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Abstract

Damages inflicted on beam ends of steel structure buildings during the big earth-
quake in the Hanshin-Awaji area in January, 1995 aroused interest in a damping
method (damage controlling method) whereby the main structure portion is kept at
the elastic region by use of hysteresis dampers behaving plastically from low force
input levels. This paper describes studies on performance limits of unbonded braces
as hysteresis dampers based on tests on fatigue properties of practical-scale unbonded
braces. Tests showed that the number of cycles for causing material failure was
approximately 200 when the equivalent story drift angle was 1/100, the result of
which was proof enough that the braces have good fatigue properties in consider-
ation of accumulated plastic deformation factor. This paper also shows that the same
Jatigue properties can be obtained when different steel grades (JIS SN400B, and
Nippon Steel’s specifications LYP100 and LYP235) are used for the cores of the
braces. From comparative studies with material fatigue tests and model tests of the
brace core, the fatigue properties of the practical-scale unbonded braces were found
to decrease due to factors such as local buckling of the brace core. A formula is
proposed herein for expressing a fatigue curve in consideration of strain concentra-
tion and it is demonstrated that the proposed formula can estimate fatigue life of the

braces.

1. Introduction

Through the conventional earthquake resistant design of build-
ing, earthquake resistance was secured by absorption of seismic en-
ergy through plastic deformation of columns and beams of the struc-
ture. At the Hansin-Awaji Earthquake in 1995, however, there were
many cases where damages such as residual plastic deformations of

main structures, deformed weld joints at beam ends and so forth were
inflicted on buildings, even where there was no human casualty. This
was regarded as a serious problem since those damages made repair
of the buildings difficult resulting in substantial losses of property
values. For this reason, a new damage control design (damping de-
sign) has become popular lately'* whereby the main structure is kept
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in the elastic region by concentrating the seismic energy to hyster-
esis dampers or something similar strategically arranged in the struc-
ture and made to behave plastically from low force input levels. This
method increases the possibility of reusing the main structure of the
building simply by replacing the dampers after a disaster.

While the main structure survives, the dampers repeatedly un-
dergo far severer plastic strains than the other structural members
do. Accordingly, together with maximum plastic deformation capac-
ity, low cycle fatigue properties in the plastic region of the hysteresis
dampers are one of the most important indicators to judge their serv-
ice life. A variety of research results have been reported in relation to
these aspects either from the viewpoint of the steel material or the
structural member™'?.

With regards to unbonded braces developed as earthquake-re-
sistant structural members, the required properties for making them
usable as the hysteresis dampers have so far been examined. As the
final stage following fatigue tests of the steel materials'” and those
of the unbonded brace cores in consideration of stress concentration
on the welds at rib ends'?, the fatigue properties of the unbonded
braces as structural members, as described herein, in consideration
of strain concentration due to local buckling of the core inside a re-
striction casing were studied in experiments. It was expected that
these studies would clarify the performance limit of the unbonded
braces when used as hysteresis dampers.

It is intended in this paper to clarify hysteresis stability and fa-
tigue failure characteristics of the braces by experimentally confirm-
ing, through fatigue tests of practical-scale unbonded braces, their
capacity of accumulated plastic deformation, the number of loading
cycles to cause material failure and failure conditions. Furthermore,
discussed herein are the interrelations between the results of the above
final studies and those of the previous studies reported in reference
papers 11) and 12).

2. Outline of Tests
2.1 Steel materials

Three steel grades were selected for the damper cores as having
excellent properties for the hysteresis dampers, namely, a rolled steel
for building structure (JIS SN400B) and two low yield point steels
(Nippon Steel’s specifications BT-LYP100 and BT-LYP235, herein-
after being called LYP100 and LYP235, respectively). The mechani-

Table 1 Mechanical properties of material

Series |Steel grade| Thickness |Yield point|Tensile strength|Elongation
(mm) (N/mm?) (N/mm?) (%)
TP-1,2 | LYP100 25 95 249 84
TP-3 SN400B 25 259 426 35
TP-4 LYP235 16 239 334 60
TP-5 LYP235 28 222 324 69
Table 2 Chemical composition of material
Series |Steel grade| Thickness| C Si Mn P S
(mm) | (%) | (%) | () | (%) | (%)
TP-1,2{ LYP100 25 0.001 | 0.01 | 0.07 |0.009 | 0.004
TP-3 | SN400B 25 0.16 | 0.17 | 0.67 |0.020 | 0.007
TP-4 | LYP235 16 0.01 | 0.01 | 0.49 |0.0230.010
TP-5 | LYP235 28 0.01 | 0.01 | 049 |0.023 | 0.010
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cal properties and chemical compositions of these steels are shown
in Tables 1 and 2.
2.2 Shape of test specimens

Shape and size of test specimens were roughly the same as the
real unbonded braces as seen in Fig. 1 in detail. LYP100 was used
for the cores of TP-1 and 2, and SN400B for those of TP-3. TP-4 and
5, which had cores made of LYP235, were modified shape unbonded
braces having a shorter portion for plastic deformation (roughly 1/3
of the others) in order to increase apparent axial stiffness.
2.3 Test parameters

Data of the test specimens are given in Table 3. Here, the word
“core” indicates the portion of the unbonded brace where it behaves
plastically, “strain (g)” the strain of the core thus defined, and “strain
amplitude (Ae)” the sum of the compression strain and the tension
strain of the core as shown in Fig. 2. Axial strain of the portion of the
test specimen excluding the joints at both the ends is referred to as
“mean strain (¢ )” and the sum of the compression strain and the
tension strain of said portion “mean strain amplitude (Ag ).” Conse-
quently, whereas the strain amplitude (Ag) and the mean strain am-
plitude (Ae,) are equal in TP-1 to 3 in which the core length and the
mean strain portion length are the same, the former (Ag) is larger
than the latter (Ag ) in TP-4 and 5 in which the core length is smaller
as shown in Table 3. The value of the controlled displacement in
Table 3 for each test specimen was set in consideration of the elastic
deformation of the joints at both the ends so that a predetermined
amount of strain amplitude (Ag ) would be imposed on the core. The
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Fig. 1 Detail drawings of test specimens
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Table 3 Test specimen data

Test Steel »Core Core | Core | Core |Member| Core [Mean strain| Concen- | Yield Strain Strain | Controlled | Equivalent
Series |specimen| grade |section |thick-|width|section | length | length | portion | tration | axial | amplitude | velocity | displace- | story drift
name shape | ness |(mm)| area (mm) | (mm) length ratio force (%) (%ls) ment angle
(mm) (cm?) (mm) o (kN) (mm)
100-150 | LYP100 - 25 | 100 25 2,000 | 960 960 1.0 320 1.5 0.1 +7.3 17100
TP-1 | 100-040 | LYP100 - 25 | 100 25 2,000 | 960 960 1.0 320 0.4 0.1 +2.0 1/375
100-016 | LYP100 - 25 | 100 25 2,000 | 960 960 1.0 320 0.16 0.1 +0.8 1/938
TP-2 | 100+150 | LYP10O | + 25 | 100 | 44 2,000 | 1,180 1,180 1.0 563 1.5 0.1 +8.9 17100
400-200 | SN400B - 25 | 100 25 2,000 | 960 960 1.0 665 2.0 0.1 +9.8 1/75
TP-3 | 400-150 | SN400B - 25 | 100 25 2,000 | 960 960 1.0 665 1.5 0.1 +7.4 1/100
400-040 | SN400B - 25 | 100 25 2,000 | 960 960 1.0 665 04 0.1 +2.0 17375
TP-4 |235+150 | LYP235 + 16 | 100 29 2,000 | 470 1,450 3.1 693 4.3(1.5) |0.29(0.1) +10.9 17100
235+016 | LYP235 + 16 | 100 29 2,000 | 470 1,450 3.1 693 |0.26(0.16) |0.16(0.1) +1.2 17938
TP-5 | 235-150 | LYP235 - 28 | 100 28 2,000 | 470 1,450 3.1 669 | 4.5(1.5) | 0.3(0.1) +10.9 1/100
235-016 | LYP235 - 28 | 100 28 2,000 | 470 1,450 3.1 669 |0.36(0.16) | 0.23(0.1) +1.2 1/938

Note: The values in parentheses of TP-4 and 5 are mean strain amplitude and mean strain velocity. The values of equivalent story drift angle correspond to a core
length of 1/1.5 of the distance between column/beam joints and a brace angle of 45°.

9

Tension

Compression

Ae,

Fig. 2 Symbol definitions

concentration ratio () is the ratio of the mean strain portion length
to the core length.

The unbonded brace test specimens were given different steel
materials and core section shapes for the purpose of observing their
fatigue properties under different values of the strain amplitude (Ag).
The maximum strain amplitude in the present tests corresponds to an
equivalent building story drift angle (3/H in Fig. 3) of approximately
1/75 as shown in Table 3. It should be noted that the strain amplitude
of the test specimen cores was correlated to the equivalent story drift
angle on an assumption that there would be a strain concentration of
1.5 times that in the distance between the joints, in consideration of
the influence of the joints at both the ends.

2.4 Test method

Alternate loads were imposed on the test specimens in the axial
direction, by a 2,000KN actuator using a 1,400KN reaction frame,
under a displacement control such that a predetermined amount of
axial displacement (axial strain) took place. The test specimen was
firmly fixed to the reaction frame at the lower end, and horizontal
displacement of its upper end was restricted. Photo 1 shows a scene
of the loading test.

2.5 Loading program

Photo 1 Loading

Fig. 4 schematically shows a loading cycle. An axial force roughly
50% of the yield axial force of the test specimen was imposed in the
first loop as a break-in of the test specimen and the jigs. Then, the
amount of the controlled displacement specified in Table 3 was im-
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Axial displacement (tension)
Yield axial force x 0.5 (break-in of jigs)
Repeated until failure
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Axial displacement (compression)

o

Fig. 4 Loading cycle

posed cyclically, under a displacement control to make the strain
velocity constant, until the core failed. In the initial stage of the load-
ing operation, the amount of axial displacement was gradually in-
creased to attain the predetermined amount of controlled displace-
ment. For this reason, counting of the number of the cycles began
with the cycle where the predetermined displacement amount was
attained. '

3. Test Results and Discussion
3.1 Change of axial force

Fig. § (a) to (d) show the relationship between the stress range
(Ac) and the number of the loading cycles (N) of each of the test
specimen series TP-1 to 5. Here we see no extreme stress increase
and fluctuation during the course of the loading cycles in any of the
test results. The reason why all the test specimens showed strain-
hardened stress from the first cycle is that several preliminary cycles
were imposed on the test specimen with gradually increasing loads
until the predetermined amount of controlled displacement was at-
tained, and the preliminary cycles were not counted.
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3.2 Change of hysteresis characteristics

Fig. 6 shows the stress (6)-strain (€) relationship of the test speci-
men 100-150 under the maximum axial force and at the number of
the cycle (N-th cycle) when material failure took place (the number
being hereinafter referred to as the “failure cycle number”). Here we
see that the stress-strain loops in both the situations are nearly iden-
tical. The same tendency was seen also with the other test speci-
mens. This is because the failure cycle number was defined as the
cycle where the test specimen could not withstand the load (when
the loading cycle loop was so deformed that it did not form a closed
loop) any longer. During the course of the present tests, there were
only three cases where the failure cycle number (N)) was determined
by 75% of the maximum load as we reported previously®. (See Table
4)

3.3 Number of cycles to cause material failure

The failure cycle number (N,) is shown in Table 4 for each test
specimen. Here N, is defined as the number of the loading cycle (N~
th cycle) where the axial force falls to 75% of the maximum axial
force or the same where the hysteresis characteristics become un-
stable due to a failure, whichever is the smaller.

As stated in 3.2 above, we see in Table 4 that only three test
specimens failed at 75% of maximum axial force and all the rest
failed when they could not withstand the imposed load any more.
We can also see that, under roughly the same strain amplitudes, the
— section shape cores showed better fatigue performance than the +
section shape cores. In terms of the failure cycle number, the braces
withstood roughly 200 cycles (30 cycles in the case of the modified
shape specimens) of an equivalent story drift angle of 1/100, demon-
strating sufficiently high accumulated deformation performance.
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Fig. 5 Relationship between stress range (Ac) and number of loading cycles (N)
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Table 4 Number of cycles to cause material failure
Series | Test speci- Steel | Core section | Concentration |Strain amplitude | Equivalent Number of cycles to cause | Failure |Accumulated plastic
men name grade shape ratio o Ag, (%) story drift angle| material failure N, (cycle) | position deformation factor n,
100-150 |LYPI00 - 1.0 1.5 17100 287 (Loop) Stopper 17,504
TP-1 100-040 | LYP100 - 1.0 0.4 1/375 2,041 (75% of maximum | Rib end 27,208
axial force)
100-016 |LYP100 - 1.0 0.16 1/938 33,451 (Loop) Middle 98,085
TP-2 100+150 | LYP100 + 1.0 1.5 1/100 176 (Loop) Middle 10,734
400-200 [ SN400B - 1.0 2.0 1/75 140 (Loop) Stopper 3,890
TP-3 400-150 | SN400B - 1.0 1.5 1/100 211 (Loop) Stopper 4,186
400-040 | SN400B - 1.0 0.4 1/375 4,050 (Loop) Middle 9,545
TP-4 235+150 |LYP235 + 3.1 4.3 (1.5) 1/100 18 (Loop) Middle 1,261 (393)
235+016 |[LYP235 + 3.1 0.26 (0.16) 1/938 4,150 (75% of maximum | Rib end 1,982 (0)
axial force)
TP-5 235-150 | LYP235 - 3.1 4.5(1.5) 1/100 33 (Loop) Middle 2,621 (786)
235-016 | LYP235 - 3.1 0.36 (0.16) 1/938 2,520 (75% of maximum | Rib end 6,740 (0)
axial force)

Note: The values in parentheses of TP-4 and 5 are mean strain amplitude and mean strain velocity. The values of equivalent story drift angle correspond to a core
length of 1/1.5 of the distance between column/beam joints and a brace angle of 45°.

From the fact that TP-1 to 3 showed a fatigue performance to with-
stand more than 10* cycles of an equivalent story drift angle of 1/
1,000, there is a possibility that unbonded braces are used also as
vibration dampers against winds.
3.4 States of failures

Failure positions of the test specimens are listed in Table 4, the
position definitions being given in Fig. 7. The cores of the test speci-
mens having comparatively large strain amplitudes (100-150, 400~
200 and 400-150) failures near the stopper pin at the center, presum-
ably due to stress concentration at the welded joint of the stopper
pin. In contrast, the cores of the other test specimens of smaller strain
amplitudes broke at the end of the reinforcing ribs at an end of the
brace or between the stopper pin and the rib end. It was also ob-
served that the test specimens having comparatively large strain

Rib end Stopper pin
Middle Middle ~ i2end
Y ehe—

Fig. 7 Failure positions

amplitudes showed very coarse fracture grain, indicating rapid propa-
gation of the failure, typical of the surfaces of low cycle fatigue fail-
ure. (See Photo 2.) On the other hand, in the cases where the strain
amplitude was smaller, the grain size at the failure surface was fine,
indicating that the failure propagated slowly. (See Photo 3.)

3.5 Accumulated plastic deformation factor

Also listed in Table 4 is accumulated plastic deformation factor
(n,), which is the ratio of accumulated plastic strain to yield strain
(yield point/elastic modulus).

From the accumulated plastic deformation factor (1) in the table,
it is clear that all the test specimens have good deformation proper-
ties. The 1, values for the mean strain amplitude of the modified
shape braces, TP-4 and 5, are 0. This is because the axial deforma-
tion was too small for the standard type braces (such as TP-1 to 3) to
yield, and this result shows that the modified shape braces functioned
as hysteresis dampers even under such a condition.

3.6 Comparison with results of material tests and core model tests

Fig. 8 (a) and (b) compare the relationship between the failure
cycle number (N,) and the strain amplitude (Ae) obtained in the
present tests (TP-1 to 3) with the same obtained in the material tests
and the core model tests'?, by steel grade (LYP100 and SN400B).
The values of the failure cycle number (N,) in the core model tests

-55-



NIPPON STEEL TECHNICAL REPORT No. 82 JULY 2000

/00 -/50
C7P-1)

Photo 2 Failure of 100-150

10 ¢
0 A Practical-scale brace
F (present tests)
Elastic X Material tests
& limit strain| < Core model tests
~  1/100 — A4 O [X% O Deformation control
élr 1t X O Load control
o 1200 —EF
k=] F o x
] a X
= o
B o
T 0. o Bauivalentstory driftangle o B
g =
7
0.01 Loty ST 21 ey PRSI B AT M PRSI
100 10! 102 103 104 105 108 107

Number of cycles to cause material failure N¢ (cycle)

(a) LYP100

Photo 3 Failure of 100-016

10 E A Practical-scale brace
F (present tests)
Elastic X Material tests
§ limit strain| . o Core model tests
< /100 — A 0 lx QO Deformation control
%:" 1k J Load conirol
s 17200 —~ o X4«
2 Equivalent story drift angle 4 ®
=] Mg\t gl A el SR N SR S
5 ]
s 0.1 a}
g o
w o
0.01 L L L
100 10! 102 103 104 105 106 107
Number of cycles to cause material failure N¢ (cycle)
(b) SN400B

Fig. 8 Relationship between number of cycles to material failure (N,) and strain amplitude (Ast)

were 1/2 to 1/5 of those in the material tests, and those in the practi-

cal-scale tests were 1/6 to 1/10, presumably because of influences of

stress concentration at the ends of the reinforcing ribs or that caused

by local buckling. LYP100 and SN400B showed nearly identical plas-

tic fatigue characteristics.

3.7 Fatigue properties of practical-scale unbonded braces in con-
sideration of strain concentration

Fig. 9 shows test results of the strain amplitude of the core (Ag)
and the failure cycle number (N,) and their regression curves (o =1.0).
It also shows the test results of the mean strain amplitude (Ag ) and
the failure cycle number (N)) of TP-4 and 5 (solid circles, o = 3.1).
The following equation is derived from the regression curves taking
into consideration the relationship between the mean strain ampli-
tude (Ag,) and strain amplitude of the core (Ag):

Ae (%) = (20.48/0) - N e
where concentration ratio (o) is the quotient of the mean strain por-
tion length of each test specimen divided by its core length, and its
values are shown in Tables 3 and 4. Accordingly, Ag_ = Ag, when 0. =
1. It should be noted that the influence of stiffness of the portion of
the mean strain portion less the core length is neglected in Equation
(1). Fig. 9 also shows fatigue curves corresponding to various values
of the concentration ratio (&) based on Equation (1) in dotted lines.

The results of the present tests made it clear that there was no
marked difference in the fatigue life among SN400B, LYP100 and
LYP235 and that roughly the same fatigue curve could be applied to
all of them. It was also observed that, according to the test results of
LYP235 (solid circles), its fatigue life tended to become shorter as
the concentration ratio (&) increased and it could be roughly esti-
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Fig. 9 Fatigue curves of unbonded braces considering strain concentration

mated by the fatigue curves expressed by Equation (1).

4. Recorder of Maximum and Accumulated Defor-

mation

In the present tests, each of 100-150 and 400-040 was tested
with a maximum deformation recorder installed at its upper end to
record the largest deformation inflicted on it in the past and an accu-
mulated deformation recorder installed at the lower end to record the
accumulated deformation. The recorders are shown in Photos 4 and
5, respectively, and the recorded results in Table 5. The estimated
values in the table are what the recorders should have recorded if
they had worked ideally. The recorded results conformed to them in
the maximum compression deformation, but somewhat deviated in



Photo 4 Maximum deformation recorder

Photo 5 Accumulated deformation recorder

the maximum tensile deformation and the accumulated deformation.
The deviations were caused probably by buckling restriction cases,
which moved slightly downwards during the repeated loading.

5. Summary
The present tests clarified the fatigue properties of practical-scale

unbonded braces and confirmed the fact that they have sufficient

performance as hysteresis dampers, especially:

(1) that the unbonded braces can withstand roughly 200 cycles of
loads of an axial strain of £0.75% on the core, which strain cor-
responds to a equivalent story drift angle of 1/100, before mate-
rial failure takes place, and

(2) that the modified shape unbonded braces, which have a strain
concentration (o) three times that of the normal braces, can with-
stand roughly 30 cycles of loads corresponding to an equivalent

NIPPON STEEL TECHNICAL REPORT No. 82 JULY 2000

story drift angle of 1/100 before material failure takes place.

Since it has been known that the energy input of one earthquake
corresponds to approximately 2 hysteresis loops of the maximum
axial deformation'?, it is expected:

(3) that the modified shape unbonded braces can be used as damp-
ers through more than 15 big earthquakes causing a maximum
instantaneous story drift angle of about 1/100 (maximum speed
of roughly 40 - 50 kine), without requiring replacement as far as
their fatigue performance is concerned, and that the normal
unbonded braces can be used through roughly 100 earthquakes
of the same strength.

If equipped with the unbonded braces as the hysteresis dampers,

a building main structure is expected to suffer a very small residual

deformation at an earthquake, and this small deformation can be re-

moved by dismounting the unbonded braces for replacement or re-
use, making it highly probable that the main structure continues its
service life.
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Table 5 Recording of maximum and accumulated deformation

Test Controlled

Estimated values (mm) [Recording of maximum deformation recorderj Recording of accumulated deformation recorder

Series | specimen | displacement | Maximum |Accumulated

* name (mm) deformation | deformation Tension (mm) Compression (mm) Counter reading Deformation (mm)
TP-1 100-150 +7.3 +3.0 2,161 15 3 999 1,998
TP-3 400-040 +2.0 +1.0 8,086 3 1 3,160 6,320
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