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1. INTRODUCTION

The fatigue design criteria for Honshu-Shikoku
bridges were established in 1973 by the technical
committee in the Japan Society of Civil Eng-
neers®. The allowable fatigue stresses were set
based on the approximate lower limits (lower
959, tolerance limit) for the available fatigue
test results on various welded joints. However,
in past fatigue tests, configurations and dimen-
sions of specimens were fairly restricted due to
the capacity of fatigue testing machines. Con-
sidering the scale of Honshu-Shikoku bridges,
it must be further confirmed the appropriateness
of these allowable stresses for fatigue. Accord-
ingly, Honshu-Shikoku Bridge Authority has
been carrying out the fatigue tests of various
types of large-size welded joints and structural
models by the use of the fatigue testing machine
with the 4 MN loading capacity®. Based on the
results of these tests, the fatigue design criteria
was revised in 1981,

The objective of this study is to investigate
the fatigue behavior of trusses. Various types of
panel-point-structures were designed for the
purpose of obtaining compact and strong nodal
joint, and fatigue tests of the structural models
on the scale of about one quarter were carried
out. In previous fatigue tests of panel point
structures of trusses by authors et al.»®,
fatigue cracks originated from the end of dia-
phragm which was inserted between two gusset
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plates as the continuation of the diagonal mem-
bers after only a small number of cycles of stress
repetition. A large number of fatigue cracks
were also observed at the corner weld of bottom
chords too. Based on the previous study®:®,
details of nodal joint were improved and the
process of corner weld was changed from manual
shielded arc welding to submarged-arc welding.
The Jocal stresses distribution in the vicinity of
nodal joint and their influences on the fatigue
strength are also shown through the finite element
stress analysis.

2. SPECIMENS

Fatigue tests were performed using the load-
ing apparatus shown in Fig. 1. The dotted
portion in this figure represents a specimen. Test
specimen is inserted in the loading apparatus by
high strength bolt joints. Fig. 2 shows configura-
tions and dimensions of the specimens. The
design procedure for these specimens conformed
to the design standard for super structures of
Honshu-Shikoku bridges®. The mechanical
properties of steels are shown in Table 1. Three
different type of specimen are tested to verify
the most appropriate method of connection of
the diagonal members to the bottom chord.
In type D specimen, diagonal members are
connected to bottom chord only by gusset
plates. The diaphragm which is set between
gusset-plates in type E and H specimen is ex-
pected to transmit some part of the axial force of
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Fig. 1 Loading apparatus:
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Table 1 Mechanical propaties of steel used.

. Yield Tensile .
Specimen Steel Point Stren Elongation
gth
Type (MPa) | (MPa) %)
D.EF. SM58* 559 647 36
G HT80** 784 823 31
H HT80 794 843 30
* 600 MPa class steel
*x 800 MPa class steel
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Fig. 2 Configurations and dimensions of the
specimens.

diagonal member to the upper flange of bottom
chord directly. By the adoption of this dia-
phragm, the size of gusset-plate become small.

The corner weld of chord members were per-
formed using the submerged-arc process. Due to
the unexpected failure of preheating operation,
a large number of blowholes occurred in the
corner welds of the bottom chord of type D,E,F
and G specimens.

3. TEST SET-UP AND TEST PROCEDURE

Fatigue tests were performed with a servo-
type fatigue testing machines of maximum
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Fig. 3 Axial forces in each member.

dynamic loading capacity of 4 MN. Photol
shows the loading arrangement. A single com-
pressive load is applied on the node at the upper
left of the loading apparatus shown in Fig. 1.
The calculated axial forces in each member when
a load P is applied are shown in Fig. 3.

Prior to the fatigue tests, static loading tests
were conducted. In order to determine the stress
distribution within the nodal joint and to find
axial stresses and secondary stresses in the chord
members, many strain gages were placed on
specimens. Strain readings were also measured
at certain intervals during the fatigue {tests.
Furthermore, the stress analysis by the use of
finite element method were done and compared
to the measured stresses. The analysis was
undertaken using the plane stress triangular
element. Minimum mesh size was about 10 mm
for all types of specimen.

The loading wave form was sinusoidal and
loading rate was 2.3 Hz. Visual inspection, dye-
penetrant technique and magnaflux inspection
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Table 2 Stress in parallel portion of chord.

Load (MN) Max. Stress (MPa) Stress Range (MPa)
Specimen
Max. Min. predicted measured* predicted measured*
D-1 3.7 0.2 153 150 145 142
-2 3.0 0.2 124 118 116 110
E-1 3.0 0.2 124 126 116 112
-2 3.0 0.2 124 126 116 112
F-1 3.0 0.2 124 123 116 115
-2 3.7 0.2 153 149 145 141
G-1 3.0 0.2 124 122 116 114
-2 3.0 0.2 124 120 116 112
H-1 3.0 0.2 124 120 116 112

* Average value of 14 data (in some case 12 data) at 4 points on the surface of webs of bottom chord
member (in some cases 2 points) and 3 points on the surface of fianges.

were carried out at preselected intervals to
moniter the initiation and growth of fatigue
cracks.

4. STRESS DISTRIBUTIONS

Table 2 gives predicted and measured stresses
in the parallel portion of bottom chord. These
results indicate that the axial forces applied to
the specimens actually are almost the same as
the predicted values.

Principal stresses in the gussets were calculated
from measured strains and plotted in Fig. 4.
They are compared to the computed principal
stresses by the finite element method. Both are
in fairly good agreement. Stresses only D-1
specimen in the direction of diagonal members

are somewhat higher than those in other type

specimens. Overall stress distributions in three
type nodal-structures are resemble to each
other.
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LOAD:37MN
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Measured stresses are also compared with
predicted stresses along the upper and lower
reference lines (line 4 and 5) in Fig. 5. Measured
stresses generally coincide with predicted stresses.
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Fig. 4 Distribution of principal stress in nodal joint.
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Fig. 5 Stress distribution on the edge lines of lower chord.

Table 3 Stress at the end of fillet.

Nominal Stress Stress at the Fillet End K
Specimen Type
Calculated Measured
Su (MPa) Seal (MPa) Smea (MPa) Scal/so Smea/so
D 166 209 239 1.25 1.44
E 166 208 218 1.25 1.3t
F 166 203 224 1.22 1.35
G 166 203 226 1.22 1.36
H 166 208 211 1.25 1.27

For the convenience of comparison, all stresses were converted into these under 4 MN.

At the end of the fillet of gusset plate, stress con-
centration is observed. In Table 3, measured and
predicted stresses at the end of fillet are shown.
The differences between measured and predicted
stresses may be mostly caused by the coarse
mesh division of the finite element analysis. The
ratio (K:) of maximum stress at the vicinities of
fillet to the stress in the parallel portion of chord
are 1.25-1.44 from measured values, and 1.22-
1.25 from predicted values. In type D specimen,
the transmission of the forces between bottom
chord and diagonal member is performed through
only gusset plates. In other type of specimens,
some part of the forces of diagonal members are
transmitted directly into the upper flange of
bottom chord through the diaphragm which is
placed between gusset plates. Consequently,
higher stresses are introduced in the gusset plate
of type D specimen and the stress concentration
ratio (K:) at the fillet end is higher than those
of others.

Along the reference line 5 in Fig. 5, stresses
inside nodal joint are slightly higher than those
on the parallel portion of bottom chord. Stress
concentration ratio in this region is about 1.1 and
the same degree in all type specimen. Therefore,
in the case that diaphragm in the bottom chord
is connected with the lower flange of chord by
fillet weld, good profile of weld-toe is required in

the prevention of fatigue cracking.

Fig. 6 (a) shows the distribution of axial stresses
(0z) on the surface of gusset plate along the verti-
cal reference line and on the surface of the lower
and upper flange of the bottom chord in type E
specimen. Computed stress distribution is in
good agreement with measured stress distribu-
tions. Fig. 6 (b) shows the distribution of axial
stresses (o) and principal stresses (o1) along
the reference lines a, a’, b and &', which are along
the diaphragms in the bottom chord and between
gusset plates. Axial stresses decrease gradually
from the edge of lower flange toward the upper
flange. However, decrease of principal stresses
is not so remarkable as compared with that of
axial stresses. In particular, in the right side of
gusset plate where the force of diagonal member
is tension, the principal stress at the edge of the
upper flange is higher than that at the edge of
the lower flange. These stress distribution is due
to the shearing stress induced through the gusset
plate. In type E, F, G and H specimen, the end
of diaphragm between gusset plates is connected
with the upper flange of bottom chord by welding.
Because this diaphragm is inclined and this is
surrounded by gusset plates, it is difficult for a
welder to weld in a good welding condition. Since
axial stresses in the upper flange are fairly low
compared with these in parallel portion as shown
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Fig. 6 Calculated and measured axial stresses o, on the panel point section.

Table 4 Results of fatigue tests.

: : Si zeof
Speci- | Crack | Location of Sr Ne le Ny 1y ok

men | No. | Crack (MPa) | (x103) | (mm) | (x109) | (mm) |BlowWhole Remarks

D-1 1 UF 152 1405 21 43x33 2.0 Repaired by H.T.B. at #=1465000
2 LF 154 1420 17 2062 - Repaired by welding
3 LF 145 1434 6 - - ”
4 LF-Joint 127 1465 12 - - ”
5 LF 145 1465 15 - - ”
6 UF 152 1465 15 - - 7
7 UF-Joint 143 1465 9 - - ”
8 UF-Joint 101 1465 5 55X 70 - Repaired by H.T.R.
9 LF 145 2025 21 22 2.5
10 LF 145 2062 1.5 1.5 - Observed by MT after the testing

D-2 1 UF-Fillet 165 2365 26 2770 4030 1.0 Repaired by H.T.B. at #=2365000
2 LF-Center 88 2747 14 15 3.4
3 LF-Center 88 2747 13 16 3.4 From the toe of fillet welds

E-1 1 UF 115 1060 4 1983 5 4.3 Repaired by H.T.B. at #=1983000
2 UF 115 1850 9 11 5.0

E-2 1 UFW-Joint 113 1671 7x7 2521 12x12 0.1 Repaired by H.T.B. at n=1671000
2 UF 113 1728 - 19 3.5 ” at n=2134000
3 LF-Gusset 111 1930 12 226X 34 3.0
4 UF 113 1728 6 X234 4.0 ” at n=2134000
5 UF 113 2000 6 18 4.0 ” ”
6 UF-Fillet 147 2132 4938 15 1.5 Crack stopped at the bolt hole
7 LF-Gusset 123 2135 15 - 3.3
8 LF-Gusset 123 2140 10 18 2.8
9 F 116 2140 6 13 2.6

F-1 1 LF-Gusset 133 2145 17 2582 full sec- 2.0
2 UF 114 2158 5 tions 33 2.5

F-2 1 UF-Fillet 202 1070 6 1583 - - Repaired by welding at #=1200000
2 UF 146 1200 5 - - 4 ”
3 LF-Gusset 163 1200 5 - - ” z
4 LF-Gusset 155 1564 41x19 47 %30 3.0

G-1 1 UFW-Joint 112 1673 66 2481 20 0.1 Repaired by H.T.B. at #=1673000
2 LFW-Joint 114 1673 7X8 25 0.1 ” 4
3 UF 113 2106 8 70 3.5

G-2 1 UF-Fillet 157 2293 32x12 2294 32x12 1.8

H-1 1 W-Joint 102 2000 - Crack did not appear on the surface
2 UF 102 1.0
3 UF 113 2000 2.4

* UF: upper flange of bottom chord, LF: lower flange of bottom chord, W: web of bottom chord
** diameter of the inscribed circle in the blowhole
Sr: measured stress range, Ny: final stress cycles, Is: crack length at Ny
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in Fig. 5, no fatigue crack occurred from this  test, this crack was repaired with splice plate

fillet weld.

5. RESULTS OF FATIGUE TESTS

Results of fatigue tests are summa-
rized in Table 4 and Fig. 7. Observa-
tions of fatigue crack were performed
at an appropriate interval. In Table 4,
the number of cycles when the fatigue
cracks a detected on the specimen sur-
face (N¢) and the dimension of fatigue
crack () at this cycles are shown.
Stress ranges (Sr) in Table 4 are aver-
age stresses measured by strain gages
near the fatigue crack initiation point.

Fatigue tests of all specimens were
terminated by the growth of fatigue
cracks in the bottom chords. The first
purpose of this test is to confirm the
fatigue strength of various types of
panel point structures. Therefore, in
order to continue the fatigue test,
fatigue cracks which initiated in the
corner welding of the chord members
at early stage of fatigue tests were
repaired by welding or by fastening
with the high strength bolts.

After fatigue tests, all portions where
fatigue cracks were detected on the sur-
face were cut off from the specimen.
These pieces were broken apart to ex-
pose the fatigue crack surface. In
Photos 2~5, some examples of fracture
surface are shown. Photo 2 shows the
fracture surface of D-1-1 crack. A
blowhole appears on the fracture sur-
face as rounded cavity with a smooth
and shiny surface. Twenty-four cracks
in thirty-four-cracks were observed by
exposure of cracked portion in the
eight specimens of the D, E, F and G
type specimens. Nineteen fatigue
cracks originated from the same kind of
blowholes as shown in Photo 2.

Photo 3 shows the fracture surface
of D-2-1 crack. This crack appeared
at the end of the fillet of gusset. The
size of the blowhole on this fracture
surface is considerably small as com-
pared with others in the parallel por-
tion of bottom chord. The location of
this cracking coincides with the point
of stress concentration caused by the
gusset plate as shown in Fig. 5. Due
to the high intensity stress, the fatigue
crack originated from this small blow-
hole. In order to continue the fatigue

fastened with high strength bolts. By the stress
repetition after this repairing, this fatigue crack
penetrated into bolt-holes. In E-2 and G-2
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Fig. 7 Results of fatigue tests.
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Photo 2 Fracture surface of D-1-1.

Photo 3 Fracture surface of D-2-1.

specimens, fatigue cracks also appeared at the
end of gusset plate. These fatigue cracks orig-
inated from the blowholes of same size as that in
D-2-1 crack. In D-2 specimen, one fatigue crack
originated at the weld-toe of diaphram (D-2-3

Photo 5 Fracture surface of F-1-1.

Crack).
Photo 4 shows E-2-1 fatigue crack.

This
crack originated at the corner of the web plate

of bottom chord. This cracking is in the butt
weld to join the 15 mm web plate and 45 mm web
plate. By the observation of fracture surface
through a scanning electron microscope, many
pipe-like small blowholes were detected at the
starting point of fatigue crack. Normally high
tensile residual stresses by corner weld is sup-
posed to exist at this place. The fatigue crack
started from this very small blowholes may be
attributed to the effects of multiple flows and
the high tensile residual stress. The same type
of cracks are also observed in G-1 specimen (G-1-1
and G-1-2 crack).

Photo 5 shows F-1-1 fatigue crack. This crack
initiated very close to the diaphragm in the
nodal joint. However, exposed fracture surface
indicates that this crack started from a blowhole

Blowhole

Size of Blowhole(mm) ’ 1

Location of SEM

Photo 4 Fracture surface of E-2-1,
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in the corner weld. As shown in Fig. 5, stress
in this region is slightly higher than that in
parallel portion.

In H-1 specimen, no fatigue crack was observed
until 2x10° cycles of loading. The fatigue test
of this specimen was continued after specimen-
side was changed, this is fixed side was moved to
movable side. The fatigue test was continued to
more 2x10° cycles. However, no fatigue crack
was observed on the surface of specimen by this
additional stress repetition. During the latter
half of the test, fatigue test was performed under
two-stage multi-stress range in order to leave
beach marks on the fatigue fracture surface.
Stress histories are shown in Fig. 8. After the
fatigue test, all corner welds of bottom chord are
broken apart along their respective weld line to
observe the penetration of weld metal, blowholes
and fatigue cracks. By this observation, two

applied stress (MPa)

\66
375 um- |
lcrack H-1-3 ! s
2'5| L

0 number’ of cycles (x104)“®

Fig. 8 Stress histories of H-1 specimen.

Fatigue .
Crack ?llt

Blbwhole—g—-———
slit

Fracture Surface
of Exposure

(zx24)
Dimension of Beach Marks

Photo 7 Fracture surface of H-1-3.

fatigue cracks from blowholes H-1-2 and H-1-3
cracks) and many linked small cracks (H-1-1
crack) in the region of the butt weld of web-plate
are observed. H-1-2 and H-1-3 cracks are expos-
ed by the rupture of cracking regions perpendf—
cular to the welding line. The fatigue crack H-1-2
shown in Photo 6 started from a blowhole and
two beach marks were left on the fracture surface.
Stress range at this portion during the latter half
of the test was 35 MPa. Therefore, this fatigue
crack grew under the relatively small stress range.
H-1-3 fatigue crack shown in (Photo 7) originated
also from a blowhole. This specimen was subject-
ed to stress range reduction to one half seven
times, from which seven beach marks are observ-
ed on the fracture surface. Therefore, it is clear
that first beach mark was formed by the first
halving of the stress range, and this fatigue crack
originated at the early stage after the change
of specimen-side.

Fracture Surface
Fatigue Crack

of Exposure

Blowhole -
(oexizy 02 = — - JWeld

Dimension of Beach Marks

Photo 6 Fracture surface of H-1-2.
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Fig. 9 Results of fatigue tests

6. FATIGUE STRENGTHS OF CHORD-
MEMBER

Fig. 9 shows the relations between nominal
stress range (Sr) calculated in the parallel portion
of bottom chord and Ne. The lower 959, tolerance
limit of the longitudinal welded joint at 2x10°
cycles, which is obtained from the results of past
fatigue tests on small scale specimens, is 220
MPa®. Fatigue strengths of the corner welds in
this study are lower than this value. In Fig. 9,
dashed-dotted line (line-1) is the mean life of
fatigue test results of longitudinal welded joints
containing large blowholes in previous study?.
The size of blowholes in these specimens are 1.80
%x4.20 mm to 3.75x5.30 mm (widthxlength). The
dotted line (line-2) represents the test results of
plain welded beams by Hirt and Fisher®. This
line results from a least squares fit to the test
data for beams failing from porosity in longitudi-
nal fillet weld. Porosity of these beam seem to
be similar defect to blowhole obtained in this
study. However, fatigue strength of bottom
chords in this study are low as compared with
the previous test results. Dashed line (line-3) is
the previous design allowable stress of Honshu-
Shikoku Bridges for this joint under pulsating
stress. All test results here are below this line.
Solid line (line-4) represents the current design
allowable stress® range of the current fatigue
design code of Honshu-Shikoku Bridges. Ap-
proximately 50 percent of the test results are
still below this line.

Because the greater part of the fatigue life of
the partially penetrated corner joint is spent in
the growth of fatigue crack,”'® the prediction of
fatigue crack growth life using the fracture
mechanics concepts is appretiate. Fatigue crack
growth life of corner welds when a fatigue crack
originates from a root blowhole is predicted bas-
ed on the following assumptions.

(i) A fatigue crack originates from a defect
at the center of plate. The initial defect is regard-

ed as a penny-shaped crack. This shape is
maintained through the fatigue crack growth.
Stress intensity factor range (4K) for this crack
can be described as follows.

AK =Sy x/ﬁ—z—\/sec<la—>
T 13
Sr: stress range
a: radius of crack
t: plate thickness

(i) The initial crack radius a: is assumed to
be equal to the radius of the inscribed-circle in
the blowhole?.

(iiiy The final crack size (a7) is supposed to be
909, of the distance from the root of corner welds
to the surface of plate.

(iv) Eq. (2) represent the relation of stress
intensity factor range (4K, and crack growth rate
(da/dN). This relation is the result of fatigue
crack growth tests of center-cracked-type speci-
mens containing tensile residual stress.'?

dafdN=5.4T7x10"*((4K)*—(2.5)%) - @)
da/dN: mfcycle
AK: MPavm

Fig. 10 shows predicted relations between
stress range (Sr) and fatigue crack growth life
(Np) of the bottom chord of truss. The initial
crack size a¢ is assumed as 0.5, 1.0, 1.5 and 2.5 mm.
Test results are classified and plotted in accord-
ance with the radius of the inscribed circles of
root blowhole R; measured on fracture surface
(See Table 4). The stress range is the measured
stress shown in Table 4.

Three fatigue cracks initiated at the fillet-end
of the gusset plate were classified into R:<I.0.
The test results are located close to the predicted
S—Np curve of a;=0.5 mm. All test results which
classified 1.0<R:<1.5 lie beyond the predicted
S—Np curve of a;=1.5mm toward the longer
life-side. Consequently, the replacement of root
blowhole to the crack of inscribed circle size does

— — —
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I
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&
éTOO- o NN .
& b o10<RrES ;
3N - & 15<R;

- ]

10° —F 0
Fatigue Life N (cycles)

Fig. 10 Predicted S,—N, relations and test
results.
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not. give risk-side predicted results and is an apt
approximation.

In Fig. 10, the current design allowable stress
curves for Category B and C joints are shown for
comparison. The design curve for Category B
agree well with the predicted S—Np curve of
a:=1.0mm. The design curve for Category C
is close to the predicted S—Njp curve of a;=1.5
mm. For the design of corner welds, the design
curve for Category B is employed, therefore weld
defects as blowholes exceeding 1.0 mm in the
radius of inscribed circle must not be contained
in corner welds.

At the fillet end of gusset plate, stresses are
higher than those in the parallel portion of the
bottom chord, and fatigue cracks originate from
smaller blowholes. Therefore, it is recommend-
able that fatigue design curve for Category C
should be applied to corner welds adjacemt to
the fillet end of gusset plate. If it is assumed that
blowholes of a size exceeding 0.5 mm in the
radius of inscribed circle are excluded in this
portion, allowable stress for Category B is ap-
plicable.

7. SAMMARY OF FINDINGS

The main findings of this study are as follows.

(i) Al fatigue tests were terminated by the
growth of fatigue cracks initiated in the corner
welds of bottom chord members. Most of fatigue
cracks originated from blowholes at the weld
root of corner weld.

(i) In the case that blowholes of large size
are contained in corner welds, fatigue failures
occurred under fairly low stresses which are below
the allowable stress for Category B joints.

(iii) Predicted Sr-Np curve for corner welds
containing root blowholes by the application
of fracture mechanics concept are close to the
experimental results. The design allowable stress
curve for Category B almost coincide with the
predicted S—Np curve of a;=1.0 mm. Therefore,
weld defects as blowholes exceeding the radius of
inscribed circle of 1.0 mm must not be contained
in the root of corner welds, when Category B
curve is employed for corner weld.

(iv) At the fillet end of gusset plate, fatigue
cracks originated from the small blowholes due to
the stress concentration by the gusset-plate.
The size of these blowholes are considerably
small as compared with others in the parallel
portion of bottom chord. Category C design con-
dition should be applied for this portion. If
blowholes exceeding 0.5 mm in the radius of
inscribed circle can be excluded, Catogory B is
applicable.

(v) Some fatigue cracks initiated from small

pipe-like blowholes at the corner of the butt-weld
of the web plate of bottom chords. These fatigue
cracking may be attributed to the effects of
mutiple flows and the high tensile residual stress.
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