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ABSTRACT

The building response to a severe earthquake motion can be reduced or controlled by increasing the dissipation
energy caused by plastic deformations of energy dissipation members/devices built into a frame structure.
The inelastic behavior of three steel frames with steel beam energy dissipation (SBED) device was investigated
through a series of cyclic loading tests to evaluate their seismic performance and possible use of structural
seismic energy dissipation systems. Three single-bay, single-story steel frames with SBED device were
designed and fabricated. The SBED device was located between the girder and the inverted-V brace. The
girders, columns, and braces of the test frames had wide flange sections of mild steel. Each of test frames
had different types of SBED device, that is, wide flange beams of hybrid sections made of different grades of
steel between the flange and web: i) mild steel for flange and low-yield-point steel for web; ii) mild steel for
flange and super-low-yield-point steel for web, and ; iii) high-strength steel for flange, super-low-yield-point
steel for upper-half web, and mild steel for lower-half web. Each test frame was subjected to cyclic
horizontal load. Evaluated was mainly the inelastic behavior of the test frames: the inelastic deformation
capacity, the initial yield story shear corresponding to shear yielding of the SBED device, the yield and
maximum story shears, and the energy dissipation capacity. The test results show that the steel frames with
SBED device have many desirable attributes as seismic energy dissipation system, and that the SBED devices
efficiently dissipate the energy compared with the frame members.
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INTRODUCTION

The horizontal response of a structure exceeded the acceleration of 1 g during major earthquakes represented
by the 1994 Northridge and the 1995 Hyogoken-nanbu (Kobe) Earthquakes. The current seismic design of
building structures is based on this level of response. The general idea is that a building can survive a severe
earthquake without collapse with a significant amount of inelastic behavior.  According to the energy concept
(Akiyama, 1985) introduced to the seismic design of buildings, the adequate seismic performance of a
building structure can be accomplished if the energy capacity to be absorbed by the structure, while the
structure responds to a severe ground motion, exceeds the total input energy exerted by the ground motion.
On the other hand, the recent earthquake damages to buildings have raised an important question about the
current seismic design philosophy which anticipates the inelastic deformation capacity of frame members
themselves, such as beams and columns, against major earthquakes. Consequently, the advanced structural
system incorporating seismic energy dissipation members/devices into a building structure (Steering Comm.
of Symp., 1995) has been pursued. The building response to a severe earthquake motion can be reduced or
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Fig. 1 Energy dissipation device
built into frame

controlled by increasing the dissipation
energy caused by plastic deformations
of energy dissipation devices built into ]
a frame structure as shown in Fig. 1. Fig. 2 Test frame

Many applications in the field of energy dissipation devices can be found in the literature (Seki et al., 1988;
SMiIRT11, 1991; Izumi et al., 1992; Steering Comm. of Symp., 1995; Saeki et al., 1995; Nakashima, 1995).
Steel plate energy dissipation devices were tested on the shaking table by Whittaker ef al. (1991). Some of
pioneer studies on eccentric structural steel bracing systems were reported by Fujimoto et al. (1972), and
Roeder and Popov (1978).

In this paper, an investigation of the inelastic behavior of three steel frames with steel beam energy dissipation
(SBED) device, through a series of cyclic loading tests, is presented. The mechanical performance is
assessed in context of possible use of the test frames as seismic energy dissipation system. The SBED
device was located between the girder and the inverted-V brace of single-bay, single-story test frames. Each
of test frames had different types of SBED device, that is, wide flange beams of hybrid sections made of
different grades of steel between the flange and web. The hybrid sections are quite effective in increasing the
energy dissipation capacity of the devices under cyclic loading, compared with the non-hybrid sections, as
shown in the previously reported results (Takeuchi ef al., 1992; Nishiyama and Midorikawa, 1992, 1993;
Midorikawa et al., 1994a, 1994b; Nagatsuka et al., 1994; Nishiyama ez al., 1995). The test frames were
subjected to cyclic horizontal load. Of main interest were: the inelastic deformation capacity, the initial yield
story shear corresponding to shear yielding of the SBED device, the yield and maximum story shears, and the
energy dissipation capacity.

EXPERIMENTAL ARRANGEMENT

Test Frames and Energy Dissipation Devices

Three single-bay, single-story steel frames with SBED device, Frames A, B, and C, were designed as weak
column-strong beam moment-resisting frame with the inverted-V brace as shown in Fig. 2. The SBED
device was located between the girder and the

inverted-V brace. The braces were proportioned 53
not to buckle at the ultimate strength of the test % @
55400
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Table 1 Dimensions of test frames 4 n Y
Fra.me A B C LYP235 ’Sg%moo /—DZ— 55400 1 SMA90A
Story height (cm) 234 TN T o
Span (cm) 450 ssmj
Column H-300x300x10x15 (web)
Beam H-350x175x7x11 1
Brace H-150x150x7x10 ﬁ,? ﬁ 7)
Device BH-250x125x6x9 SPECIMEN A SPECIMEN B SPECIMEN C
Flange SS400 SS400 SMA490A SECTION : H-250x125x5x9 . LENGTH : 500mm
Web LYP235 LYP100 LYPI100
SS400 Fig. 3 Energy dissipation devices
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frames. The columns were Table 2 Mechanical properties of steel '
arranged to be subject to Tensile strength Yield strength Un_1form Elongation
bending about the minor axis. Metal Gy (tonffem?) Gy (tonflem?) strain (%) (%)
ihe test frames wefe fabricated . —ypTG t=gmm | 2.300 0,867 73 76
y g s, LYP235 t=6mm 3.391 2.422 28 35
columns, and braces of the test .
p A S$S400 t=9mm 4.457 2.960 21 29
rames had rolled wide flange  gg 40 -6 47755 3315 22 28
sections of mild steel (SS400). =omm ) )
SM490A t=9mm 5.433 3.946 18 23

Table 1 shows the dimensions 1 300x300x10x15| flange: 4.409 flange: 2.752 flange: 22 flange: 32
test frames had different types web: 4.538  web: 3.117 web: 22  web: 29
of SBED device as shownpin H-350x175x7x11 | flange: 4.573 flange: 3.272 flange: 23 flange: 30
Fio. 3. that is. builtup wide web: 4.829  web: 3.828 web: 18  web: 21

g 2 ’ P H-150x150x7x10 | flange: 4.480 flange: 3.145 flange: 23 flange: 30

gljfﬁg:ns b;a;g: O‘f’f dilf’ffr’;‘i web: 4.676  web: 3.487 web: 20  web: 24

grades of steel between the

flange and web: i) mild steel for flange and low-yield-point steel (LYP235) for web in Frame A; ii) mild steel
for flange and super-low-yield-point steel (LYP100) for web in Frame B, and ; iii) high-strength steel
(SM490A) for flange, super-low-yield-point steel for upper-half web, and mild steel for lower-half web in
Frame C. The SBED devices were 500 mm in length with aspect ratio of two. The flanges of the SBED
device were connected at both ends with partial penetration welds, while other connections were made with
fillet welds. Double-sided intermediate stiffeners (to prevent the web buckling) and link beam stiffeners (to
preclude the possibility of flange buckling) were provided with spacing determined according to the
eccentrically braced frame requirements of UBC (1991). Table 2 summarizes the flange and web plate
mechanical properties for each steel obtained from the coupon tests.

Test Setup and Loading Program

Figure 4 shows the test setup fixed to the reaction floor through the reaction plates. The frames were tested
by quasi-statically cyclic loading. The horizontal loads were applied equally to each top of columns. In the
loading tests, the completely reversed story displacement was gradually increased by a certain story drift angle,
expressed as a multiple of 0.005 radian.  The story drift angle is defined as the story displacement divided by
the story height.

RESULTS AND DISCUSSION
Test Results
The test results are summarized in Table 3. They include: the elastic stiffness, Ke, the yield story shear
strength, Qy, the maximum story shear strength, Qmax, the stable story drift amplitude, Damp, the critical

dissipation energy, Wmax, and the failure mode for each test frame. The stable story drift amplitude, Damp,
is determined as the maximum story drift angle of the hysteresis loop which shows no definite degradation in



Table 3 Summary of test results

Elastic  Yieldstory =~ Maximum story  Stable story Critical
Frame| stiffness shear strength  shear strength drift amp. dissipation Failure mode
Ke Qy Qmax Damp energy
(tonf/cm) (tonf) (tonf) (radian) Wmax (tonf-cm)
83.7 23.5 83.4 (46.8, 36.6)2 0.042 9503 Device shear yield,
A -82.7 (-46.7, -36.0) -0.043 (3979, 5524)b frame flexural yield,
89.4¢€ 26.6 64.7 (37.6, 27.1) and device web fracture
81.4 6.4 73.1 (46.9, 26.2) 0.061 10721 Device shear yield,
B -73.6 (-47.4, -26.2) -0.049 (5608, 5113) frame flexural yield, and
89.4 8.8 54.7 (37.6, 17.1) beam lateral buckling
101.7 6.0 76.8 (49.0, 27.8) 0.038 5393 Device shear yield,
C -76.4 (-44.7, -31.7) -0.032 (2429, 2964) frame flexural yield,
89.4 8.8 54.7 (37.6, 17.1) and device web fracture
Notes: a) Numerals in the parentheses show the shear force carried by the frame and the device portions,
respectively.

b) Numerals in the parentheses show the critical energy dissipated by the frame and the device
portions, respectively.
¢) Numerals in italics are the calculated results.

strength or stiffness. Wmax is the energy dissipated up to the critical point of the hysteresis loop, where the
story shear force reduces to 95% of the peak shear force in a half-loading cycle. The calculated results using
the coupon test results are shown in italics in Table 3. The calculated yield story shear strength, Qy,
corresponds to the story shear strength of the test frame when the SBED device reaches the yield shear
strength. The maximum story shear strength of the test frame is determined by the ultimate column flexural
strength and the ultimate device shear strength. Therefore, the calculated maximum story shear strength,
Qmax, corresponds to the sum of the ultimate column flexural strength reaching the full plastic moment and

the ultimate device shear strength reaching the ultimate shear using oy/V3 for the whole web section.  Figure
5 shows the story shear versus story drift
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] device, following the shear yielding of the device,
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Figures 6(a) through (c) show the shear versus drift angle relationships of the devices. The devices have the
stable hysteresis loops up to the drift angles of 0.20, 0.25, and 0.15 radians for Frames A, B, and C,
respectively. The hysteresis loops show the slight reduction in strength near the neutral drift angle, which
corresponds quite well with the jump of the web buckling mode due to the reversed loading effect. The ratio
of the device drift to the story drift is roughly equal to 4.7 that is the ratio of the story height (234 cm) to the
device length (50 cm), because the inverted-V brace is much stiffer than the device. Figure 7 shows the
shear versus shear deformation angle relationships of the top and bottom panels of the device in Frame C.
The maximum shear deformation of the top panel is about ten times as much as that of the bottom panel. It is



Fig. 8(c) Frame C at the end of testing

clear that the shear deformation concentrates
in the upper half of device web made of
super-low-yield-point  steel (LYP100).
Fig. 8(a) Device in Frame A Fig. 8(b) Device in Frame B~ Figures 8(a) through (c) show the
photographs of the failure modes of the
devices in Frames A and B, and Frame C at
the end of testing.

Yield and Maximum Shear Strength

Table 3 indicates that the ratio of the measured yield story shear strength, Qy, to the calculated strength is 0.88,
0.73, and 0.68 for Frames A, B, and C, respectively. The measured yield story shear strength is

conservative because it corresponds to the initial shear yielding of the SBED device determined from the strain
gauge measurement at the center of device web of the test frames. The general yielding of story shear is

rather in good agreement with the calculated strength of 57, 44, and 44 tonf for Frames A, B, and C,

respectively, which is the sum of the ultimate column flexural strength reaching the full plastic moment and the
device yield shear strength reaching the shear yielding for the whole web section.

The maximum story shear strength, Qmax, of Frames A, B, and C is 28%, 34%, and 40% greater,
respectively, than the calculated strength which corresponds to the sum of the ultimate column flexural
strength reaching the full plastic moment and the ultimate device shear strength reaching the ultimate shear.
At the point of the maximum story shear, the column shears of Frames A, B, and C is 1.24, 1.25, and 1.19 to
1.30 times, respectively, as much as the calculated shears, while the device shear is 1.33, 1.53, and 1.63 to
1.85 times, respectively, as much as the calculated shear. Consequently, the increase in the maximum story
shear strength over the calculated strength results mainly from the remarkable increase in the device shear
strength. The increase in strength of the devices is consistent with the previously reported beam test results
(Midorikawa et al., 1994a, 1994b). According to the beam test results, the maximum shear strength of
SM570Q/LYP235-C-2-DS beam nearly conforming with the device in Frame A was 37% greater than the
calculated strength. The maximum shear strength of SS400/LYP100-C-2-DS beam agreeing exactly with the
device in Frame B was 62% greater than the calculated strength. It is mainly due to the work-hardening
effect by the inelastic loading reversal. The maximum shear strength of the device in Frame C is 6 to 21%
greater than that in Frame B. This results from that the device in Frame C behaved as very short beam
because of the concentration of shear deformation in the upper half of the device. This is also in accordance
with the previously reported beam test results (Nishiyama and Midorikawa, 1992) that the device is shorter,
the increase in the ultimate strength compared with the calculated value becomes larger.

Energy Dissipation Capacity

Figures 8(a) through (c) show the dissipated energy versus cumulative displacement relationships of the test
frames. The cumulative displacement is defined as the sum of the sequentially cyclic story displacement of
the test frame. The dissipated energy of the entire frame is indicated with a thick line, and the dissipated
energy of the SBED device with a fine line. The critical dissipation energy of the test frames, Wmax, is the
energy dissipated up to the critical point of the hysteresis loop, where the story shear force reduces to 95% of
the peak story shear force in a half-loading cycle. The critical point of the test frames is shown with a square
mark in Figs. 5and 9.



The moment resisting frame in Frames A, B, and C
dissipates 42%, 52%, and 45% of the critical
dissipation energy, Wmax, respectively, while the
device dissipates 58%, 48%, and 55%, respectively.
On the other hand, the moment resisting frame in
Frames A, B, and C carries 56%, 64%, and 59 to
64% of the story shear at the maximum strength,
respectively, while the device carries 44%, 36%, and
36 to 41%, respectively. It is noted that the
dissipation energy ratio of the device to the frame
members is larger than the ratio of the story shear
carried by the device to the frame members.
Consequently, the devices efficiently dissipate the
energy compared with the frame members.

The critical dissipation energy of the device is
defined as the energy dissipated up to the critical
point of the hysteresis loop of the device, where the
shear force in the device reduces to 95% of the peak
shear force in a half-loading cycle. The critical
point of the hysteresis loop of the devices is shown
with a circle mark in Fig. 6. The critical dissipation
energy of the device in Frames A and B is 5450 and
5110 tonfecm, respectively, that is 1.9 and 2.1 times
as much as that of SM570Q/LYP235-C-2-DS and
SS400/LYP100-C-2-DS beams in the previously
reported beam test results (Midorikawa et al., 1994a,
1994b). Itis due to the restraint effect of rotation at
the both ends of device by the frame members and
the inverted-V brace.

CONCLUSIONS

The inelastic behavior of three single-bay, single-
story steel frames with steel beam energy dissipation
(SBED) device was investigated through a series of
cyclic loading tests to evaluate their seismic
performance and possible use of structural seismic
energy dissipation systems. The SBED device was
located between the girder and the inverted-V brace.
Each of test frames had different types of SBED
device that were wide flange beams of hybrid
sections made of different grades of steel between the
flange and web. The web of the devices was made
of low-yield-point steel in Frame A, super-low-yield-
point steel in Frame B, and super-low-yield-point
steel for upper-half web and mild steel for lower-half
web in Frame C. The test results show that the
steel frames with SBED device have many desirable
attributes as seismic energy dissipation system.

The conclusions drawn from the presented study can
be summarized as follows;
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(1) Each test frame shows the large deformation capacity and the stable hysteretic behavior under cyclic
horizontal loading without definite deterioration or degradation in strength or stiffness up to the story drift
amplitude of -0.043 to 0.042, -0.049 to 0.061, and -0.032 to 0.038 radians for Frames A, B, and C,

respectively.

(2) The devices indicate the stable hysteresis loops up to the drift angle amplitudes of 0.20, 0.25, and 0.15

radians for Frames A, B, and C, respectively.

(3)The measured yield story shear strength, which corresponds to the initial shear yielding of the center of
device web, is conservative compared with the calculated strength.



(4) The general yielding of story shear is rather in good agreement with the calculated strength of each test
frame, which is the sum of the calculated ultimate flexural strength of columns and the calculated yield shear
strength of device.

(5) The maximum story shear strength of Frames A, B, and Cis 1.28, 1.34, and 1.40 times, respectively, as
much as the calculated strength, which is the sum of the ultimate flexural strength of columns and the ultimate
shear strength of device. It is mainly due to the work-hardening effect of the devices by the inelastic loading
reversal.

(6) The dissipation energy ratio of the device to the frame members is larger than the ratio of the story shear
carried by the device to the frame members. Consequently, the device in the test frames efficiently dissipates
the energy compared with the frame members.
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