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SYNCPSIS

Several steel wportal frames were tested on a large shock
table and on a large earthquake simulator which have been dbuilt for
this surpose. On the other hand we tried several methods of analy-
sis for tracing of the dynamic behavior, and obtained a good
accordance with experimental results. It is realized that inelas-
tic behavior can fully be traced by using Ramberg-UCsgood tyve or
bi-linear tyve hysteresis model.

Notation
Ms ¢ mass
¥e ¢ vending moment at the top of column
M® . bending moment at the base of column
<
Me : bending moment at the left of girder
& : bending moment at the right of girder
e ¢ bending moment at the weanel zone
i : yield moment
S : stiffness
h : fraction of critical damping
Ce : external damping coefficient

Ci : internal damping coefficient

¥ . acceleration vector

¥ : velocity vector

k4 : displacement vector

% : ground accelesration vector
Qe ¢ shear force in column

Qe : shear force in girder

" : axial force in column

b : Young's modulus

G : modulus of shear rigidity (vpanel)
Ke ¢ stiffness of column

Kg +: stiffness of girder
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Ky : stiffness of inelastic spring in terms oI bending
moment per unit angle of rotation
o4 i Ki/2EKe (for column)

& : rotation of tow of column

8 : rotation of base of column

o

& ¢ rotation of left end of girder
: rotation of right end of girder

relative displacement of column

relative axial deformation of coclum
relative displacement of girder

shear deformation of panel zone

length of girder

the one half of the width of panel zone
the one half of the height of panel zone
thickness of peanel zone

shear stress of panel zone
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Preface

This report is divided in two parts. In vart I, experimental
results of one-bay one-storied steel portal frames under impact
loading at their base and elasto-plastic analysis of thenm are
revorted. In part II, exverimentzsl results of two-bay three-
storied portal frame under sizulated earthquake motion are resorted
together with the inelastic frame snalwysis and with usual shesr
model analysis.

PART T

1. Introduction

The main object of this test is to produce rlastic condition
in the structures in a dynamic loading condition and to investigate
their behavior. Such kinds of the experiments of one-storied
steel frames were done with use of shock table and the inelastic
behavior was analized by assuming lumped mass system with Rawberg-
Osgood or bi-linear hysteresis model.

2. Specimens and Tests

2

Four steel specimens with same shape and material property
were made as indicated in Fig.2 and in Table 1. Every speclmen was
designed to fail at the columns which were H-shaped and were welded
to the beams. The beams were supposed to be completely stiff
because of constraint from the shock table and the steel plates
for mass. Three of them were for impact tests and the rest was for
static loading test. In the impact test each specimen with 16.6
TON or 21.1 TON weight at the top was fixed at the shock table
against which 15 TON pendulum collided. The specimen was subjected
to several impacts successively with increasing height of pendulum,
in order to investigate the behavior ranging from elastic to plastic
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condition. Between impact tests, free vibration tests were con-
ducted to observe the change in frequency and damping value.

3., Impact Testing Apparatus

Outline of impact testing agparatus is shown in Fig.l. The
impulse is obtained by the collision of the pendulum (15-30 TON
variable in weight), which is raised up to certain height by the
winch and then released, against to the shock table (70 TON in
weight) suspended by rods from steel frame.

Intensity and duration time of iwmpulse 1is controlled by the
height of pendulum to be raised up, mass oi pendulum and the
stiffness of the spring, a kind of shock absorber, vprovided in
front of shock table.

L, Measured and Calculated kesults

The natural period and damping coefficient obtained during
tests are indicated in Table 2. The natural period gets slightly
longer, and the damping h increzses to 1.5% with increasing excita-
tion. The acceleration and displacement records obtained at the
test of SI-IT frame are shown in Fig.6 with calculated values.

In the analysis two type of hysteresis were assumed, namely, bi-
linear type in case 1 and Ramberg-Osgood type in case 2 which is
represented by the formula.

x _.@ (Q)’ X—X0=Q~Qo+d(Q—Qo)r (1)

x e e 2Xv | 2@r | o\2@r

The coefficients in eq(l) are determind with reference to the
static loading test results (o =.07,4 =9 ). The dam:ing coeffici-
ent h is consistently assumed to be 1% with reference to the value
at Table 2. As the yield displacement is around 10 mm, the st-
ructure SI~-II remains in elastic during test D-1 and maximum ducti-
lity attained is around 3 during test D-3%., The comparison at every
test between the measured and calculated results in case 2 shows
good coincidence except spike-like maximum acceleration in D-2 and
D-% test. On the other hand, the calculation based on the bi-
linear hysteresis model shows slightly larger amplitude than that
of experiment at the free vibration part of record. Agreement
between the test and calculated results of the other specimen,
including the specimen with ductility 6 attained, are almost same
as mentioned above. :

PART IT

1. Introduction

The object of this experiment is to generate elasto-plastic
condition in structures by using earthquake simulator which can
feed various ground motion records, and to investigate their beha-
vior. The large earthquake simulator usedin this experiment is
operated by electro-hydraulic mechanism, has a space of 4.366 m X
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3.166 m, and has a cavacity of, as much as 15 TON of loading,

about 1,000 gal of horizontal acceleration and 5 cm of maximum
horizontal displacement. GCround acceleration of EL CLNTRC &40 NS
stored in magnetic tape is transmitted with desirable intensity to
the simulator, and from recorded accelerations, displacements and
strains of members, elasto-plastic condition of the frame is ob-
served. On the other hand, from the recorded ground motion on the
vibration table, the behavior of the frame is analized and comroared
with experimental values.

2. Testing Specimen and Experimertal Process

The specimen, the double frame of 3 stories and two bays is
shown in Fig.%. The material was SSL1 steel and the members were
joined by welding. ¥eight on each floor was 3.9¢5 T (3:), 3.102 T
(2r), 2.096 ™ (1F), including weights which were used to .roduce
axial forces on columns. Testing specimen was designed as colunmn
yielding tyszse. To meke analysis simple, the specimen wes desicned
suci that the effect of the vertical force to the beams, narsllel
to the vibrational motion, was eliminated as small s nossible.
Hamely, the vertical forces due to masses were transferred tarough
perpendicular beams to columns and the horizontal forces, or iner-
tia forces of tne masses, were transferred througn thin steel oplate
slab to beams and then to columns.

In the experiment, at first, the flov of stress and tahe com-
parison between she&r force and acceleration, were studied. The
experiment was continued by changing the intensity of the ground
motion. Before and after, thsse tests by earthquake-like motion,
acceleration resonance curves were obtained by innuting sine waves
of low amplitude and of varying cycles. From sOme resonance curves
of accelerogram, damping factors of higher modes were difficult to
determine. Surveying the results of several resonance tests, some
deviation of natural freguencies or damping factors could be ob-
served. At the final stage of experiment, strong resonance test
at the 1lst natural frequency of the specimen was done. During the
test, the topr and the bottom of each column at the 1lst floor, turn-
ed into plastic hinges and were fractured cecause of fatigue with
repeated loading at the portion where the local dbuckling occured.
Response waves of each story are shown in Fig.?7. Influence of the
1st mode wave excels in every case, but higher mode wave especial-
ly affects the accelerogram of the 1st floor.

3. Method of Analysis

Two elasto-plastic analitical methods are adopted in this
report. The one is by multi-lumped mass, shear yield system with
story-stiffness expressed by Ramberg-Osgood's formula. In this
case the vibration equation is as follows;

MY + (C:M+(CiS)Y + SY =-MYe (2)
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In this calculation yielding shear of each story is obtained from
the assumption of instantaneous yielding at the top and the bottom
of the columns at that story, and yielding displacement, is obtain-
ed from the yielding shear divided by elastic stiffness. In the
Ramberg-Osgood equation, same coefficients O, ) are used as in
vart I. On the other hand, in frame analysis, stiffness natrix of
member is composed as follows;

bl
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To take into account the elasto-plastic benhavior of members,
rigid-plastic springs are inserted at each end of members in this
analysis. The stiffness matrix of the wmember has still same form
as eq (3), eq (4) and eg (5) excezt that the coefficients in eq (3),
eq (4) and eq (5) have to be changed. 7Frecise formulsas are shown in
reference 5. In this calculation, the stiffness of inserted soring
K{ is infinitive in elastic stage snd OH is assumed to be C.0CE5 in

a yielding condition, namely, K¢ is 5% of elastic bending stiffness
of member 2EK. The vibrational equation, same form as equation (2),
is solved step-by-step with linear acceleration method. If the
stress in the beam to column connection (panel zone) Tp exceeds a
yielding stress Ty , for instance, reduction of shear rigidity of
the panel is conducted by changing the value of Bp. In general,

the stress of this part is calculated by the following equation.

To= {-M+ M+ QEXL + QXY }/48Dt 6)

4. The Experimental and The Analytical lesults

Experiments were tried a few times by changing the intensity
of the simulated earthquake, but in this paper, only the case in
which plastic hinges were generated at the base of l-story's
columns, is checked by analysis and discussed hereafter. The
natural periods obtained just before this test were 0.24 sec. for
Ty , 0.09 sec. for Tz and 0.05 sec. for Tz . In this test run, the
record for the N-S component of the EI. CENTEO 1940 zarthquake was
fed into the command center of the actuator except that the inten-
sity was changed. The maximum table acceleration was measured to
be 0.944G. The measured responses at each floor level are shown
in Fig.7 together with the calculated responses and their maximum
values are listed in Table 3.

The analysis was made in three cases only at the portion of
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the largest response of the first 10 seconds. The first two cases
were based on the frame analysis and the third was shear-model
analysis. As the maximum displacement attained at the lst floor is
0.84 cm and the calculated yield displacement based on shear model
type analysis is 0.61 cm, the vlastic ratio is about 1l.4. The
yielding phenomena of the columns were also evident from the strain
records observed on their bottom parts. As the panel zones were
especially strengthened by steel plates, the strain at this part
was observed to be much lower than the yield limit as 'ilsanticipated.

Comparing with analytical results of frame analysis, in case
of Ce=0 and C1=0.0016 (h=0.02), acceleration of 3rd floor is 13%
smaller (+1.64G) than that of experiment (+1.38G), but displace-
ment from analysis is l.2~1.3 times larger than experimental data.
The calculation shows yielding phenomena only at the bottom of the
1st story columns,which explains the experimental results quite
well., Similitude of cyclic tendency between measured and calcula-
ted results is very good, but the curve obtained from analysis
shows drift to plus side.

In the case of Ce=1.06, Cy=0 (h=0.02), although, accelsration
amplitude spreads furiously and shows the influence of higher
modes, as for displacement good accordance was observed.

In the calculated response of shear type model with Ramberg-
Osgood hysteresis with external type of demping (h=0.02), there
are tendencies of lower acceleration and larger displacement at
each floor. And higher mode wave appears predominantly again in
the accelerogram. The displacement prediction, however, was satis-
factory.

After all, it may be said that in the calculations, it is
irregular as for drift of displacement, but cyclic tendency is
almost similar with experiment. As for wave form of accelerogranm
and displacement, analytical result almost fits in experimental
data, however, combination of Cx mainly and Ce a little,seens to
be a good adjustment for high mode of vibration.

Conclusion

The test results of one-storied frames under impulsive load-
ings and two-bay three storied frame under simulated earthquake
motion are compared with the analysis. In the multi-storied frame
analysis, not only usual shear yielding type analysis, but also a
general method for inelastic analysis is presented and used. 1In
this analysis, the inelastic behavior is taken into account by
inserting conceptual rigid-plastic springs at both ends of members.
Shear deformation of the beam-column panel and axial deformation
of the column are also included. This method may be quite effect-
ive in the analysis of the structures which fail in beam first,
and then in the trace of yield mechanism formation under seismic
loading. The summary is as follows;

1) The elastic-plastic behavior of one degree of freedom steel
structure under dynamic excitation was predicted with use of
Ramberg-Osgood hysteresis model or bi-linear hysteresis model and
with slight damping value (h=1%). However, better prediction was

— 2726 —



obtained by the former within the scope of these experiments.

2) The inelastic behavior of the multi storied steel frame under
simulated earthquake motion was predicted satisfactorily by the
frame analysis presented herein and with the assumption of slight
internal-type damping (2% for the first mode in this test). With
the assumption of external-type damping, the displacement response
is not so much different from the test results. However, high
frequency component appears predominantly in the accelerogram.

3) As the structure was shear type, the shear yielding model with
Ramberg~Osgood hysteresis and with same damping value as above was
acceptable in the prediction of dynamic response.
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Table 2 NATURAL PERIOD

Table 1 PROPERTY OF SI STEEL AND DAMPING COEFFICIENT
OF SI TEST RESULT
& | Ouax | E |momatox l Lendulum%;:::__%a_._>
oM | /e [oxa/adt] ) Specimen Feight lp o c:::::gz
: L
S1 || 309 478 | 2.1 28.0 o S
0 203 —
S1-2 /e 207 | 0.8
5o .2/0 O¢
756 213 | o5
o 2w —
513 2 _| 205 | .o
27 .26 - 009
£6 208 .02
0 228 | —
SI-4 A . 230 t . 008
éé D | as
250 234 | o6

Table 3 MAXIMUM VALUE OF MEASURED AND
CALCULATED RESPONSE OF FRAME TEST

(magnification)

(G) (G) (G) (em) (em) (em)
Acc.-3 FL Acc.-2 FL Acc.-1 FL Disp.-3 FL Disp.-2 FL Disp.-1 FL
+1.88 +1.24 +1.01 +1.78 +1.28 +0.7h
EXPER IMENT .
-1.8 -1.12 -0.88 -2.0 -1.40 -0.84
FRAME +1.64(0.83) +1.26(1.02) [+1.0 (1.0) +2.08(1.17) +1.66(1.30) +1.0 (L1.32)
h=0.02
R -1.6 (0.89) -1.14(1.02) |-1.42(1.61) 2.4 (1.2 -1.84(1.31) -1.0 (1.19)
FRAME +1.6 (0.83) +2.1h(L.74) | +2.28(2.28) +1.92(1.08) F1. ¢1(1.13) ¥O.3+(L.11)
h=0.02
R -0.92(1.07) ~2.0 (1.78) | -2.2%(2.%%) -2.36(1.18) -1.72(1.23) -1.10(1.31)
Ramberg-Osgood |+1.44(0.77) +1.26(1.02) [+1.08(1.08) +2.52(1.42) | +1.38(1.47) +0.92(1.21)
h=0.02
R -1.76(0.98) -1.44(1.29) [ -0.92(1.05) -2.24(1.12) -1.72(1.23) -0.84(1.0)
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