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SUMMARY

In order to assess aseismic safety of welded structures subjected to de-
structive earthquakes, based upon the concept of low cycle fatigue failure,
this paper deals with the characteristics of low cycle fatigue of welded beam-
to-column connections which were tested statically and dynamically under re-
peated loading conditions. From these experimental results, it has been rec-
ognized that low cycle fatigue damage of welded steel structures against de-
structive earthquakes can be well predicted by employing the proposed method
derived from the statically loading test results.

INTRODUCTION

Moment registing steel structures are well recognized as one of the most
aseismic structures, because of good deformability beyond the elastic range
and large amount of the energy absorbing capacity that the materials can pos-
sess. However, a large number of cyclic deformations in the inelastic range
which the structures would suffer in the event of destructive earthquakes, may
considerably result in a failure so-called the low cycle fatigue phenomenon at
the critical sections in the structures. :

From this point of view, it is necessary to make clear low cycle fatigue
property of the materials, the subassemblages bolted or welded, and the whole
structures, when the structures are subjected to such major earthquakes.

Since the welded structures are commonly used in the current design practice,
the inelastic behavior of the welded connections like as the beam-to-column
connections, becomes the most important factor to assess aseismic safety of
the structures. For this reason, this paper is focussed to the clarity of low
cycle fatigue property and fatigue damage estimation of the welded beam-to-
column connections due to earthquakes, based on the statical as well as the
dynamical experiments. '

STATIC LOADING TESTS

Specimens

Hot rolled sections H-200x100x5.5x8 and H-200x200x8x12 (unit; millimeter)
made of the JIS SS41 grade steel were used for the beam and the column mem—
bers, respectively. The coupon test results of the material used for the beam
flange are shown in Table 1.
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The welding of the beam-to-column connection was performed by means of
the manual arc welding in the manner of which the web of the beam was fillet
welded to the column flange and thereafter, each flange of the beam was butt
welded to the column flange.

The specimens were classified into the following two series.

a) Series A

The specimens belonging to Series A were the cantilever type specimens of
the same shape like those which had been tested by Popov et al.(Ref. 1), as
shown in Fig.l. These specimens were further classified into three types, Al
to A3 types, according to the combinations of the programmed tip deflections
and the welding procedures at the beam ends. For Al and A2 type specimens,
the beam flanges were single bevel butt welded with backing strips to the col-
umn flanges. For A3 type specimens, the beam flanges were butt welded with
back run.

b) Series B

The specimens of Series B were fabricated as shown in Fig.2. The members
of each specimen consisted of the two beams and the stub column connected to
the beams at the center of the specimen. The panel of the column was stiff-
ened by the doubler plates so as to prevent the shear deformations of the pan-
el zone.

These details of the groove shapes are illustrated in Fig.3.

Procedures of the Experiments

The column of the cantilever type specimen was connected rigidly with
high strength bolts to a reaction frame and the beam was loaded cyclically at
the tip so as to generate the large bending moment at the beam end. The tip
deflection of the beam was measured by an extensometer and the cyclic test was
carried out in the manner to control the magnitude of the deflection as de-
scribed later. The general view of the test set-up is illustrated in Fig.4.
For the specimen of Series B, an universal loading machine was applied to
load cyclically at the center of the specimen, by controlling the deflection
at the center detected by an extensometer. The general view of the test set-
up is shown in Fig.5. 1In addition, several wire strain gauges were pasted to
the flange of the beam at or near the beam end, and they were continuously
recorded on a digital strainmeter during the experiment.

Programmed deflection patterns consisted of two types, which were per-
fectly reversed types with and without mean deflections, and the combinations
of the deflection patterns and the specimens were tabulated in Table 2 with
the number of loading cycles repeated at the programmed deflection amplitudes
or those to failure.

Test Results

The results of cyclic loading tests for the specimens indicated that the
load-deflection curves and the local strain outputs stabilized at about 2 or
3 initial cycles and after many cyclic loadings the cracks initiated at the
intersections of the beam flanges and the scallops, or at the welded connec-—
tions of the beam flanges, and propagated along the directions of the flange
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widths, as illustrated in Fig.6. It could be observed from the test results
that the cyclic tests controlled by the deflection amplitudes at the tips or
the centers of the specimens become equivalent to the strain controlled tests
of the flanges at or near the beam ends and fracture patterns of every speci-
mens do not depend upon the details of the connections and the magnitudes of
the deflection amplitudes.

Predictions of the Fatigue Lives

a) Experimental Formula for Perfectly Reversed Loading Test Results without
Mean Deflections

Since the mechanical properties of the materials are different from each
other, their influence upon the fatigue life must be taken into consideration.
For this reason, a method has been proposed to use the normalized plastic
strain range instead of the directly measured plastic strain range, Ag,, in
the following way: Assume that the initial stiffeness remains unchanged until
the point at which the beam end arrives at the fully plastic moment, Mb, then
the corresponding plastic strain, €p, can be computed using the relation,
Mb/M = Ep/Ey, in which My is the bending moment of the beam when the fibers
of the flanges arrive at the yield strain, €,. Therefore, the non-dimensional
plastic strain range, Aep/Ep, can be evaluated.

For the test results under the fully reversed constant deflection ampli-
tudes without mean deflections, the relation between the non-dimensional plas-
tic strain ranges and the corresponding fatigue lives can be formulated as
follows by employing the least squares method.

Aep

p

= 71-(1vf)"°'57 €D}

In this equation, the plastic strain range, Ag,, was measured from the
bending moment-averaged strain curve at the point of the beam from which the
web was scalloped. :

b) Fatigue Life Predictions for the Test Results under the Multi Step Deflec-
tion Amplitudes and the Amplitudes with Mean Deflections

A simplified prediction method refered to the hypotheses proposed by
Miner, Weiss and other authors, was adopted to count the low cycle fatigue
damage under varying strain amplitudes. Initially, it is assumed that cumu-
lative damage can be estimated by linear summation of individual damage under
constant strain amplitudes which can be defined as ni/Nfi, in which n; is an
actual number of cycles under a constant strain amplitude, and Nfi is the num-
ber of cycles to failure under the corresponding constant strain amplitude.
Since Ne; is calculated from Eq.(l), cumulative damage, DF, can be formulated
as follows:

ng ng
DF = L T = z — 1 , in which X = 71 (2)
7 fi 1 /1 A€p> Ve57 ’
K Ep
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When the mean strain has to be taken into consideration, K value of
Eq.(2) is substituted by XK' as follows.

E'= K- |1 - (3)

ml

in which g, is the mean strain and € represents the value of AEp which can be
obtained by substituting Nf in Eq. (1) for 1/2.

The computed results of the damage factors to failure for an individual
specimen can be obtained as summarized in Table 3. From this table, it can
be recognized that the estimate of fatigue lives under varying strain ampli-
tudes can be assessed within the safety region by assuming that fatigue fail-
ure happens when the value of damage factor arrives at 0.95.

DYNAMIC LOADING TESTS

Specimens and Test Structures

In order to simulate the dynamic behavior in an actual weak beam-strong
column type steel structure and the low cycle fatigue failure at the beam-to-
column connection in the event of destructive earthquakes, a simple structure
model was fabricated and tested on a shaking table by applying two types of
excitations to the structure-shaking table system.

Geometry of the specimen used for this experiment is shown in Fig.7. The
material was made of JIS SS41 grade steel. The mechanical properties of the
plates used for the beam were obtained from the coupon test and the results
are summarized in Table 4. The beam flange was single bevel butt welded with
backing strip and the web was fillet welded to the column flange. The panel
zone of the beam-to-column connection was stiffened by the doubler plates to
prevent the shear deformation, and their detail is also shown in Fig.7.

A same column member as that of the specimen was used to form a complete
frame structure together with the specimen and was pin-jointed to the free end
of the beam. Two identical plane frames were spaced about 1.5 m apart and
were erected so as to form a three dimensional one bay-one story steel struc-
ture on the shaking table. The column bases of the structure were pin-jointed
to the steel footings fastened to the shaking table. The structure was rein-
forced at the both side elevations by angle bracings, and concrete blocks
weighing about 1.35 tons connected rigidly to the roof beams were supported by
the removable transverse beams so that the beams of the specimens could not be
subjected to the vertical loads carried from the concrete blocks.

The beam of the specimen was supported by the cross beams at the third
points to prevent lateral buckling. In addition, the roof was stiffened by
diagonal braces of the tension rods in order to prevent torsional oscillations
of the structure.

Procedures of the Experiments

The shaking table driven by an electro-magnetic type shaker, which was of
capacity as listed in Table 5, was used to generate the horizontal excitations
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in only one direction.

Accelerometers were mounted on the tops of the columns of the specimens
and the shaking table to measure the absolute accelerations. In addition, the
absolute displacements of the structure and the shaking table were measured by
displacement transducers connected to rigid steel frames which were erected on
the concrete basement. The set-up of the test structure and the measuring in-
struments is illustrated in Fig.8. Local strains at or near the beam-to-col-
umn connection were detected by post yield type strain gauges cemented to the
beam flanges. All data obtained from these measuring instruments were record-
ed to the magnetic tapes set up in analog data recorders during the experiment
and at the same time, the outputs of such data were monitored on a pen oscil-
lograph.

At first, the structures were subjected to sinusoidal excitations with
the very small magnitudes, in order to measure the elastic dynamic properties
of the structures such as the natural frequencies of vibrations and the damp-
ing factors. Table 6 shows the results of these dynamic properties of the
test structures.

Two types of the shaking table motions were used to cause low cycle fa-
tigue failure to the structures. One of the input motions was steady sinu-
soidal motions with the frequencies close to the fundamental natural frequen-
cies of the structures of Series C. The input motions whose intensities were
kept constant at about 0.5g, were applied repeatedly to the system until the
critical sections of the specimens fractured. As another type of input mo-
tions, the earthquake motion derived from the NS component of the 1952 Taft
earthquake record, was modified regarding the time intervals and the intensi-
ties, and was applied to the system. The structure used for this experiment
was named as Series D. The procedure of this experiment was intended so that
the system would suffer the modified earthquake excitations step by step with
gradual increase of the intensity up to about 1.0, and in subsequent tests,
the input motions with the constant intensity of about 1.0g would be applied
over and over again until the specimens would have fractured.

Test Results

The results of the sinusoidal vibration test and the earthquake motion
test were summarized in Tables 7 and 8, respectively. The fractures of every
specimens occurred at the flanges of the beam ends located at the points from
which the webs were scalloped. Such phenomenon was the same as that observed
from the results of the statically loading test.

Typical groval and local normalized responses of the structure subjected
to the modified earthquake motions are shown in Fig.9. The strain responses,
as shown in the lower three figures of Fig.9, demonstrate the yielding and the
subsequent strain drifts significantly at the 8th step of the test. From the
bending moment-local strain diagram at the critical section of the beam at the
19th step of the test, as shown in Fig.l0, it can be observed that the non-
linear responses are evidently developed as the test becomes close to the fi-

nal step.

Evaluation of Low Cycle Fatigue Damage
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To inspect the validity of the formerly described method to estimate the
low cycle fatigue damage under varying strain histories, the strain responses
at the beam ends measured during the dynamic tests were used to account the
low cycle fatigue damage of the structures.

For the sinusoidal excitation tests, Eqs.(2) and (3) were employed to
compare the expected damages with the test results. For the earthquake motion
test, Egs.(2) and (3) as well as a counting method so-called as the Rain Flow
Counting Method, which were proposed by Suidan et al.(Ref. 2), were applied to
estimate random low cycle fatigue damage by substituting the varying strain
histories to the group of the equivalent steady strain responses with mean
strains.

These computed results are shown in Table 9. Since the computed values
in Table 9 does not indicate the significant difference in comparison with the
values in Table 3, it can be seen that the proposed method to predict low cy-
cle fatigue damage under statically varying strain histories is available for
the damage estimation under dynamic strain histories like as actual earth-
quakes.

CONCLUSIONS

Low cycle fatigue properties under constant and varying strain histories
were investigated using the steel beam and column subassemblages, statically
as well as dynamically. From the test results, the following conclusions have
been drawn:

1. At the beam-to-column welded connection in the weak beam-strong column
type steel structure, the beam flange from which the web is scalloped may be-
come the most critical point to cause low cycle fatigue failure due to cyclic
loadings.

2. Low cycle fatigue failure of the beam-to-column connection under constant
strain amplitudes can be formulated using the non-dimensional plastic strain
ranges at the critical point and the cycles to failure. Cumulative fatigue
damage under varying strain histories can be estimated, employing this exper-
imental formula and the linear damage law, and the safety of the connection
can be assessed by assuming that the fracture occurs when the computed cumula-
tive damage factor arrives at the value, 0.5.

3. The proposed method is also available for damage estimation in the steel
structure due to destructive earthquakes, by further employing the Rain Flow
Counting Method.
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