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Abstract

Passive control structural systems with seismic dampers have achieved significant progress in recent decades. In this
structural system, dampers dissipate most of the earthquake-induced energy to minimize damage to the parent structure.
Steel slit-dampers, which are known to have stable and large energy dissipation capacity, are a type of such hysteretic
dampers. This kind of dampers is fabricated by simply cutting slits on steel plates, leaving a number of strips in between.
All slits are rounded at their ends to reduce stress concentration. High tension bolts are set at the end of the plates to connect
the dampers to the parent structures. Each strip behaves as a fixed-ended beam and deforms in double curvature, while
plastic hinges form at the end of the strips to dissipate energy under deformation. Slit-dampers are light-weight and can be
easily set and replaced at various locations in the structures where necessary. By changing the shape of the damper, its
stiffness and strength can be adjusted to different levels to meet the needs of structural design. Research has been done
related to slit-dampers’ low cycle fatigue behavior and hysteretic characteristics. Cyclic loading tests were performed,
which demonstrated the dampers’ stable hysteretic behavior and adequate energy dissipation capacity. Nevertheless, in most
of the current research work, only slit-dampers with very limited geometries were studied, while “shape” is one of the most
important variables in the design of the structures with slit-dampers, which would strongly affect the fatigue
behavior/plastic deformation capacity of the dampers. In order to achieve desired structural performance, slit-dampers with
suitable sizes for a structure should be chosen considering the structure response under various types of earthquakes. A
practical design guideline for structures with slit-dampers is necessary. However, there is no such design guideline at this
moment to facilitate the implementation of this device. For the purpose of establishing a design guideline for slit-dampers, it
is necessary to clarify how geometric shapes affect the fatigue behaviour of slit-dampers. In this paper, experimental study
of slit-dampers with various shapes was carried out. Basic information of the influence of geometries on the behavior of slit-
dampers is obtained from the tests. However, it is impossible to cover all the shape parameters in the experiments.
Therefore, based on the previous experimental study, FEM analyses of slit-dampers with various shapes were also
conducted. The equivalent strain amplitude at the fracture zone (toe of the strip where the ductile cracks start) is studied
through the analytical results. For dampers with different shapes, the relationship between the equivalent strain amplitude
and the number of loading cycles until the ultimate state of a slit-damper was found following the Manson-Coffin law. The
influence of geometry on the fatigue behaviour & energy dissipation capacity of steel slit-dampers was evaluated based on
the experimental and analytical results.
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1. Introduction

Passive control structural systems with seismic dampers have achieved significant progress in recent decades
(for example: [1][2]). In this type structural system, dampers dissipate most of the earthquake-induced energy,
which makes it possible to minimize damage to the parent structures [3]. The energy dissipation of dampers can
be achieved through different mechanisms: friction, plastification of metals, deformation of viscoelastic solid or
liquid, etc. In particular, one of the most popular dampers is the hysteretic dampers usually made of metallic
materials. Generally, during moderately severe earthquakes these dampers act as stiff members which reduce
structural deformations, while during very severe earthquakes hysteretic dampers dissipate the earthquake input

energy [4].

There are many kinds of hysteretic dampers such as steel triangular plate dampers TADAS [5], buckling
restrained braces (for example: [6]), honeycomb dampers [7] and steel slit-dampers [8]. Among them, steel slit-
dampers are known to have stable and large energy dissipation capacity. This kind of dampers is fabricated by
simply cutting slits on steel plates, leaving a number of strips in between (Fig. 1). All slits are rounded at their
ends to reduce stress concentration. High tension bolts are set at the end of the plates to connect the dampers to
the parent structures. Each strip behaves as a fixed-ended beam and deform in double curvature. Plastic hinges
form at the end of the strips to dissipate energy under deformation. This kind of device is light-weight and can be
easily set and replaced at various locations in the structures where necessary. By changing the shape of the
damper, its stiffness, strength, and energy dissipation capacity can be adjusted to different levels to meet the
needs of structural design. Moreover, steel slit-dampers are sensitive to small deformation too. Therefore, they
are not only effective under large deformation due to major earthquakes. Under long duration earthquake with
relatively small deformation amplitude, slit-dampers are also helpful in restraining structural shaking.

1 O

0

A

~

o)
1) -
H D
r WAL
O O 0O O L/ /

Shot blasted to increase
friction coefficient

L

Fig. 1 Shape parameters of slit-damper specimens

Research has been done related to the low cycle fatigue behavior and hysteretic characteristics of dampers.
Cyclic loading tests were performed; the results demonstrated stable hysteretic behavior and adequate energy
dissipation capacity [9]. In [8] real time speed tests were carried out, the results indicated that loading speed does
not seem to affect the damper’s hysteretic characteristics significantly. However, in most of the current research
work, only slit-dampers with very limited geometries were studied, while “shape” is one of the most important
variables in the design of slit-dampers as well as the structures with slit-dampers inside. As a result, there is no
practical design guideline for structures with slit-dampers which makes it difficult to use this type of device. To
establish a design guideline for slit-dampers, it is necessary to clarify how geometric shapes affect the fatigue
behaviour of slit-dampers.

In [10], the authors performed a preliminary experimental study of slit-dampers of various shapes. Some
basic information about the influence of geometries on the behavior of slit-dampers was obtained through
experiments. The dampers’ energy dissipation capacity and fatigue life were studied. It was indicated that the
local strain history at the toes of the strips has a strong relationship with the low cyclic fatigue behavior of the
damper. In the present paper, more experiments were carried out to enrich the variables. Moreover, since it is
impossible to cover all the shape parameters in the experiments. Therefore, FEM analyses of slit-dampers with
various shapes were also conducted using the experimental results as calibration. The equivalent strain amplitude
at the fracture zone (toe of the strip where the ductile cracks start) is studied through the analytical results. For
dampers with different shapes, the relationship between the equivalent strain amplitude and the number of
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loading cycles until the ultimate state of a slit-damper was found following the Manson-Coffin law. The
influence of geometry on the fatigue behavior & energy dissipation capacity of steel slit-dampers was evaluated
based on the experimental and analytical results.

2. Cyclic loading tests of steel slit-dampers
2.1 Basic information of the specimens

Seven types of slit-dampers specimens were tested under cyclic loading histories with constant deformation
amplitudes. For each specimen type, 3 specimens were prepared for the tests under loading histories with
different deformation amplitudes. Same as in the work of reference [10], all specimens in this experiment were
flexural yielding members where bending moment is the main reason that causes yielding of the dampers. The
main parameters in this study include: radius at the end of the slits (R), depth of the strips (B), number of the
strips (N), thickness of the damper plate (T), and length of parallel sections of the strips (H). Fig. 1 and Table 1
show the basic information of the specimens, together with the information of the specimens tested in [10].
Specimens SLD_1~SLD_4 were described in [10]. Specimen SLD_1 was regarded as the basic model in these
tests, other specimens were designed by changing one or more shape parameters, shadowed in grey. Among
them, specimens SLD_5 had a lower height; specimens SLD_6~SLD_10 were 4mm thicker than specimen
SLD_1 with H, B, and R varing as well; and SLD_11 was 25mm thick.

Blast furnace steel plate (SN400B) is used to make the specimens. SN400B steel [11] is one of the
structural steel that is commonly used in Japan in recent years in steel buildings. Fig. 2 shows the stress-strain
relationship of the material (T=16mm) obtained from coupon tests using JIS-1A test pieces [12]. The vyield
strength, ultimate strength, and elongation are listed in Table 2.

Table 1 Geometries of all specimens

No. Name D(mm) [ W(mm) [ T (mm) H (mm) B (mm) | R (mm) N
SLD_1110] D310T16B15R10 310 315 16 130 15 10 9
SLD_2[10] D310T16B15R15 310 405 16 120 15 15 9
SLD_3[10] D310T16B20R10 310 360 16 130 20 10 9
SLD_4[10] | D310T16B15R10N13 310 455 16 130 15 10 13

SLD_5 D250T16B15R15 250 315 16 70 15 10 9
SLD_6 D310T22B15R10-a 310 315 22 130 15 10 9
SLD_7 D310T22B15R5 310 225 22 140 15 5 9
SLD_8 D310T22B15R10-b 310 315 22 130 15 10 9
SLD 9 D310T22B20R10 310 360 22 130 20 10 9
SLD_10 D310T22B15R15 310 360 22 130 15 15 9
SLD_11 D310T25B15R10 310 315 25 130 15 10 9

Table 2 Mechanical characteristics of the materials

i Yield strength | Ultimate strength | Elongation
Material 2 2
(N/mm°) (N/mm°) (%)
T16-SLD_1~5 300 433 36
T22-SLD_6 240 395 36
T22-SLD _7~10 278 414 33
T25-SLD 11 249 404 35
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2.2 Test setup and loading programs

Fig. 3 shows the test setup details. The specimen was connected to L shape jigs at top and bottom parts through
M16 high tension bolts to form the fixed connections. The lower L shape jigs were set up through the reaction
jig, with the latter fastened onto the reaction frame to offer horizontal and vertical support. A loading jig
connecting the upper L shape jigs and the oil jack (maximum load capacity of 200kN) which was installed
horizontally on the reaction frame composed the loading system. Moreover, lateral supports (stiffening systems)
consisting of 4 truss members were set at both sides of the specimen to avoid out-of-plane deformation of the
whole system. At the same time, this stiffening system was capable to deform following the trail of the specimen
under horizontal loading, in other words, to keep the loading jig horizontal during the tests. The loading
direction is shown in Fig. 3. Loading history is another variable of the experiment. For each type of damper
specimen (three specimens), three deformation-controlled cyclic loading histories with different constant
amplitudes were employed. The amplitudes are listed in Table 3.

2.3 Measuring system

Four displacement transducers (LVDT) were set up to measure the shear deformation (o) of the specimens,
which is defined in Eq. (1). Locations of these transducers are shown in Fig. 4a. Shear force is recorded through
the built-in load cell in the oil jack. Notice that in order to obtain the horizontal force applied to the damper; one
displacement transducer (LVDT) was set to record the rotation of oil jack’s loading end. Fig. 4b shows the strain
gauge arrangements. High-yield strain gauges, which work effectively under large strain, were attached to the
ends of the parallel sections in both sides and the middle strips where significant strain concentration is expected
to occur. Elastic strain gauges were attached at the center of the above mentioned strips (front and back sides) to
track the axial force in the specimen.

5 18] +[5:D = (5] +]5.)
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where ¢, and 6, are the deformation recorded at the top (left & right) of the damper specimens; J, and o, are
the deformation recorded at the bottom (left & right) of the specimens.

3. Experimental results
3.1 Ultimate states and load-deformation relationships

Each specimen was loaded until fracture during the tests. Ductile cracks initiated at the toe of each strip close to
the rounded toes of the slits during the loading of all specimens. Under further loading, those cracks propagated
wider and longer, which led to the decrease of the load carrying capacity of the dampers. Fig. 5 shows the failure
of specimen SLD_6 and its ductile cracks as an example. The ultimate states of the slit-dampers were defined to
be the point when the maximum force of a certain cycle dropped below 90% of the maximum value, because the
maximum force of each cycle decreased rapidly after it dropped below 90% of the maximum value during the
whole loading procedure, as mentioned in [10]. The number of loading cycles until the ultimate states of each
specimen is listed in Table 3.

The force-rotation relationships from SLD_6 and SLD_11 are shown in Fig. 6 as examples, with the 90%
maximum force points noted with red marks. For each type of specimen, the experimental results under 3
different loading histories are shown. These graphs indicate stable hysteresis loops of all specimens until the
ultimate states of the dampers, which could be simplified as bi-linear hysteretic models. The yield point and
maximum force of SLD_11 are larger than those of SLD_6 due to larger thickness of the steel plate.

3.2 Strain states

To each specimen, 6 high-yield strain gauges were attached to the end of the strips. As an example, the strain
histories (first three cycles) at the end of one of the strips’ parallel sections from SLD_10 are shown in Fig. 7.
Under the rotation amplitude of 0.27rad, the strain recorded in the first loading cycle reached 10%, which
damaged the strain gauge. Therefore, only the data under the amplitude of 0.107 and 0.053 are shown. The strain
under larger loading amplitude grew significantly during the tests, which also showed rapid increase in each
cycle. Although the strain histories shifted slightly to the tension side during loading due to the residual strain
after plastification, the strain amplitude in each loading cycle is similar to each other.

a) ,82 b) 0000 0 0 Strain gauge locations
104 O 0O 0O 0 0O O

Fig. 5 Specimen SLD_6 after loading (ductile cracks at the toe of the strip)
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Fig. 7 Strain histories of SLD_9 (0.053rad & 0.107rad)

The fatigue behavior (Manson-Coffin relations [13][14]) of all specimens are plotted in the log-log graph (Fig.
8). The X-axis is the full amplitude of each loading history, and the Y-axis is the number of loading cycles to the
ultimate state. The number of loading cycles decreases while the deformation amplitude increases. For each type
of specimens, linear relations can be found between the plots. However, for the specimens of different
geometries and materials, different Manson-Coffin relations are observed. It is difficult to obtain an universal
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evaluation method of the fatigue life of slit-dampers with different through experiments only. In the next section,
FEM analysis method is introduced to discuss the influence of damper shape to its fatigue behavior.
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Fig. 8 Fatigue behavior of the specimens
Table 3 Fatigue life & equivalent strain amplitude of the specimens

No. SLD_11T10] SLD_2[10] SLD_3[10]
Amplitude (rad) 0.27 0.16 0.053 0.27 0.16 0.053 0.27 0.16 0.053
P 11 26.5 184.5 10 20 147.5 7 15.5 118.5
£ 0.26 0.166 0.059 0.278 0.18 0.065 0.329 0.211 0.077
No. SLD_4110] SLD_5 SLD 6
Amplitude (rad) 0.27 0.16 0.053 0.27 0.16 0.053 0.27 0.16 0.053
N¢ 8.5 225 153.5 5.5 12.5 85.5 14 37 272
£ 0.26 0.166 0.059 0.35 0.224 0.08 0.244 0.162 0.059
No. SLD_7 SLD_8 SLD_9
Amplitude (rad) 0.27 0.16 0.053 0.27 0.107 0.053 0.27 0.107 0.053
N 12 315 152 12 64 206.5 12 60 212
£ 0.217 0.144 0.055 0.248 0.111 0.057 0.242 0.114 0.059
No. SLD_10 SLD_11
Amplitude (rad) 0.27 0.107 0.053 0.27 0.093 0.053
N¢ 9 46.5 146 115 83.5 249
£ e 0.314 0.14 0.072 0.267 0.106 0.062
Free end with "™=——py
forced deformation i Muises stress nephogram
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Fig. 9 FEM analytical model & the stress nephogram of SLD_1 0.27rad
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4. FEM analyses of steel slit-dampers
4.1 Analytical model

As pointed out in [10], the fatigue behavior of slit-damper has a strong correlation with the local strain histories
at the toe of each strip. From Fig.7 and [10], one can conclude that under cyclic loadings, the strain amplitude at
the toe of the strip remains approximately constant in each cycle. Based on the above phenomenon, monotonic
FEM analyses of steel slit-dampers were carried out. Attempts were made to establish an evaluation method of
the damper’s fatigue life through the local strain amplitudes.

Monotonic FEM analyses of the slit-damper specimens were conducted using Abaqus v6.14. Base on the
symmetrical characteristics of slit-damper, analyses were performed to the lower half of a strip. The analytical
model is shown in Fig. 9. Solid element (C3S8R) was employed in the analyses. The half strip is fixed on the
bottom part, while on the top-end, deformation on Z-direction and rotation around X and Y-directions were
restrained. Forced deformation was applied to the top-end via X-direction. The sizes of meshes in X and Y-
directions were about 1.5mm to 2.25mm, and the mesh size in Z-direction (through-thickness direction) is no
larger than 1.5mm.
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Fig. 10 Comparison of analytical and experimental results
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For each specimen model, the corresponding material characteristics obtained through coupon tests were
introduced. The Young’s modulus was set to be 205GPa, and the Poisson coefficient was 0.3 as adopted in most
of the analyses of steel elements. The von Mises stress was introduced to predict yielding of materials under any
loading condition. In the analyses, geometric nonlinearity was taken into consideration.

4.2 Analytical results

As examples, Fig. 10 compares the force-deformation relationships of SLD_3, SLD_4, and SLD 6 obtained
from the FEM analyses to the experimental results. The analytical output strain histories of these specimens at
the location where the high-yield strain gauges were attached were also plotted in Fig. 10, together with the
corresponding strain histories measured from the tests. From Fig. 10, one can find that the stiffness, yield
strength and post-yield behavior from the analytical model match the experimental results quite well.
Furthermore, the analytical strain histories also show good correspondences with the experimental results.

5. Fracture condition at critical cross-sections
5.1 Definition of critical cross-sections of the slit-damper

In the experiments, small ductile fractures initiated at the toe of the steel strip (the end of the straight section of
the strip) of each specimen (Fig. 5). Those fractures propagated and elongated throughout the loading procedure
that caused the decrease of force which led to the ultimate states. The stress nephogram of SLD_1 when the
rotation is 0.27rad is shown in Fig. 9, which also indicates that the largest strain occurs right at the end of the
straight section on the strip. Based on the above discussion, the critical cross-section (CCS) of the slit-damper is
defined as the cross-section at the toe of each steel strip (Fig. 9).

5.2 Strain distribution at the critical cross-section from analyses

Fig. 11 illustrates the strain distributions along Z-direction (thickness) on both tension and compression edges of
SLD_1 and SLD_6 at the CCS when the rotation is 0.27rad. The results show that the strain is not evenly
distributed along the thickness direction due to complex triaxial stress states. Therefore, the mean strain through
the thickness direction of each strip is calculated as the “strain at CCS”.

The strain distribution on Z-direction (width) of the strip might be affected by the size of the radius at the
end of the slits (R), considering stress concentration. A series of analysis was conducted using SLD_1 as the
basic model, with R varying from Omm, 5mm, 10mm, to 15mm. The strain distributions along width direction of
the strips with different R are plotted in Fig. 12 (0.27rad). These graphs show that when R is larger than 5mm,
the effect of stress concentration is negligible. The critical cross-section remains effectively plane even when the
rotation is large. However, when R is less than 5mm, the plane section assumption is less valid. Steel slit-
dampers with such small R are difficult to manufacture and obviously not a good choice for structural engineers.
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Fig. 11 Strain distributions along Z-direction
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Fig. 12 Strain distributions along X-direction

In Fig. 12, strain at the tension and compression sides are not symmetric to each other, which is the result of
geometry nonlinearity. Therefore, to evaluate the strain at CCS, it’s necessary to take into consideration both the
tension and compression strain. In the previous mentioned experiments, the strain amplitude of each loading
cycle measured by the strain gauges almost remain constant (Fig. 5). Based on the above facts, the equivalent

strain amplitude at CCS &, is defined using Eq. (2).
£ =|&i]+]é] (2)
Here, &, and ¢, are the analytical strain value on the tension and compression edge, at CCS.

5.3 Fracture condition at the critical cross-section

Fatigue behavior of steel slit-dampers with different shape parameters is evaluated based on the equivalent strain
amplitude at CCS ¢,,. Fig. 13 shows the fracture condition at CCS. The numbers of loading cycles until the

ultimate states of all specimens N, which are recorded in the experiment, are plotted on X-axis. While the

corresponding &, of each specimens obtained through monotonic FEM analyses are plotted on Y-axis. From

the graph, one would notice that despite the different shape and material characteristics, the relationship between
N; and &, follows the Manson-Coffin law. The Manson-Coffin relationship is expressed in Eq. (3):

£, =0.85-N, % (0.054<z¢, <0.349) 3)

eq —

With Eq. (3), the fatigue life of slit-dampers with various shapes can be predicted as long as the equivalent strain
amplitude at CCS &, is obtained from analysis.
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Fig. 13 Relationship between N;and &q
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6. Conclusions

The present paper presents experimental and analytical study of steel slit-dampers with various shapes. The
strain distribution at the toe of the steel strip (critical cross-section of slit-damper) is studied. The equivalent
strain amplitude at CCS and the number of loading cycles until the ultimate state of a slit-damper is found to
match very well to the Manson-Coffin relation. This relationship is not influenced by the shape of the damper.
When the equivalent strain amplitude is obtained through analysis, it is possible to predict the fatigue life of steel
slit-dampers using Eq. (3).
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