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Seismic performance of moment resistant steel frame with hysteretic damper

Y.H.Huang & A.Wada - Structural Engineering Research Center, Tokyo Institute of Technology, Japan
H.Sugihara & M. Narikawa — Tokyo Electric Power Company, Japan
T.Takeuchi — Building Construction Division, Nippon Steel Corporation, Japan

M. Iwata — Department of Architecture and Building Engineering, Kanagawa University, Japan

ABSTRACT: After the Hyogoken-Nanbu earthquake (1995) in Japan, unbonded brace as a kind of hysteretic
damper has been widely used in earthquake-resistant building structures. The authors of this paper have car-
ried out a series static and dynamic loading tests for the moment resistant steel frames with or without hys-
teretic damper during the past year. This paper is reporting the outlines of the experiments, test methods and
results. For the purpose of comparison with the experiment results, dynamic response analysis for a 3 story
steel frame structure has also been carried out. It has been confirmed that hysteretic damper can help the mo-
ment resistant steel frame to absorb a majority of input energy from earthquake so that the damage to the
main steel frame can be greatly relieved. Due to the contribution of hysteretic dampers to the lateral stiffness
of the structural system, the main steel frame can be manufactured relative slender and to achieve good eco-

nomic performance.

1 INSTRUCTIONS

The conventional moment resistant steel frames are
usually designed with weak beam and strong col-
umn. It means that the two end parts of weak beam
are allowed to yield during an extreme carthquake
disaster. However, it has learned from the
Northridge Earthquake in the USA 1994 and the
Hyogoken-Nanbu Earthquake in Japan 1995, that
the extraordinary large plastic strain induced in the
beam end parts is the key reason to result in the col-
lapse of conventional moment resistant steel frames
at the connection between beam and column.

Some improvement methods for the conven-
tional moment resistant steel frames, such as, using
semi-rigid connection joint at beam ends; shifting
the yielding part from the welds at beam ends to the
inside of the beam, have been proposed. Addition-
ally, to attach supplementary energy dissipation de-
vices to the steel frame is one of the most effective
methods to reduce the damage of moment resistant
steel frames. The supplementary energy dissipation
devices help the steel frame to absorb/dissipate a
great amount of earthquake input energy and protect
the beam end parts from large plastic yielding or
collapse.

This paper presents the seismic performance
of such moment resistant steel frames with unbon-
ded brace that acted as hysteretic damper (HD)
through the static cyclic loading tests and dynamic

loading tests. Numerical response analysis for the
test model has also been carried out for the purpose
of comparison.

2 OUTLINES OF EXPERIMENTS
2.1 Motivation of the experiments

The bending moment distribution of a moment re-
sistant frame is shown in figure | under the action of
horizontal loads such as carthquake ground motion.
The target of this experimental research is to see the
ductility of beam end parts and the seismic perform-
ance of such frame.

Due to the limitation of the test facilities, only
half span of the frame shown inside part of the circle
of figure 1 is used for the test. For the convenience
of loading method, the test specimen was rotated 90
degree in clockwise direction shown in right side of
figure 1.

o

Figure 1 Part frame model
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2.2 Installation of test specimens

Basically, two different types of specimens are
used for this test series. MRF1 is a pure frame model
without installation of hysteretic damper during the
test shown in Photo 1. MRF2 is a frame model with
hysteretic damper whose installation is shown in
Photo 2.

In the photo pictures, the horizontal members
are columns and the vertical members are beams.
The column bottom (left side in the picture) is pin-
supported on the reaction frame. The panel zone part
between beam and column is supported by a pin-
roller bearing so that allows horizontal displacement
is allowed.

2.3 Test parameters

In order to compare the seismic performances of two
different types of test specimens, the section size of
MRF1 and MRF2+brace are adjusted so that they
have the same strength approximately. The load dis-

Photo 2 Specimen of frame with hysteretic damper
(MRF2+brace)
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placement relationships of these test models ob-
tained from the static structural analysis are shown
in Figure 2 and 3 respectively. Due to the contribu-
tion of the unbonded brace, the section of MRF2
frame is manufactured smaller than that of MRFI
frame. Therefore, the weight of MRF2 is only about
60% of that of MRF1. The stiffness of MRF2 frame
is smaller than that of MRF1 so that MRF2 has
larger elastic deformation capacity than that of
MRF1 and MRF2 can keep elastic behavior even
under large inter story deformation. The distribution
ratio of the shear forces subjected by the hysteretic
damper and the main frame is about 4:6 shown in
Figure 3. Two different steels SM490 (mild steel)
and HT590 (high strength steel are used for the test.
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Figure 2 Load and deformation (MRF1)
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Figure 3 Load and deformation (MRF2)



Totally, 12 specimens shown in Table 1 are used
for this test series. The meanings of the symbols
used in Table 1 are: SM and HT stand for the steel
type SM490A and HT590 respectively; w means
with and w/o means without; S_cyclic means static
cyclic loading and D_cyclic means dynamic loading
test. HD here means hysteretic damper or unbonded
brace. End taper means that the width of end flange
of beam section extends gradually just like a taper.
The end taper is expected to reduce the large plastic
strain concentration at the welded part at beam ends.

Table 1. List of test specimens

Specimen  Steel HD End taper Loading Number
SM-A-Sta  SM490A w w/o S_cyclic 1
SM-C-Sta  SM490A w/o w/o S_cyclic 1
SM-A-Dynl SM490A w w/o D cyelic 1
SM-A-Dyn2 SM490A w w/o D cyelic 1
SM-A-Dyn3 SM490A w w/o DC cyclic 1
SM-B-Dyn SM490A w w D eyelic 1
SM-C-Dyn SM490A w/c w/o D cyclic 1
SM-D-Dyn SM490A w/o w D cyclic 1
HT-A-Dyn HTS590 wio  w/lo D cyclic 1
HT-B-Dyn HT590 w w D _ecyelic 1
HT-C-Dyn HT590 w w/o D _cyclic 1
HT-D-Dyn HTS90 wio w D cyclic 1

The sectional size of the specimens used for the
experiments are shown in Table 2.

Table 2. Section shape and size of the specimens

MRF1 MRF2
200 160
- deo 160
Beam 380 380 300 300
SM490A WT590 SMAS0A WT590
300
" ] 160
Column 320 i
SM490A SM490A
WT590 WT590

2.4 Loading cycles

The horizontal load acted on the top of the test
specimen is controlled by the inter story deformation
which can be transferred into inter story deformation
angle through dividing the story height. The inter
story deformation can be calculated from the dis-
placement measured from the loading point.

Loading cycles for static loading test is illus-
trated in Figure 4. After 2 cycle loading test at the
level of 1/400 inter story deformation angle, 4 cycle
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loading test were carried out for each level 1/200,
1/100, and 1/67 of inter story deformation angle re-
spectively. At last, about 100 cycle loading test were
continuously carried out at the level of 1/50 inter
story deformation angle until the specimen col-
lapsed.

Loading cycles for dynamic loading test is il-
lustrated in Figure 5 which is a kind of sinusoidal
wave whose frequency is 0.65Hz. At the beginning,
2 cycles dynamic loading test were carried out at the
level of 1/400 inter story deformation angle. After
that, 5 cycles dynamic loading test were carried out
for each deformation level shown in Figure 5. For
the specimen MRF2+brace, the unbonded brace was
first broken. The dynamic loading test was contin-
ued for the frame only until the frame collapsed.

Inter story deformation angle
/50

1/67
1/100
1/200

vvwt i
=YYV

1/400

Time

Figure 4 Static loading cycles
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Figure 5 Dynamic loading cycles

3 ANALYSIS OF THE TEST RESULTS
3.1 Relationship of force and deformation

Assume the half span length of the beam to be L and
the height of the column to be H as well as the hori-
zontal displacement at top of the beam to be d,
then, the inter story deformation can be approxi-
mately obtained by &, *H/L.

The relationships between the horizontal force
and the inter story deformation obtained from the
test results are illustrated from Figure 6 to 9 respec-
tively for different specimens.



It 1s obviously understood that MRF2+brace
specimen has much larger energy dissipation capac-
ity compared with MRF1 specimen. Especially
when the inter story deformation is very small like
12.5 mm (about 1/200 inter story deformation an-
gle), MRF2+brace specimen has obvious energy dis-
sipation capacity while the specimen of MRF1 has
no any plastic loop.
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Figure 6 Load and displacement of MRF1 (SM490)
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Figure 7 Load and displacement of MRF2+brace (SM490)
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Figure 8 Load and displacement of MRF1 (HT590)

When the specimen experiences large defor-
mation like 50mm (about 1/50 inter story deforma-
tion angle), the frame MRF1 has large plastic be-
havior while the main frame MRF2 keeps in almost
elastic region. It can be concluded that the hysteretic
damper or unbonded brace helped the main frame of
the specimen to reduce plastic deformation or dam-
age while frame MRF1 that has no hysteretic
damper subjected large damage.

Dynamic loading
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Figure 9 Load and displacement of MRF2+brace (HT590)

3.2 Energy dissipation capacity

Seen from the hysteresis loop shown in Figures 6 to
9, Specimen MRF2+brace model has much larger
energy dissipation capacity. Integrating the load and
displacement for each loop, the energy dissipated by
each loop can be evaluated in quantity. Figures 10
and 11 show the energy dissipated at the second cy-
cle for different types of specimen.
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Figure 10 Energy dissipated per one cycle (SM490A)
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Figure 11 Energy dissipated per one cycle (HT590)

The curve denoted as MRF2 in the figures in-
dicates the MRF2 frame only without hysteretic
damper. Both the specimen manufactured of mild
steel SM490A and the specimen manufactured of
high strength steel have the same trend.

Under the little deformation whose inter story
deformation angle is smaller than 1/100, both MRF1
frame and MRF2 frame has almost no energy dissi-
patd. However, under large deformation whose inter
story deformation angle is about 1/50, MRF1 frame
has much energy dissipated than MRF2. It means
that MRF1 frame subjects much plastic deformation
or damage than MRF2. MRF2 is much safer than
MRF1. However, the specimen of MRF2+brace has
much larger energy dissipation capacity than single
MRF1 frame even under small deformation like
1/200. Due to the contribution of unbonded brace or
hysteretic damer, MRF2 can keep in safe condition
even under extreme large deformation.

3.3 Local plastic strain at beam end part

The trends of plastic strain at the center of beam end
part increased with the increase of inter story defor-
mation angle are shown in Figures 12 and 13 for the
mild steel specimen and high strength steel speci-
men respectively. The plastic strain of MRF1 frame
is about double larger than those of MRF2 frame.
MRFI frame begin to yield at the beam end part
when the inter story deformation angle is 1/100
while MRF2 has not begun to yield even the inter
story deformation angle is as large as 1/67. Taper
shape flange at beam end can reduce the strain con-
centration at the end welded part. For the specimen
MRF2+brace using high strength steel HT590 and
with taper shaped flange at beam end, the largest
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Figure 12 Local plastic strain at beam end part (SM490)
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Figure 13 Local plastic strain at beam end part (HT590)

strain at beam end is still kept in elastic even under
large deformation with 1/50 inter story deformation
angle.

4 DYNAMIC RESPONSE ANLAYSIS
4.1 Structural models for response analysis

In the static and dynamic cyclic loading test men-
tioned above, both the specimen MRF1 frame and
MRF2+brace are subjected the same amplitude dis-
placement. Since MRF2+brace model has much
larger energy dissipation capacity, MRF2+brace
model should has smaller displacement response
than that of MRF1 frame. In order to confirm the



test results, a few cases of dynamic response analy-
sis have been carried out using 2 three story steel
frames. One simulates MRF1 frame without any en-
ergy dissipation members. Another simulates
MRF2+brace model with 2 unbonded braces in each
story. The span length is 10 meter and story height is
6 meter. These 2 structural analysis models are
shown in Figure 14. The member sizes are adjusted
based on the results of static structural analysis un-
der the action of 4, distributed external lateral force
which are specified by the Japanese Building Con-
struction Law. In the response analysis, 2% structure
natural damping has been considered.

Figure 14 Structural model for dynamic response analysis

The relationship between the horizontal force
and the inter story deformation at each story ob-
tained from the static structural analysis are illus-
trated in Figure 15.

The solid curves in Figure 15 denote the re-
sults of MRF1 frame model while the dotted curves
denote the results of MRF2+brace model. Due to
the contribution of unbonded brace, the initial elastic
lateral stiffness of MRF2+brace model is larger than

Horizontal force Q(kN)
3,000

'MRF1

MRF2+HD

e, - -
-

2,500 }

2,000

——
-

——— -

0 20 40 60 80 100
(1/150)  (1/100)
Inter story deformation (mm)

Figure 15 Relationship between force and inter story defor-
mation for the analytical structural models
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that of MRF1 frame. After the unbonded brace
yields, the lateral stiffness of MRF2+brace become
smaller than that of MRF1.

4.2 Maximum response of inter story deformation

The ground motion used for the time history
response analysis is a kind of artificial ground mo-
tion that was generated to fit for a reasonable design
spectrum using the phase filtered from the real
earthquake ground motion EL Centro NS compo-
nent. The strength of input ground motion was ad-
justed according to the level of induced maximum
inter story deformation angle for MRF1 model. The
distribution of the maximum inter story deformation
of MRF1 and MRF2+brace models are illustrated in
Figure 16 where the maximum inter story deforma-
tion angle is just equal to 1/100 for MRF1 frame. It
is understood that the maximum inter story defor-
mation angle induced in MRF2+brace model is only
about 40% to 60% of that of MRF1 frame.
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Figure 16. Maximum inter story deformation.

4.3 Time history of energy dissipated

Energy dissipated by the structural system was cal-
culated in each time step. The time history of ener-
gies for MRF1 frame and MRF2+brace model are
illustrated in Figure 17 and 18 respectively.

Seen from Figure 17, about 67% of total input
energy has to be dissipated by the main frame
MRFI1. It means that MRF1 has to subject so much
plastic deformation or damage. The rest 33% of total
input energy was dissipated by the 2% natural
structure damping.
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Figure 17 Time history of energy dissipated by MRF1 frame
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Figure 18 Time history of energy dissipated by MRF2+brace
frame

While in Figure 18, about 70% total input en-
ergy was dissipated by the hysteretic damper or un-
bonded brace. The rest 30% of total input energy
was dissipated by the 2% natural structure damping,.
Therefore, the main frame MRF2 is almost not nec-
essary to dissipate any input energy. It means that
the MRF2 frame can be protected from the major
damage,

5 CONCLUSIONS

The following conclusions can be obtained from the
experimental studies of this paper:

1) A pure steel frame without any energy dis-
sipation members should absorb the majority of in-
put energy and subject large damage itself. While
the frame with supplemental hysteretic damper does
not need to absorb the input energy by itself so that
the main frame can be kepl in elastic.
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2) Due to the contribution of unbonded brace
to the lateral stiffness of the whole structural system,
the main frame can be manufactured relative slender
with small section compared with that of regular
pure steel frame. The main frame with supplemental
hysteretic damper will keep in elastic behavior even
it subject large inter story deformation angle. It can
also reach good economic effect because it can be
made lightly.

3) If the flange at beam end part is made in
taper shape, it will relief the strain produced in the
welds and reduced the damage to the weld parts
during large earthquakes.

4) Although high strength steel has large
elastic deformation capacity compared with mild
strength steel, if the supplemental hysteretic damper
is used in the steel frame, even mild steel can make
the steel frame to have large elastic deformation ca-
pacity. Therefore, mild steel frame will have ap-
proximately the same seismic performance with that
made of high strength steel.
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