective notch stress method [16-19], and
peak stress method [20-23]. The effective notch stress method was
used to analyze the fatigue resistance of welded joints where fatigue
cracks initiated at the weld toe or weld root using the maximum princi-
pal stress [16-19]. The peak stress method was developed based on the
notch stress intensity and local strain energy [20-23]. The fillet welded
joint is approximated as a V-shaped notch that has a notch-tip radius of
zero. To date, there is still lack of research on using the effective notch
stress method and peak stress method to investigate the fatigue resis-
tance of welded joints and effect of CFP and UIT in steel truss structures.

This study aims to investigate the fatigue resistance of welded joints
in steel truss bridges. To this end, 16 specimens were tested under cyclic
loading. The effects of stress concentration and weld residual stress on
fatigue resistance were considered in the experimental investigation.
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Fig. 1. Sketch of welded joint: (a) the cross-section; (b) the truss joint.

CFP and UIT were used to enhance the fatigue resistance of the welded
joints. The nominal stress method, notch stress method and peak stress
method are used to evaluate the fatigue resistance of the welded joints.

2. Experimental program
2.1. Specimens

Fatigue cracks often initiate at T-shape welded joints between the
flange and the gusset plates, as shown in Fig. 1(b). To investigate the
fatigue performance of T-shape welded joints, symmetrical cruciform
welded specimens were used, as illustrated in Fig. 2(a) and (b). The
two-pass gas metal arc welding is used in this study. The thicknesses
of specimens were the same as those of the T-shape welded joints
(Fig. 1(b)). CFP was employed to diminish the effect of the stress con-
centration, as shown in Fig. 2(a). For comparison, the corresponding
specimen that does not have the CFP was used as control and tested
to evaluate the effect of CFP on the fatigue resistance of the welded
joints, as shown in Fig. 2(b).

To enhance the fatigue resistance of welded joints, UIT was applied
to diminish the effect of the weld residual stress. In this study, the ultra-
sonic frequency was 20 kHz, and the impact frequency was 120 Hz. The
indenter diameter was 4 mm, and oscillating amplitude of the output
end of the waveguide was 50 pm. The output power, excitation voltage,
and bias current were 250 W, 220V, and 1.2 A, respectively. The dimen-
sions of manual tool were 470 mm x 85 mm x 80 mm. The treatment
speed in manual mode was 0.5 m/min. The treated workpiece region
was weld toe. UIT was applied through repeating high-rate multi-
directional impacts to the specimen surface in combination with

250

Gripping segment
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ultrasonic vibration. This process was repeated for 4 times at each
weld toe. The equipment and a sketch of the UIT operation are shown
in Fig. 3.

To evaluate the effect of CFP and UIT on fatigue resistance of welded
joints, three types of specimens were investigated: (1) specimens with-
out CFP and UIT (designated as NCU), (2) specimens with CFP (desig-
nated as CFP), and (3) specimens with CFP and UIT (designated as
CU). Each specimen was composed of three steel plates, two plates
that simulate the flange (Fig. 1(b)) and one plate that simulates the gus-
set plate (Fig. 1(b)). The three plates were welded through metal inert
gas welding, the same as that in real bridges.

The material of the test specimens is the hot-rolled low alloy steel
Q370gD, which is a special structural steel for bridges. Two thicknesses
of steel plates were used. Table 1 lists the mechanical properties and
chemical composition of the steel Q370gD from mill certs.

2.2. Test setup and loading protocol

Fig. 4(a) shows the setup for cyclic tensile testing. Fig. 4(b) shows a
specimen without CFP. Fig. 4(c) shows a weld joint of the specimen with
CFP and UIT. Fatigue tests were conducted using a universal loading
machine with a load capacity of 1500 kN. A total of 16 specimens
were tested. The amplitude of the cyclic loading was constant for each
specimen; different amplitudes and loading frequencies were applied
to different specimens, as listed in Table 2. The lower bound of the cyclic
load was set at 10 kN; the upper bound was changed to obtain the target
load ranges. The effect of small change of load ratio on fatigue resistance
was neglected [24, 25].
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Fig. 2. Sketch of the specimens: (a) with CFP; (b) without CFP. (Unit: mm).
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Fig. 3. Photograph of the equipment and sketch of UIT.

3. Experimental results and discussion
3.1. Testing results

The fatigue test results of the nominal stress range and failure cycle
are listed in Table 3. The nominal stress represents the stress at the
cross-section of cruciform connection surface in Fig. 2. To compare the
fatigue resistance of different specimens, a fatigue resistance that is nor-
malized to 2 million cycles is recommended in Eurocode 3 [10], as
shown in Eq. (1).

3\ 13
AG, = <TlfAO'n) (1)

2 x 108

where Ao,is the equivalent fatigue resistance at 2 million cycles; Aoy, is
the nominal stress ranges under external cyclic loading; nyis the failure
cycles.

It is noted that the failure cycle is the critical number of cycles when
the specimens reach the ultimate capacity under cyclic nominal stress
ranges. Therefore, the failure life includes the crack initiation and
propagation. The equivalent fatigue resistance results (mean value +
standard deviation) of NCU, CFP and CU at 2 million cycles are 63.6
MPa + 9.5 MPa, 83.7 MPa £ 11.8 MPa, and 101.6 MPa £ 12.5 MPa,
respectively. The results demonstrate that the fatigue resistance of
specimens without CFP and UIT is lower than the fatigue resistance of
the specimens with CFP. Compared with the result of the specimens
without UIT, the fatigue resistance of the specimens with UIT is much
higher. Such comparison indicates that CFP and UIT are effective in
enhancing fatigue resistance of the welded joints.

3.2. Failure analysis

The test specimens failed when the load capacity dropped below the
applied load, due to initiation and propagation of fatigue cracks. In
different specimens, fatigue cracks initiated at different locations, in-
cluding the weld toe, weld root, and metal of flange plate. The failure
patterns of specimens and typical fracture surfaces are illustrated in
Fig. 5. The failure surface was a quarter ellipse or semi-ellipse.

Among the four NCU specimens, three specimens failed at the weld
end of the flange plate edge, because of the higher level of the stress
concentration at the flange plate edge, rather than the flange plate sur-
face, as shown in Fig. 5(a); the other NCU specimen did not fail after it
was loaded for >2 million cycles. Thus, the failures at the weld end of
flange plate edge are dominant in the NCU specimens. All the six CFP

Table 1
Material and mechanical properties of Q370qD.

specimens failed at the toe-root or root-toe near the flange plate surface
(Fig. 5(b)), because of the lower level of the stress concentration at the
flange plate edge with CFP. For the CU specimens, fatigue fracture
occurred at the flange plate (base metal), due to enhanced fatigue resis-
tance of cruciform welded joints (such as CU-2 and CU-5). Nevertheless,
the fatigue fracture at weld root was dominant, because of the relaxa-
tion of residual stress at weld toe with UIT, as shown in Fig. 5(c).

4. Fatigue resistance evaluation

In this study, three methods are used to evaluate fatigue resistance
of welded joints, including the nominal stress method, effective notch
stress method, and peak stress method. The nominal stress is analyzed
based on the fatigue test, while the other approaches are carried out
by the numerical prediction techniques.

4.1. Nominal stress method

Based on the fatigue test results (Table 3), the fatigue resistance of
the welded joints is determined using the nominal stress method, as
shown in Figs. 6(a) to 6(c), where IIW 50, EC 63 and EC 80 respectively
represent the nominal stress ranges of 50 MPa in [IW [11], 63 MPa in
Eurocode 3 [10], and 80 MPa in Eurocode 3 at 2 million cycles. The
fatigue resistance of NCU specimens is in accordance with IIW 50
(Fig. 6(a)); the fatigue resistance of CFP specimens is in agreement
with EC 63; the fatigue resistance of CU specimens is in agreement
with EC 80. Given the different S-N curves for the different geometry/
weld residual stresses, the fatigue resistance of the welded joints can
be evaluated using the obtained fatigue resistance curves.

Compared with the fatigue resistance of the welded joints without
CFP, the fatigue resistance with CFP was improved by 26%. The fatigue
resistance of the welded joints with UIT was increased by 34%. The
fatigue resistance of the welded joints with both CFP and UIT was
increased by 60%. It is revealed that CFP and UIT are efficacious to en-
hance the fatigue resistance of welded joints. Besides, by comparison
of CFP and UIT, UIT is more effective than CFP to improve the fatigue
resistance of welded joints. The arrows in Fig. 6 indicate that the speci-
mens did not fail after they were loaded for the corresponding cycles.

4.2. Effective notch stress method

In comparison with the nominal stress method, the effective notch
stress method considers the effect of local weld geometry at the fatigue
critical points on the fatigue resistance of welded joints [18]. Stress
concentration at the fatigue critical notch under the cyclic loading is
analyzed using the effective notch stress method, based on the assump-
tion of linear-elastic material behavior.

In this study, a three-dimensional solid element model was
established using ABAQUS to analyze the fatigue resistance of welded
joints. A rounded shape of the weld toe and root with a radius of 1
mm is used, following the [IW recommendation [11], was adopted in
this study, as shown in Fig. 7(a) and (b).

The maximum principle stress at a notch represents the effective
notch stress [26]. The effective notch stress in the NCU specimen at
weld toe is larger than that of CFP or CU specimen, implying that the
adverse effect of stress concentration on fatigue performance can be
alleviated by the detail geometry with CFP. Besides, since the loaded

Thickness Yield stress Ultimate tensile Elongation Chemical composition (wt%)

(mm) (MPa) stress (MPa) (%) C Mn Si S P Fe
50 385 535 30 0.15 143 0.35 0.006 0.017 98.05
40 395 645 26 0.13 1.46 0.28 0.003 0.014 98.11
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Fig. 4. The specimens of fatigue tests: (a) the loading of the specimen with CFP; (b) the specimen without CFP and UIT; (c) the photograph of ultrasonic impact treatment.

area of NCU specimen is less than that of CFP or CU specimen, the effec-
tive notch stress of NCU specimen at weld root is larger than that of CFP
or CU specimen. According to Table 2, the effective notch stresses can be
calculated through numerical simulations, assuming a linear-elastic
material behavior.

To obtain the fatigue resistance curve that takes into consideration
the effect of CFP and UIT, Eq. (2) is used to determine S-N curves through
regression analysis of the fatigue test results.

log N = log C—m log Ao (2)

where the C is a material constant; m is the inverse slope of the S-N
curves. To determine the fatigue resistance in different cases, regression
analyses of the fatigue resistance curve of welded joints were carried
out under 50% and 97.7% possibility of survival, with a 95.5% confidence
level. According to the specifications [10-12], m is taken as 3.

Fig. 8 shows four S-N curves. For the FAT225 curve, the fatigue resis-
tance at 2 million cycles is 225 MPa. The other three S-N curves corre-
spond to possibility of survival of 2.3%, 50%, and 97.7%, respectively.
The lowest S-N curve (logN = 13.24-3 x logAo) has a 97.7% possibility
of survival; the fatigue resistance at 2 million cycles is 205 MPa, which is
only slightly lower than the recommended value (225 MPa) in [IW [11].
Therefore, the curve is considered appropriate for fatigue resistance
evaluation of the welded joints. It should be noted that the results in
Fig. 8 are the effective notch stresses at the failure locations. After UIT
was applied, fatigue failure did not occur at the weld toes of welded
joints, indicating that the fatigue resistance of weld toes was enhanced

Table 2
Applied cyclic loading of 16 specimens.
Designation Loading (kN) Loading Designation Loading (kN) Loading
— — frequency — — frequency
Lower Upper (Hz) Lower Upper (Hz)
NCU-1 10 946 4.0 CFP-5 10 982 25
NCU-2 10 802 35 CFP-6 10 820 3.0
NCU-3 10 810 35 CU-1 10 1090 25
NCU-4 10 610 45 CU-2 10 802 35
CFP-1 10 1198 2.0 CU-3 10 730 35
CFP-2 10 712 3.5 CU-4 10 570 4.0
CFP-3 10 496 5.0 CU-5 10 890 35
CFP-4 10 1090 25 CU-6 10 1130 22

by UIT. However, the fatigue resistance of weld toes was not quantified.
InFig. 8, AOc, 2 35 AOC, so and A0, 97.7% respectively denote the effective
notch stresses of the S-N curves that correspond to possibility of survival
of 2.3%, 50%, and 97.7%, at N = 2 x 10°. A scatter index is introduced to
quantify the level of scatter of the data points. The scatter index is
defined as the ratio of Ao, 234, AOc, 97.7% at 2 million cycles. The scatter
index of the effective notch stress method is 2.83 in this test.

4.3. Peak stress method

Although fatigue resistance of the welded joints can be evaluated
using the effective notch stress method, the large scatter index (T =
2.83) tends to compromise the accuracy of fatigue evaluation results
of specimens with different geometrical details and weld residual
stresses. For this reason, the peak stress method based on a notch-
stress intensity factor is used to evaluate the fatigue resistance of
welded joints [20]. The equivalent peak stress is determined using the
ratio of notch-stress intensity factor to peak stress at the critical points
of weld toe or root through finite element analysis. To obtain the

Table 3
List of fatigue test results.

Designation  Nominal Failure cycle Fatigue resistance Failure locations
stress range Ao,at 2 million
Aoy, (MPa) cycles (MPa)
NCU-1 130 562,300 85.2 Weld toe
NCU-2 110 >2,034,000° 110.6 -2
NCU-3 111 212,600 52.6 Weld toe
NCU-4 835 516,700 53.2 Weld toe
CFP-1 220 94,000 794 Weld toe
CFP-2 130 950,400 1014 Weld root
CFP-3 90 1,888,800 883 Weld root
CFP-4 200 72,600 66.2 Weld toe
CFP-5 180 140,800 74.3 Weld root
CFP-6 150 474,200 92.8 Weld toe
CU-1 200 280,500 103.9 Weld root
CU-2 146.7 918,428 113.2 Base metal
CU-3 1333 413,900 78.9 Weld root
CU-4 103.7 >2,000,000*° 103.7 -2
CU-5 163 662,200 112.7 Base metal
CU-6 207.4 218,700 99.2 Weld root

2 The specimen did not fail after it was loaded with a certain number of loading cycles.
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equivalent peak stress, the relationship between the strain energy den-
sity and stress intensity factor are determined using Eq. (3) [20-23]:

i

K;

Ky
Ry™M

e |:
1N,
RO

E

2]
E

w ()

where W is the strain energy density; E is the Young's modulus; K; and
Ky are the stress intensity factors for Mode I and Mode II cracks,
respectively; Ry is the characteristic radius at the crack tip; A; and
A\, are the eigenvalues of the stress field for Mode I and Mode II
cracks, respectively; eq, e, are parameters depending on the notch
opening angle 2o
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Fig. 7. Finite element model of notch stress (R = 1 mm): (a) NCU specimen; (b) CFP or CU
specimen.
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joints.

In cruciform welded joints, Mode I cracks are predominant [21-23],
and thus Mode II cracks are neglected in this study. The strain energy
density (W) can be expressed as.

2
€1 K
"oE {Ré“} @

where, K; can be determined using Eq. (5) [19-20].

. K
Kie = W=1.38 (5)
where K is the ratio of the notch stress intensity factor to peak stress
(0p), and d represents the global mesh size in the finite element
model. The value of K is about 1.38 according to [22].

The peak stress at the critical points of the weld toe or root is the
maximum principal stress. Under plane strain condition, the
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Fig. 10. Fatigue resistance evaluation by the peak stress method at the welded joints.

relationship between strain energy density and equivalent stress can
be expressed in Eq. (6):

2
1-12

w=1""0, (6)

where 0, is the equivalent stress; v is the Poisson's ratio.

Plugging Eq. (4) and Eq. (5) into Eq. (6), the relationship between
the peak stress and the equivalent stress can be expressed in Eq. (7)
[22].

[2e; (d\'™
O¢q =138 1_;}2 (R—()) Op = fy0p (7)

where, d = 1 mm, v = 0.3 and Ry = 0.28 mm, as recommended in [23].

Fig. 9 shows the finite element model established using ABAQUS.
When 2a =0, e; = 133, A; = 0.500, f,, = 1.410; when 2o = 135°,
e;= 0.118, \; = 0.674, f,,= 1.064.

The equivalent stress ranges can be solved using the finite element
analysis results and Eq. (5), as shown in Fig. 10. It is noted that the
date points that correspond to crack initiation at flange plate are not in-
cluded. “FAT156” means that the design fatigue resistance at 2 million
cycles is 156 MPa [22]. The scatter index in the peak stress method
equals to 2.05, which is much lower than 2.83 in the effective notch
stress. It is demonstrated that the peak stress method has a higher pre-
diction accuracy compared with the effective notch stress in the fatigue
evaluation of welded joints. The lower-bound S-N curve (logN = 12.89-
3 x logAo) with a 97.7% possibility of survival below the mean S-N
curve can be taken as the consistence fatigue resistance curve, where
the fatigue resistance at 2 million cycles is 158 MPa, which is very
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close to 156 MPa, as recommended in [22]. Compared with the effective
notch stress method and nominal stress method, the peak stress
method demonstrates a wider applicability and higher accuracy for fa-
tigue evaluation of welded joints.

5. Conclusions

The main conclusions are summarized as follows:

(1) The use of CFP and/or UIT changed the fatigue failure mode of the
welded joints. Fatigue cracks initiate at the flange plate edges for
the welded joints without CFP, and on the flange plate surface for
the welded joints with CFP. Fatigue cracks initiate at the weld
root or weld of the welded joints with UIT, and at the weld toe
of the welded joints without UIT.

The use of CFP and UIT increased the fatigue resistance of welded
joints by 24% and 36%, respectively. Combined use of CFP and UIT
increased the fatigue resistance by 60%. Compared with CFP, the
use of UIT was more effective in enhancing the fatigue resistance.
The fatigue resistance of the welded joints at 2 million cycles was
estimated 205 MPa and 158 MPa, using the effective notch stress
method and peak stress method, respectively. The scatter index
of the peak stress method was 2.05, which is much lower than
2.83 of the effective notch stress method, indicating that the
peak stress method had a wider applicability and higher accuracy
for fatigue evaluation of welded joints.
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