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SYNOPSIS

In order to investigate the fatigue bchaviors of
beams with web reinforcement, three series of fatigue
tests were carried out. Behaviors of 17 beams, espe-
cially changes in strains of stirrups due to repeated
loading, were carefully observed. Based on the test
results, a new equation for predicting stirrup strain
under repeated loading was proposed and a tentative
design proposal for stirrups in a beam subjected to
fatigue loading was made.

1. INTRODUCTION

Lately, design methods for shear have been
developed, and stirrups required are apt to be
reduced in some cases. This, however, is based
on test results under static loading, and it has
not yet been clarified whether such methods are
applicable to members subjected to fatigue load-
ing, since there is only little information available
regarding beams with web rcinforcement failing
in shear under fatigue loading. Hawkins??
reported that under repeated loading failure ac-
companied by fractures of stirrups could occur
at a capacity as little as 21 percent of the theo-
retical static one. All stirrup fractures occurred
where the bars were bent around longitudinal
bars. After confirming that the bending opera-
tion reduced the stress range at a given fatigue
life for a straight bar by 50 percent, Hawkins
concluded that the capacity of a beam with
stirrups failing in shear under fatiguc loading
could be predicted by calculating stress range
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of stitrup according to classical truss analogy
without considering any contribution of con-
crete. Fractures of stirrups in prestressed
concrete beams have also been reported. Price
and Edwards® observed that fractures of stir-
rups took place at some distances from diagonal
cracks and the fractures occurred at bends even
in the compression flange, about 200 mm away
from the diagonal cracks. Hanson et al.? also
obtained low fatigue strengths of stirrups in
prestressed concrete I-beams, and stated that
fractures of stirrups could be attributed to the
horizontal openings of the inclined cracks: thus,
the stirrups were subjected to transverse shear
which caused flexural stresses of sufficient
magnitudes to produce fatigue fractures of stir-
rups.

In order to analyze fatigue fractures of stir-
rups, a knowledge of strains of stirrups in a beam
subjected to repeated loading is essentially need-
cd, but only a few observations have been
reported. Kaar and Mattock® observed that
strains at the maximum load increased approxi-
mately 40 percent with l-million cycle loading
at working stress level. Hawkins? also reported
increases of stresses in stirrups from 50 MPa to
the yield stress with 100 000 cycles, but he did
not give any details. On the other hand, Price
and Edwards® reported that in their prestressed
concrete beams little changes in strains were
found under 1000 cycles of loading in spite of
the considerable increases in diagonal crack
widths. It can be considered that no systematic
observation on strains of stirrups under fatigue
loading has been reported.

In order to investigate thc fatigue behaviors
of beams with web reinforcement, three series
of fatigue tests were carried out. Behaviors of
17 beams, especially changes in strains of stir-
rups due to repeated loading, were carefully
observed. Based on the test results, a new
equation for predicting stirrup strain under
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repeated loading was proposed and a tentative
design proposal for stirrups in a beam subjected
to fatigue loading was made.

2. TEST PROGRAM

All seventeen beams had the same rectangular
cross section, 250 mm in height and 300 mm in
width, and were tested at a span of 1 320 mm.
The shear span effective depth ratio was kept
constant at 2.5, which meant that any stirrup
provided would be in a region where the favor-
able effect from a support or loading point
exists. Vertical stirrups were used as shear
reinforcement. The spacing of stirrups was not
constant in one series of beams as shown in
Fig. 1, considering the effects of the supports or
loading points®.

The main parameters were the longitudinal
reinforcement ratio or amount of stirrups and
the pin diameter in bending of stirrups. The
outline of the test program is shown in Table 1.
Tests were divided into three series. Each series
had five or six beams, which were similar except
in differences in concrete strengths. Only the
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applied maximum load was varied within a
series.

All bars in the tests had two longitudinal ribs
and parallel transverse lugs perpendicular to bar
axis, with the transverse lugs joining the longi-
tudinal ribs. From results of tensile tests, the
Young's moduli and yield points of these bars
were obtained as shown in Table 1 using the
nominal cross-sectional areas.

Three batches of ready mixed concrete were
used: one for the first three beams in Scries I
and 1I, one for the remaining beams in the two
series and one for Series III. The maximum
size of coarse aggregate was 20mm.  The
strengths of the concretes at the age when the
tests of the corresponding beams were started
are indicated in Table 1. The ages were between
60 and 120 days.

The apparatus for the fatigue tests consisted
of a steel frame and a 50 ton hydraulic jack
connected to a pulsator. The minimum load in
the tests was kept constant at 39 kN, which
corresponded to the nominal shear stress of 0.30
MPa. The maximum load was varied in a man-
ner to get an appropriate S-N curve for each

Table 1 Outlinc of test program.

Specimen Concrete Stirrup Longitudinal Bar
Series , Pin N ’ |
Fatigue | Static e Diameter | ¥ Auw fev | Es $ i A 4 fv
MPa mm mm mm? MPa 103MPa| mm | mm3 % MPa
25F1-3 2581 18.6
1 65 13 253 324 176 25 2027 3.07 373
25F 4-6 2582 35.2
19F1-3 1851 18.6
I 25
19F 4-6 1982 35.2 10 143 379 170 19 1146 1.73 377
m 19F 5-11 _ 30.5 50

fe': cylinder strength, ¢: diameter, Aw or As: cross-sectional area, fwy or fy: yield strength,

Ey: Young's modulus, p: steel percentage
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series.  The tests were carried out in the folow-
ing order.

(1) A beam was loaded statically to the
maximum load.

(2) The beam was subjected to 999 addi-
tional cycles of statically applied loading be-
tween the minimum load and the maximum.
This was done to get the exact numbers of load-
ing cycles for the corresponding strains of stir-
rups. At suitable intervals gauge readings and
crack propagations were recorded.

(3) Repeated loading of the same magnitude
was applied at the rate of 200 cycles per minute.
The repeated loading was stopped periodically
to measure gauge readings at the maximum and
minimum loads and to record crack propagations.

(4) Beams which endured two million cycles
of loading were loaded statically to failure (final
static test).

Electrical-resistance strain gauges 5 mm in
length were attached to all stirrups on the sur-
faces of the south legs at the positions of the
predicted diagonal cracking lines as shown in
Fig. 1. ‘South’ indicates the test position of a
beam shown in the figure. Strain gauges were
also attached to all stirrups just at the two ends
of bends around longitudinal bars.

3. BEHAVIORS OF BEAMS UNDER FA-
TIGUE LOADING

In order to provide a better understanding of
the general behavior of beams under fatigue
loading, details of behaviors of typical beams
are presented in the first place. Fig. 2 shows the
strain measurements on the south leg of each
stirrup together with the crack patterns on the
south surfaces for the beams 25F4, 25F5 and
25F6, which comprise the last half of Serices 1.

Beam 25F4

At the first cycle, one major inclined crack
had developed in each shear span, which caused
2 to 3x10™ of strain in Stirrups 2, 5 and 6.
However, these cracks had not developed enough
to cause some strain in the other stirrups.

Until some ten thousand cycles, the strains of
Stirrups 2 and 6 increased approximately in
proportion to the logarithms of loading cycles,
log N, while the strain of Stirrup 5 was more or
less constant and strains of other stirrups re-
mained small. This coincided with the propaga-
tion of inclined cracks. Vertical tensile stresses
due to the propagation of the main diagonal
cracks were mainly absorbed by Stirrups 2 and
6, which were intersected by these cracks. After
ten thousand cycles, increasing of strains in
these stirrups stopped and in return strains of
Stirrups 1, 3 and 4 increased at higher rates.

This also coincided with the propagation of di-
agonal cracks crossing these stirrups,

Although the applied maximum shear was
only 44 percent of the static strength, a fracture
of a stirrup was found at the 300 000 cycle or
at log NV of 5.52. The fracturc occurred at the
start of the bend of the south leg of Stirrup 6,
the strain of which was the highest in the beam.
This fracture caused further extension of the
main diagonal crack, formed a new inclined crack
outside the main one, and incrcased the strain
of Stirrup 5 significantly. This stirrup fractured
at log N of 6.13. The position of the fracture
was the start of the south hook where the newly
formed crack intersected.

In the west shear span, a fracture of a stirrup
was found at log N of 5.73. The fracture oc-
curred at the start of the bend of the north leg
of Stirrup 2, which showed the highest strain in
this shear span. This fracture caused a rapid
increase in strain of the south leg. This indicated
that the south leg acted effectively even after
the fracture of the north leg, since the relatively
wide width of the beam made it possible to main-
tain anchorage of the remaining leg. Loss of
the force due to fracture of one leg seemed to
be absorbed by the other leg, since strains of
other stirrups and diagonal cracks on the south
surface were not affected by the fracture,

A fracture of a longitudinal bar adjacent to
the first fractured stirrup was also found when
concrete was removed after the end of the test
as shown in Fig. 3. In this figure fractures of
Stirrups 5 and 6 can also be seen.

In spite of the fractures of one leg each of two
stirrups out of three and a longitudinal bar in
the same shear span, this beam endured 2.14
million cycles of loading or log N of 6.33 with-
out failure, and under the final static loading it
failed in the shear span at the shear force of
186 kN. This was about 1.7 times the applicd
maximum shear and 74 percent of the static
strength.

Beam 25F5

At the first cycle two inclined cracks were
developed in the west shear span and one in the
east. The development of these cracks caused
the strain in Stirrup 2 or 5 to reach 4 or 6x 10-¢,
while those in others, however, remained below
2x 10~ at the first cycle.

Due to repeated loading, the strains of Stirrup
1 increased with extension of the outer diagonal
crack at a higher rate approximately in propor-
tion to log N until the fracture of its north leg
occurred. On the contrary, the strains in Stir-
rups 2 and 3 increased at a lower rate as the
inner diagonal crack was extended slightly. In
the east shear span the strain of Stirrup 5 in-
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Fig. 2 Crack propagation and strains of each stirrup €, observed during fatigue loading {dotted

line indicates the crack developed at the first cycle, solid line shows the crack propaga-
tion duc to repeated loading with the number indicating the logarithms of applied

loading cycles, broken line represents the center line of reinforcing bars, and cirele or
cross on the line indicates the fracture position with the logarithm number at which the
fracture was recorded and the circle means north and the cross means southy).
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Fig. 3 Fatigue fractures of stirrups and a
longitudinal bar (25F4).

creased gradually until 10 000 cycles due to the
slight extension of the diagonal crack, while the
strain of Stirrup 4 remained nearly constant.
After 10 000 cycles the strain in Stirrup 4 began
to increase as the extension of the diagonal crack
started to affect this stirrup, and in return the
strain in Stirrup 5 began to decrease slightly.
“Thus, even without any fracture of bars, redis-
tribution of stresses among the stirrups could
occur owing to the extension of diagonal cracks
under repeated loading. This kind of redis-
tribution was also seen in the previous beam
25F4.

In the east shear span a fracture was found
at log N of 5.59. The fracture occurred in the
north leg of Stirrup 3, which showed the highest
strain in the beam. This fracture did not cause
any significant increases of strains in the south
legs of other stirrups and there were no signifi-
cant extensions of cracks on the south surface
and no more fractures of stirrups in this shear
span were found until failure of the beam.

In the west shear span two fractures in north
legs were found at log N of 5.49. These frac-
tures in Stirrups 1 and 2 caused rapid increases in
strains of their south legs, but affected neither the
strain of Stirrup 3, nor the crack propagation of
the south surface as seen in beam 25F4. [Frac-
tures in the south legs of these stirrups were
found at log N of 5.79, 300 thousand cycles
after the fractures of the north legs. These
fractures caused significant extensioning of the
diagonal cracks on the south surface as clearly
scen in Fig. 2(b).

In the shear span on this side, only one stirrup
out of three was cffective. Yet this beam was
able to sustain an additional 85 tnousand cycles
and failed at log N of 5.84 due to the penetra-
tion of the outer diagonal crack in this shear
span through the compression zone. ’

Beam 25F6

At the first cycle inclined cracks in this beam
developed enough to cause strains more than
about 2x10~* in four of the stirrups, and the
differences among the four were not significant
while strains of Stirrups 3 and 4 were smaller.
The maximum appliecd shear of this beam was
the highest in the group. This high shear seemed
to have been capable of producing three inclined
cracks in each shear span.

Due to repeated loading the strains of Stirrups
1, 2, 3 and 6 increased at approximately the
same rate, but the strain of Stirrup 5 increased
at a higher rate and the first fracture was in the
south leg of this stirrup at log N of 5.22. After
an additional 151 thousand cycles fractures of
four legs of three stirrups werc found. Never-
theless, this beam was able to sustain an ad-
ditional 234 thousand cycles of loading and
failed at log N of 5.74. In this beam a longi-
tudinal bar was also fractured just beside the
first fractured stirrup as in Beam 25F4. After
the fracture of the south leg of Stirrup 5, no
changes occurred in the strains of the south
legs of other stirrups. However, increases of
strains should have occurred in the north legs of
Stirrups 4 and 6, judging from the fact that
these legs were fractured later. After the frac-
ture of the north leg of Stirrup 6, the strain of
the south leg did not show any increase but de-
creased. This might indicate that the fracture
of one leg could reduce the efficiency of the
other leg due to redistribution of stresses induced
by the fracture.

Fracturing of Stirrup 4 occurred at both legs
in spite of the rather low strain. The reason was
not clear, but one possibility was that in this
stirrup the strain at the position of fracture,
which was the lower bend, might have been
larger than at the measured position which was
distant from it as shown in Fig. 1. Another pos-
sibility was that the strain of the north leg was
larger so that it might have failed first, but then
the strain of the south leg increased very rapidly
before the fracture was found.

The general behaviors of all the test beams can
be summarized as follows.

(1) At the first cycle of loading inclined
cracks were generally recognized. When the
applied maximum shear was relatively low, only
one or two stirrups in a beam developed some
amounts of strain but others did not. In these
cases development of such inclined cracks was
not prominent at the first cycle. When the
applied maximum shear was higher, the number
of stirrups which developed some amounts of
strain increased, and the diffcrences in strains
among stirrups became relatively smaller. These






























