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Moment resisting frames possess significant ductility and thus are commonly used in earthquake-
resistant designs. However, excessive deformation due to lower stiffness and structural strength limits
the applicability of this system. Steel curved dampers are proposed in this study to improve this system'’s
structural performance. The curved dampers were laser-cut from steel plates with the desired geometries
and placed at the beam to column regions. The damper behavior is governed by its length and angle
between the two ends. A series of cyclic loading tests were performed on steel frames with various
curved damper placements to evaluate the curved damper effect on the structural performance. It was
found from the test results that the frame strength was higher when the damper angle was smaller. It
was also observed from test result comparisons that significant improvements in strength, stiffness
and energy dissipation were achieved when the proposed curved dampers were added to the moment
resisting frames. Information obtained from this preliminary investigation will be used as data for com-

parisons in further study of dynamic behavior of multi-story framed structures.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Steel rigid frames and semi-rigid frames are commonly used for
construction in areas with seismic activities [1-8]. Rigid frames
possess high strength to resist lateral force induced by earth-
quakes. However, rigid frame design concerns have been raised
due to a number of failures related to the fractures of welded
beam-to-column connections under major earthquakes. Heavy
stress concentration in the welds causing premature brittle failure
in the connections leads to major strength deterioration and per-
formance loss [9-15].

Semi-rigid frames are usually constructed using bolt connec-
tions between the beams and columns. This frame construction
exhibits adequate deformation capability when subjected to cyclic
loads. The semi-rigid higher deformation capability greatly reduces
the brittle failure potential of the structures, however, excessive
deformation due to lower structural stiffness and insufficient
energy dissipation in the bolt connections remain concerns when
adequate seismic performance is required [16-23]. Design modifi-
cation in the beam-to-column regions that sustain structural
strength and increase energy dissipation capability is essential
[24-32].

* Corresponding author.
E-mail address: hhsu@ncu.edu.tw (H.-L. Hsu).
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This study focused on framed structure performance improve-
ment by integrating semi-rigid frames with new steel curved dam-
pers in the beam-to-column joint corner regions, as shown in
Fig. 1. The proposed curved dampers were laser-cut from steel
plates with the desired geometries. Curved dampers were hinged
to the beams and columns to simplify the connection designs.
The distance between the damper centroid and the load action axis
was equivalent to a prescribed eccentricity. Therefore, the curved
damper could be easily bent when an external load was applied
to the structure, yielding to dissipate energy at early stage frame
deformation, preventing major structural members from being
damaged. A series of cyclic load tests were conducted on the steel
frames with various curved damper placements. Test results
obtained from this preliminary investigation, such as frame
strength, stiffness and energy dissipation were compared to evalu-
ate the proposed design method effectiveness and justify its feasi-
bility in engineering practice.

2. Strength of curved dampers

The curved damper geometry is shown in Fig. 2. As indicated in
this figure, an additional moment (PA) due to the curved damper
eccentricity will be incurred when the damper is subjected to an
axial force, P. The eccentricity magnitude, 4, can be evaluated
using the following expression:
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Nomenclature

axial force

yielding strength of the damper
eccentricity

radius of the curved damper

angle between the two ends of the damper
damper length

meRINTTT

O max maximum stress

oy yielding stress of the material

d depth of the damper

t thickness of the damper

I moment of inertia of the curved damper

=
3

Curved Plate
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Connected by Pin

Fig. 2. Geometry of the curved damper.

A=R-R cosg (1)
In which, R is the radius of the curved damper and 6 is the angle

between the two damper ends, as defined in Fig. 2. The relationship

among the damper length, L, damper angle, 0, and damper radius,

R, can be defined by the following:

L 0

5= Rsmi (2)

Therefore, the curved damper eccentricity can be obtained
using:

L(1 —cos?
— ( — 2) (3)
2sin§

For curved damper subject to axial force P, the maximum stress
(0max) on the curved damper is located at the inner-center of the
curved damper and can be evaluated using the following
expression:
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M) P
L @
or,
PA®) . P
Omax = 3 TJr (5)
Ld’t dt

In which, d and t are the damper depth and thickness,
respectively.

The damper reaches yielding and effectively dissipates energy
when the maximum stress is equal to the material yielding stress,
oy. Therefore, the damper yielding strength, Py, can be calculated
using the following expression:

d’t
Y =eard” (6)

The curved damper hysteretic behavior is described using the
example shown in Fig. 3. In this example, a SN400YB damper with
yielding stress equaling 293 MPa was subject to cyclic load. The
damper thickness (t) and depth (d) were 20 mm and 100 mm,
respectively. The damper length equaled 537 mm and the damper
angle was 60°, which resulted in 72 mm of damper eccentricity.
The figure shows that the curved damper exhibited stable hys-
teretic behavior and similar strength under tension and compres-
sion. This characteristic effectively alleviated the significant
strength deterioration concern due to member buckling. The yield-
ing strength of this damper evaluated according to Eq. (6) was
110 kN, which was validated using the result obtained from the
numerical analysis using ANSYS [33], as shown in this figure.

3. Experimental program
3.1. Preliminary evaluation for frame responses

In order to define the relationship between frame response and
damper placements for subsequent experimental verification, a
series of analytical simulations on semi-rigid frames with various
dampers were carried out using ANSYS. The parameters considered
in the preliminary designs included the curved damper length and
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angle. Table 1 lists the frame details considered in the numerical
simulation. These frames were subjected to push-over loads up
to 5% drift ratio.

Fig. 4 describes the considered frame stress distributions. The
figure shows that critical stress at the beam-to-column connec-
tions was effectively shifted to the prescribed curved dampers, as
expected, which justified the design feasibility. The relationship
between the frame strength, i.e. the capacity of the system, and
the various damper geometries, i.e. length and angles, is shown
in Fig. 5. The figure shows that frame strength decreases when
the damper angle increases. Further comparison on the relation-
ship between frame strength and curved damper eccentricities,
as shown in Fig. 6, revealed that the frame strength was greatly
influenced by the damper eccentricity magnitude. Therefore, it is
essential that the damper geometries be adequately determined
so that significant structural performance could be achieved.

3.2. Test specimens

Eight steel frames including one semi-rigid frame, one rigid
frame and six semi-rigid frames with various curved dampers were
fabricated for testing to validate the proposed system'’s effective-
ness. The test frame height and span were 2520 mm and
4744 mm, respectively. Identical columns and beams,
H250 x 250 x 9 x 14 and H200 x 200 x 8 x 12, respectively, were
used for all test frames. This combination formed a strong column/
weak beam mechanism with strength ratio equaling 1.88. For
semi-rigid connections, L130 x 130 x 12 was used for the top
and seat angles and L100 x 100 x 10 with slots were adopted in
the double web angles. The web angles were used to provide con-
nection shear strength and the slot was used to maintain structure
safety should the top and seat angles be damaged during the load-
ing process. For rigid frames, the beam was welded to a pair of 30-
mm end plates and connected to the columns using high strength
bolts. The beam, column, steel angle and curved dampers were all
made of SN400YB steel with yield stress equaling 300 MPa,
300 MPa, 314 MPa and 293 MPa, respectively. A574 M high
strength bolts were used for all connections. Fig. 7 shows the test
frame details. Semi-rigid and rigid frame test results were used
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Fig. 3. Responses of curved damper subject to cyclic load. (a) Stress distribution; (b) hysteretic loops.
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Table 1
Details of frames used for preliminary response evaluation.

Test group Damper angle (°) Frame label Damper length L (mm) Damper eccentricity 4 (mm) Strength at 5% drift (kN)
Lo 60 L0-60 311 41.7 167.4
75 L0-75 52.8 151
90 L0-90 64.4 137.8
120 L0-120 89.8 117.1
L1 60 L1-60 424 56.8 157.4
75 L1-75 72.0 139.7
90 L1-90 87.9 125.9
120 L1-120 122.5 107.5
L2 60 L2-60 537 72.0 149.6
75 L2-75 91.2 132
90 L2-90 1113 119.4
120 L2-120 155.1 102
L3 60 L3-60 651 87.2 143.9
75 L3-75 110.4 127.4
90 L3-90 134.7 1149
120 L3-120 187.8 98.4
L4 60 L4-60 764 102.3 139.8
75 L4-75 129.6 122.9
90 L4-90 158.2 111.1
120 L4-120 2205 95.3
L5 60 L5-60 877 117.5 136.4
75 L5-75 148.8 120.6
90 L5-90 181.6 109.1
120 L5-120 253.1 93.6

to set the data for comparison and evaluate the performance
enhancement when the curved dampers were adopted in the
frame designs.

Six dampers with various geometries were selected, based on
the finite element simulation stated above, and installed into
semi-rigid frames to identify the curved damper effect in improv-
ing framed structure performance. The curved dampers were laser-
cut from 20-mm steel plates with desired geometries. These
curved dampers varied in length (L) and angle (0) between the
two device pin ends. The six dampers could be divided into three
groups, L1, L2 and L3, with damper lengths equaling 424 mm,
537 mm, and 651 mm, respectively. A complete set of various dam-
per angles (60°, 75°, 90° and 120°) were chosen to fabricate the L2
dampers. A 90° damper angle was selected to for the L1 and L3
dampers. These combinations made the experimental program fea-
sible and provided sufficient information to evaluate the contribu-
tion of various curved damper designs to structural performance
enhancement.

By adjusting the damper lengths and damper angles, various
eccentricities between the damper centroid and axis connecting
the two damper ends could be achieved to identify the damper
geometry influence on structural performance. The test frames
were labelled according to the adopted damper geometry, as
described in Table 2. For example, L2-75 indicated a semi-rigid
frame equipped with curved dampers with damper length and
damper angle equaling 537 mm and 75°, respectively.

3.3. Test set-up and loading process

Each test frame was hinged to a stiffened floor beam at the col-
umn bottoms and attached to a servo-controlled hydraulic actua-
tor, SCHENCK PGz1.0X with 1000kN capacity and 1000 mm
stroke, supported by a reaction frame. A lateral support frame
was adopted in the central portion of the test frame so that frame
stability could be sustained during the loading process. The test
set-up is shown in Fig. 8. Each test frame was subjected to cyclic
loading, generated by a series of increasing displacement com-
mands until 5% drift ratio was achieved, as shown in Fig. 9. Strain
gauges and linear variable differential transducers (LVDTs) were

installed on the beam, column and curved dampers to measure
the structural responses for later comparisons and performance
evaluation. The results obtained from the cyclic loading tests can
also be used as data for comparisons should further evaluation of
dynamic behavior of single or multi-story frames be desired.

4. Experimental results
4.1. Failure patterns

Rigid frame failure was initiated by the flange yielding at the
beam-to-column connections. Subsequent flange local buckling
was observed when the test frame story drift was increased. For
semi-rigid frames subjected to cyclic loading, yielding was first
observed at the steel angles that connected the beam and columns.
Cumulative plastic deformation leading to steel angle fracture was
exhibited when the test frame drift ratio was increased.

The semi-rigid frames with curved damper failure patterns
began with the yielding of curved dampers and followed with
the yielding of steel angles at larger drift, as shown in Fig. 10.
The figure shows that the maximum strain occurred at the inner-
center position of the curved damper due to the combined effect
of axial force and additional moment from damper eccentricity.

The damper yield zone progressed when frame deformation
increased. Fig. 11 shows the yield regions of the six dampers used
in the frame tests when they were subjected to 5% drift. The figure
shows that the yield region magnitudes were approximately two
thirds of the damper size, which justified the energy dissipation
effectiveness of the proposed dampers. It is worth noting from
the test observations that no damper plate buckling was exhibited
during the loading process, as the device behavior was governed by
the curved plate bending. This phenomenon validated the stability
of the proposed damper under large deformation.

4.2. Deformation capacity

The hysteretic loops for all test frames are shown in Fig. 12.
Although stable hysteretic behavior was sustained when the test
frame story drift reached 5%, the various achievable drifts at which
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Fig. 4. Stress distribution of steel frames. (a) Semi-rigid frame; (b) rigid frame; (c) semi-rigid frame with curved dampers.

major structural members became inelastic distinguished the angle replacements in the connections greatly reduced the costs
design deformational capacity. Observed from the tests, the when structure rehabilitation was considered. For a rigid frame
semi-rigid frame (SRMF) showed no failure at the beams and col- (RMF) subject to cyclic load, the beam reached yielding at 1% drift,
umns, except for the top and seat angles in connections, when followed by progressive plastic deformation accumulation in the
the structure was subjected to 5% drift. Limited and simple steel member. Beam replacement after loading became inevitable
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Table 2
Details of test frames.
Frame label Beam to column connection ep (mm) e. (mm) L (mm)
SRMF Semi-rigid N.A. N.A. N.A.
RMF Rigid N.A. N.A. N.A.
L1-90 Semi-rigid 765 765 424
L2-60 Semi-rigid 845 845 537
L2-75 Semi-rigid 845 845 537
L2-90 Semi-rigid 845 845 537
L2-120 Semi-rigid 845 845 537
L3-90 Semi-rigid 925 925 651
l J ” 3
ILateral support r : - !
_lframe s —Reaction
frame
2 > ol 5
Test frame - — . 3 }
? ‘
;: = AN
il & 3 r
e +E: ¢ » w17
3 = 7‘ E
Fig. 8. Test set-up.
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making the use of rigid connections less desirable, if deformation

capacity is a concern.

Fig. 9. Loading history.

For semi-rigid frames with curved dampers, the deformation

process was similar to that of the SRMF, except that the dampers
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(b)

Fig. 10. Failure patterns of semi-rigid frames with curved dampers. (a) Global view; (b) close-up view of curved damper.

Fig. 11. Yield regions of dampers with various geometries.

reached yielding at various drifts prior to the steel angles, approx-
imately at 0.5-0.75%. The curved dampers exhibited stable hys-
teretic behavior and provided continuous support to the frame

structures after the devices became inelastic. The adequate load-
resisting capability of the curved dampers effectively sustained
the frame strength; prevented structural members from reaching
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yielding at 5% drift, and thus greatly enhanced the structure
performance.

4.3. Stiffness

Fig. 13 shows the normalized stiffness with respect to a semi-
rigid frame for all test specimens. The figure shows that curved
dampers effectively enhanced the structure stiffness. For example,
the stiffness of semi-rigid frames with the proposed curved dam-
pers was much higher than that for the semi-rigid moment frame,
ranging from 1.29 to 2.36, and was higher than that for the rigid
moment frame, when adequate curved dampers were adopted.
Table 3 compares the elastic stiffness of all test specimens. The
frame stiffness with curved dampers was adequately sustained
after damper yielding, hence justifying the design method effec-
tiveness. It should be noted from the comparisons that the stiffness
of semi-rigid frames with steel curved dampers is slightly higher
than that of the RMF system, which might shorten the vibration
period of the system and cause higher seismic action. Therefore,
a pinned connection between the beam and the column would
be feasible when application of the proposed curved damper is
considered.

The damper geometry effect on the structural stiffness can be
described in separate groups. Fig. 13(a) shows that the stiffness
gains in frame structures due to variations in damper length were
similar. However, when curved dampers with various angles were
adopted in the structures, significant differences in stiffness would
be displayed, as shown in Fig. 13(b). This phenomenon could be
attributed to the damper eccentricity magnitude, as larger damper
angle would incur higher eccentricity and lower structural
stiffness.

4.4. Strength

The strength of the test frames is listed in Table 4. The table
shows that the semi-rigid moment frame (SRMF) strength was
insufficient, approximately 31% that of the rigid moment frame
(RMF). Significant strength enhancement was achieved when ade-

Story Drift Ratio (%)
2 3 4

Normalized Stiffness

0 30 60 90 120 150
Displacement (mm)

(2)

Table 3
Comparisons of normalized stiffness.

Specimen  Elastic Normalized stiffness Normalized stiffness

stiffness with respect to SRMF with respect to RMF
(kN/m)

SRMF 1481 1 0.62

RMF 2381 1.61 1

L1-90 2804 1.89 1.18

L2-60 3492 2.36 147

L2-75 3280 2.21 1.38

L2-90 2751 1.86 1.16

L2-120 1905 1.29 0.8

L3-90 2646 1.79 1.11

quate curved dampers were installed in the semi-rigid frame. The
strength gains ranged from 2.13 to 3.19 when compared with the
SRMF strength. The highest strength, achieved in L2-60, was also
equivalent to that of the rigid frame. These results validated the
applicability of curved dampers in structural strength
enhancement.

Damper length and damper angle effects on the strength
improvements of frame structures can be explained by the results
shown in Fig. 14. Fig. 14(a) shows that the variation in strength due
to different damper lengths was not significant. However, for
curved dampers with different angles, that is 120°, 90°, 75° and
60°, respectively; changing the angles would significantly influ-
ence the eccentricity magnitude therefore affecting the structural
strength as well, as shown in Fig. 14(b).

4.5. Energy dissipation

Energy dissipation was evaluated by the cumulative hysteretic
curve area of each test frame. Fig. 15 shows the cumulative energy
dissipation for all specimens loaded to 5% story drift. The compar-
ison shows that significant improvement in energy dissipation was
achieved whenever the curved damper was adopted in the struc-
tural design. The normalized energy dissipation for all test frames
with respect to SRMF and RMF, respectively, is listed in Table 5. The
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Fig. 13. Comparisons of normalized stiffness. (a) Dampers with the same angle, however different length; (b) dampers with the same length, however different angles.
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Comparisons of strength for the test frames.

H.-L. Hsu, H. Halim/ Engineering Structures 130 (2017) 99-111 109

Specimen  Strength at

5% drift (kN)

Normalized strength
with respect to SRMF

Normalized strength

with respect to RMF

SRMF 48 1 0.31
RMF 154 3.21 1
L1-90 128 2.67 0.83
L2-60 153 3.19 0.99
L2-75 140 2.92 0.91
L2-90 126 2.63 0.82
L2-120 102 213 0.66
L3-90 124 2.58 0.8

comparison shows that the energy dissipation gains for all semi-
rigid frames with curved dampers were significant, ranging from
1.92 to 2.62, when compared with SRMF. The largest energy dissi-
pation gain found in semi-rigid frame with curved damper, L2-60,
was 2.62 times that of SRMF and 1.77 times that of the moment
frame with more costly rigid connections, RMF. These characteris-
tics validated the curved damper effectiveness in upgrading the
seismic performance of steel frame designs.

The curved damper geometries, i.e. damper length and damper
angle, effects on the structural performance are distinguished in
Fig. 15(a) and (b). Fig. 15(a) shows that similar improvement in
energy dissipation was exhibited in the test frames when curved
dampers with different lengths with the same angle were adopted.
Test frames with curved dampers with various angles showed sig-
nificant variation in energy dissipation capability, as shown in
Fig. 15(b). For example, L2-60 with the smallest angle showed
the highest energy dissipation and L2-120 with the largest angle
exhibited the lowest energy dissipation improvement. The test
results showed that a decrease in damper angle would lead to
energy dissipation improvement. These phenomena could be
attributed to the strength of the adopted curved dampers because
dampers with smaller angles incurred smaller eccentricity,
exhibited higher damper strength and subsequently contributed
more to the frame strength, hysteretic response and energy
dissipation
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5. Performance evaluation

For adequate seismic design, the structures should possess high
strength, adequate deformation capacity and significant energy
dissipation. To adequately evaluate the effectiveness of the pro-
posed method in performance improvements, the above-
mentioned criteria were considered simultaneously. Fig. 16 corre-
lates the energy dissipation and frame strength for all test frames.
It was found from the comparisons that the strength and energy
dissipation of test frames with curved dampers, regardless of the
damper dimensions, were simultaneously enhanced when com-
pared with the semi-rigid frame. Further test result comparisons
revealed that the damper angles played more important roles than
the damper lengths in affecting the structural performance. Among
these frames, the highest gains in strength and energy dissipation
were achieved with L2-60.

The performance of L2-60, including deformation capacity, stiff-
ness, strength and energy dissipation, was further compared with
those of the rigid frame, as shown in Fig. 17. The figure shows that
performance superior to the rigid frames could be achieved in
semi-rigid frames when adequate curved dampers were adopted.
These characteristics validated the applicability of the proposed
damper in engineering practice.

The efficiency of the proposed curved dampers can be further
validated by comparing the performance of the devices with those
of frames strengthened with buckling restrained braces (BRB) [34],
and frames strengthened with triangular-plate added damping and
stiffness (TADAS) devices [35]. For example, the strength gains for
semi-rigid frames with various curved dampers ranged from 2.13
to 3.19, which are compatible with the gains achieved in the
above-mentioned frames with BRB and TADAS, 2.2 and 2.1, respec-
tively. Effectiveness of curved dampers can be further validated by
the variation in structural deformation capacity. For frames with
curved dampers, the achievable drift ratio was the same as that
of frame without damper. However, for frames with BRB and
TADAS, the achievable deformation capacity was reduced to 60%
and 45% of the original deformation capability, respectively. Simul-
taneous improvements in strength and deformation capacity effec-
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Table 5
Comparisons of energy dissipation for the test frames.

Specimen Energy
dissipation

Normalized energy
dissipation with respect

Normalized energy
dissipation with

(KN-m) to SRMF respect to RMF

SRMF 52 1 0.68
RMF 77 1.48 1

L1-90 117 2.25 1.52
L2-60 136 2.62 1.77
L2-75 132 2.54 1.71
L2-90 121 2.33 1.57
L2-120 100 1.92 1.30
L3-90 115 2.21 1.49
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Fig. 16. Correlation between energy dissipation and strength for all test frames.
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Fig. 17. Comparison of performance among rigid frame, semi-rigid frame and L2-
60.

tively justified the feasibility of the proposed curved damper in the
engineering designs.

6. Conclusions

This study focused on the performance improvement of framed
structures with proposed steel curved dampers. A series of cyclic
load tests were conducted on the semi-rigid frame, rigid frame
and semi-rigid frames with various curved damper placements. It
was found from the tests that the curved dampers exhibited stable
hysteretic behavior under compression and tension, and thus are
suitable devices for seismic strengthening or retrofit of structures.

Further comparisons on the test results showed that significant
improvements in strength, stiffness and energy dissipation were
achieved when the proposed curved dampers were added to the
semi-rigid frames. The highest gains achieved in L2-60 were 3.19
times in strength, 2.36 times in stiffness and 2.62 times in energy
dissipation, respectively, when compared with those of a semi-
rigid moment frame. These performances were also superior to
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those of the rigid frame which validated the effectiveness of the
proposed damper design in frame structure performance improve-
ment. It should be noted that information obtained from this pre-
liminary investigation constructed the data for comparisons.
Subsequent study on the dynamic behavior of multi-story framed
structures is in process to further validate the feasibility of the pro-
posed design method.
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