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A B S T R A C T

In this study, the structural performance of a beam system with a beam-to-column connection-type damage-
controlled system was investigated. First, a connection detail with improved geometry was proposed based on
results obtained from previous studies. The proposed connection detail uses a horizontally arranged steel slit
damper as an energy absorption device and consists of support elements to help the effective bending and shear
behavior of the slit damper. The overall behavior characteristics are similar to the Simpson strong-tie connec-
tion; however, the energy absorption device of the proposed detail is installed only at the bottom of the beam,
and the connector attached to the top of the beam functions as a rotational hinge. The strength formula of the
beam system with a new connection detail was derived according to the mechanical behavior pattern. The
stiffness formula of the beam system was proposed considering the geometric characteristics of the connection
elements. For practical verification, a cyclic loading test was conducted on the beam-to-column connection with
a T-stub type slit damper designed with appropriate strength. Nonlinear finite element analysis (FEA) was also
conducted using the aspect ratio of the beam and damper strength as variables. The test and FEA results con-
firmed that the strength and stiffness of the beam system with the proposed connection detail exhibited re-
sponses similar to the predicted values. When the damper strength was designed to be lower than that of the
beam, the deformation caused by the rotational behavior of the connection was concentrated on the damper
according to the moment gradient generated in the flexural members. As the damper/beam yield strength ratio
or rotation angle increased, the plasticity of the beam was found to gradually strengthen. A performance curve
was derived from the relationship between the strength of the beam system and the damage to the beam ac-
cording to the damper strength design conditions. It is expected that a moment-resisting frame that satisfies the
requirements can be designed by applying this derived performance curve to low- and mid-rise steel buildings.
Finally, the hysteretic model of the beam system with the proposed connection detail was developed through an
approximation to a tri-linear model according to the design condition.

1. Introduction

As a method to reduce seismic damage, a damage-controlled system
that uses steel hysteretic dampers has been widely used in countries
such as the United States and Japan since the mid-1990s. This system
has a stable hysteretic behavior and has been assessed as an economical
earthquake-resistant method. In general, such steel hysteretic dampers
are installed with various support elements in the planes formed by the
beams and columns of a structure. Brace and stud types of support
elements are commonly used in these structures. Dampers combined in
parallel in a building can reduce the seismic responses by providing the
building with additional horizontal stiffness and strength. In particular,
they can reduce the damage to the parent members because they in-
tensively dissipate the plastic energy caused by an earthquake [1,2].

Installing the existing in-plane damage-controlled system in typical
commercial low- and mid-rise buildings, however, involves the fol-
lowing restrictions: The uniform locations of openings and variability of
the wall space in commercial buildings make it difficult to install suf-
ficient energy absorption devices. Moreover, owing to the relatively low
weld quality, it is difficult to guarantee the structural performance of
the weld zones between the support elements and the structural
members [3]. This means that the seismic performance of the entire
structure cannot be guaranteed even though it has devices that exhibit
excellent energy absorption.

Thus, the damage-controlled system that directly connects the
beams to the columns by bolted connections has been developed in
countries such as Japan and the United States since the beginning of
2000. This helps to prevent brittle fracture at the weld zones of beam-
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to-column connections and facilitates the introduction of vibration
control systems to typical low- and mid-rise structures. These details
consist of upper and lower connectors to connect the beams to columns,
similar to a T-stub connection. The energy absorption devices are in-
cluded in the T-stem or T-flange element. If these connection details
operate as expected for the rotational behavior of the connection, the
plastic hinge in the connection occurs in the energy absorption device
located at the end of the beam. Therefore, they can prevent the brittle
fracture of the beam and can be utilized as the moment-resistance
mechanism with the benefit of fastened bolts.

Accordingly, studies conducted by Takeuchi et al. [3,4] are re-
presentative studies in which an energy absorption device detail was
placed on the T-stem. In the connection detail presented by them, the
upper T-stub has a vertical rib and the lower T-stem has a cross-section
cut to a specific length. The deformation by the rotational behavior is
transferred to the column as the tensile compressive resistance at the
cut cross-section of the lower T-stem creates a couple moment using the
upper T-stub element as the rotation axis. This behavior pattern was the
basis of the design concept of the follow-up studies. Simpson strong-tie-
strong frame moment connection (SST), a complemented detail that
used the same plate type damper, is the only partially restrained con-
nection detail that was introduced to AISC 358 as intermediate moment
frame (IMF) and special moment frame (SMF) connection detail [5].
The SST connection detail has cut cross-sections in the upper and lower
T-stem parts and shear tab with slot holes. When rotational behavior
occurs in the connection owing to seismic force, the couple moment is
transferred to the column member through the tensile and compressive
behavior of the cut T-stem. In this instance, the cross-section cut with
appropriate design resists most of the deformation caused by the rota-
tional behavior and plays the role of a structural fuse. Oh et al. [6]
proposed a damage-controlled system that used the slit damper verti-
cally connected to the beam bottom flange and conducted cyclic
loading tests according to the strength parameters of the damper and
the presence of a composite slab. Based on the test results, they reported
that the use of the proposed connection detail shared the intensive
damage to the slit damper and provided excellent deformation capacity
to the connection even when the composite slab was considered. As
another study case that applied the slit damper, Safari et al. [7] con-
ducted numerical analysis on the beam-to-column connection models
with slit dampers in the upper and lower flanges at the end of the beam,
and they compared the performance efficiency according to the geo-
metric arrangement of the slit dampers as well as the strength and
ductility capacity of the connection according to the yield mechanism.
Through the analysis results, they proposed a new improved connection
detail with high energy absorption capacity. Oh et al. [8,9] proposed a
complemented detail that can provide the structural safety of the con-
nection against vertical external force after a fracture occurred to the
plate type energy absorption device in the T-stem, and they analyzed
the damage distribution according to the strength and stiffness re-
lationship between the beam and the energy absorption device ex-
perimentally and analytically. Koetaka et al. [10] attached a U-shaped
steel damper to the bottom flange of the beam and conducted a cyclic
loading test on the beam-to-column connection. In this instance, the
column was set as the weak-axis resistant to the loading direction. The
test results confirmed that the hysteretic energy was intensively dis-
sipated by the damper and the beam and column incurred no damage.
MacRae et al. [11] proposed a sliding hinge joint system which has
double friction surfaces at the beam bottom, and it showed that the
joint dissipates energy on the friction surface and the resulting hys-
teresis loop demonstrates a low possibility of large permanent dis-
placements through experimental verification.

Moreover, as a connection detail that placed an energy absorption
device on the T-flange, Latour and Rizzano [12] conducted theoretical
and experimental studies on a connection with X-shaped split tee
flange. Consequently, it was verified that the connection was a semi-
rigid connection detail capable of effectively playing the role of a

moment-resistance frame without causing any brittle fractures to the
beam end owing to the moment-shear interaction effect of the X-shaped
split tee. Similarly, Bayat and Shekastehband [13] constructed a part of
the T-flange as a strut element acting in the out-of-plane direction and
compared it with a typical T-stub connection through analytical re-
search.

All of the studies described above aimed to prevent the brittle
fracture in the connection by placing energy absorption devices with
special geometry at the beam end and allowing them to resist most of
the deformation of the connection. The presented connected details
were reported to act as moment-resistance mechanisms but most of
them were also treated as partially restrained connection details. In
addition, there are few cases that specifically presented the design
range of the damper according to the structural relationship with the
adjacent beam members. Therefore, it is still difficult to apply the
beam-to-column connection-type damage-controlled system to typical
buildings with various design requirements.

This study was conducted with focus on two issues. First, a new
improved detail that can be easily understood in terms of the structure
and secure reliability was proposed by referring to the results of pre-
vious studies. To accomplish this, a horizontally arranged steel slit
damper was applied to the proposed connection detail. The steel slit
damper was chosen as the energy absorption device because several
previous studies [14–16] revealed that it had excellent ductility capa-
city and a reliable structural characteristics prediction formula. Second,
the design range of the damper was assessed according to the strength,
stiffness, and damage to the parent members required for the connec-
tions of ordinary low- and mid-rise steel buildings. The strength and
stiffness prediction formulas of the beam system with the proposed
connection detail were compared with the actual responses according
to the mechanical behavior, and the damage distribution of the com-
ponents was analyzed according to the damper/beam yield strength
ratio. Moreover, the hysteretic model of the proposed connection
system was obtained according to the set design concept. A cyclic
loading test was conducted on the beam-to-column connections with
the proposed detail and the results of nonlinear multivariate analysis
were obtained in this study.

2. Proposal of complemented connection detail

2.1. Design concept

Fig. 1 shows the connection detail proposed in this study. The
proposed connection detail has a design concept similar to that of the
existing related connection details. In other words, the rotation of the
connection is resisted by the couple moment due to the horizontal axial
force of the T-stubs attached to the top and bottom of the beam. To
complement the shortcomings of the existing related connection detail,
the proposed detail has the following characteristics: (a) the geometry
of the energy absorption device is set to the steel slit damper, which is
arranged in a horizontal direction. The compressive behavior of the
plate type damper involves overstrength due to the influence of the
plate to prevent out-of-plane buckling; however, the slit damper pro-
vides the same resistance and superior ductility capacity in both di-
rections. Moreover, when the slit damper is vertically arranged as the
detail proposed by Oh et al. [6], the inherent horizontal ductility ca-
pacity of the slit damper can be lowered because the rotation of the
beam involves not only the horizontal displacement in the flexure and
shear directions of the damper but also the vertical displacement that
causes tension and compression. In the proposed detail, an element that
transfers the axial force is installed at the bottom of the lower T-stem to
effectively transfer the axial force acting on the beam flange to the
damper. The support elements on the periphery of the slit damper are
resistant in the axial direction to the flexure and shear behavior of the
damper. (b) The energy absorption device is installed in the lower
connector and the upper T-stub plays the role of a rotational hinge for
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the rotational behavior. This is different from the SST connection detail.
Most of the related details address the upper and lower stress unbalance
due to composite slab effects by attaching energy absorption devices
only to the lower section (because the rotation axis exists in the upper
T-stub), which makes it easy to observe the damage to the damper in
the earthquake event. (c) A vertical rib is installed in the upper T-stub
without installing shear tabs so that the shear force can be resisted by
the moment-tension interaction between the upper T-stubs with vertical
rib on both sides of the beam. For this purpose, the area of the vertical
ribs attached to the T-flange shall be set larger than the area of the
beam web. Hereafter, the proposed connection detail is referred to as
the T-stub type slit damper (TSD) system due to its geometric char-
acteristics.

2.2. Strength

2.2.1. Steel slit damper
The structural characteristics of the steel slit damper used in the

proposed connection detail can be calculated referring the previous
study [14]. For predicting the structural characteristics of the damper,
the struts of the damper were idealized as shown in Fig. 3. The yielding
load due to the flexure and shear behavior (Qyd), the apparent max-
imum load (Qrd) of the steel slit damper are expressed as follows from
the geometric characteristics of a rectangular steel plate and using the
above simplification.
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where n is the number of struts, t is the thickness of the damper, σyd and
σud are yielding and maximum tensile stress of the damper material. B,
H′ represent the width of the strut and the equivalent height indicated
in Fig. 3. In Eq. (1), the two terms in brackets indicate flexural yielding
and shear yielding, respectively. The factor 2/3 in the second term of
each bracket of Eq. (1) accounts for the fact that, within the elastic
range, when the aspect ratio of the plate B/H is less than 1.0, the re-
lationship between the average shear stress and the maximum shear
stress is 2/3. The yield displacement of the steel slit damper, δyd, con-
tains the displacement due to the flexural and shear deformation at the
yielding load and can be simplified by the following elastic based
equation [14].
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Here E is the elastic modulus of the material and HT means the total

height of the strut defined in Fig. 3.

2.2.2. TSD beam system
The TSD beam system aims for the preceding plastic behavior of the

damper for effective structural behavior. The moment of the beam
system against the horizontal force is largest at the beam end. The
preceding plasticity of the damper can be theoretically expected even
when the yield strengths of the damper and beam are designed to be the
same. However, because the ratio of the maximum strength of the slit
damper to its yield strength is higher than the ratio of the full plastic
moment of typical H-beam flexural members to its yield moment, the
increase in the damper strength may involve the plastic behavior of the
beam. Depending on the behavior pattern of the connection system, the
yield moment of the TSD beam system Mybs and the anticipated max-
imum moment Mrbs are affected by the yield ratio of the damper ma-
terial, σyd/σud and the span ratio (the effective length, Lbe/the beam
length, Lb). In this instance, they can be expressed as follows:

= =M min Q d M L L M min Q d M L L{ , ( / ) }; { , ( / ) }ybs yd yb be b rbs rd pb be b (3)

where Myb and Mpb denote the nominal yield moment and full plastic
moment of the beam, and d denotes the distance between the centers of
the upper and lower T-stems. The effective length, Lbe, is defined as the
distance from the center of the beam to the horizontal center point of
the upper and lower bolt-fastening ends of the beam, as shown in Fig. 2.

2.3. Elastic stiffness

The bending stiffness of the TSD beam system, KT, can be calculated
as the series sum of the effective bending stiffness at the connector
attachment section, KC, and the bending stiffness of the beam for Lbe,
KB, as shown in Fig. 4. KC can be expressed as the series sum of the
elastic axial stiffness by bending the upper and lower T-flanges, the
axial elastic stiffness of non-yielding regions in the upper and lower T-
stems, and the elastic stiffness of the slit damper. Therefore, the elastic
stiffness formula of the TSD beam system can be expressed as follows:
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Fig. 1. Proposed connection detail: (a) whole shape and (b) lower connector detail.
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where kuf and klf are the out-of-plane direction elastic stiffnesses of the
upper and lower T-flanges, calculated as shown in Fig. 5. kus, kls1, and
kls2 are the axial elastic stiffnesses (EA/L) of the non-yielding region of
the upper T-stem and non-yielding regions 1 and 2 of the lower T-stem
including each vertical rib, respectively, as defined in Fig. 6. Ib and Abw

are the moment of inertia for the strong axis of the beam and the cross-
sectional area of the beam web. G is the shear modulus of the material.
The axial elastic stiffness of the slit damper, kd, can be expressed as
follows using Eq. (2).
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The presented elastic stiffness formula evaluates the elements that
have a dominant influence on the proposed connection detail in an
approximate manner for the sake of simplification. In the case of out-of-
plane direction elastic stiffness for T-flanges, the presented calculation
method produces a somewhat conservative result because each of the
upper and lower connectors has a vertical rib. This may compensate for

Fig. 2. Behavioral pattern of the proposed connection.

Fig. 3. Design parameters of the damper.

Fig. 4. Virtual elastic stiffness model.

Fig. 5. Elastic axial stiffness contribution due to bending stiffness in T-flange.

Fig. 6. Definition of non-yielding regions.
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the contribution of the regions not considered for the elastic stiffness,
which were disregarded in order to simplify the formula. When the T-
flange is sufficiently thick, and the bolt-fastening intervals are short, the
influence of kuf and klf on KT is insignificant.

3. Experimental verification

3.1. Test specimens

A cyclic loading test was conducted to verify the structural perfor-
mance of the TSD beam system. The shape of all specimens was set to
the T-shaped beam-to-column connection. Table 1 lists the cross-sec-
tional sizes and properties of the beam and column applied to all spe-
cimens. Both the beam and column were set to resist with strong axes.
The relationship between the beam and column made of the same steel
is compatible with the weak-beam mechanism. Fig. 7 shows the setting
plan of the test.

The experimental variables were the damper/beam yield strength
ratio, existence of a vertical rib in the upper T-stub, aspect ratio of the
slit damper, and the difference in the attached area between the lower
T-flange and lower T-stem. Table 2 lists the information on the ex-
perimental variables and Fig. 8 shows the details of the upper and lower
connectors with an experimental variable. The damper/beam yield
strength ratio, α, was classified into 0.4 and 0.6. When α is set to 0.6,
the anticipated maximum moment of the beam system is expected to be
similar to the full plastic moment of the beam with fully welded con-
nection detail under the same conditions owing to the mechanical
principle. Moreover, to identify the effect of the vertical rib of T-stub on
the entire behavior of the connection, two out of the six specimens used
typical T-stubs without a vertical rib and the rest four specimens used T-
stubs with a vertical rib. The 6R1 and 6R2 specimens had the same
length variables of the damper but were different in the connection
detail between the lower T-flange and T-stem. 6R2 can be a more stable
detail for the axial force generated in the connector compared to 6R1.
The 6R3 and 6R4 specimens had different damper aspect ratios (H’/B)
by adjusting the number of struts and the width of the damper even

though they had the same damper design strength as the 6R2 specimen.
In order to save steel volume, the connection of the upper and lower T-
stem and the beam flange in all the specimens was applied with the
staggered bolt pattern.

3.2. Boundary conditions and loading protocol

The beam and column were fastened with high-strength bolts to the
upper and lower connectors. In particular, the beam and the upper and
lower connectors were fastened as friction connections to prevent
sliding in the shear connection. As shown in Fig. 7, for the boundary
conditions, both ends of the column were connected to the steel jig with
pin connections and forced displacement was applied to the free end of
the beam through the hydraulic actuator. To prevent the lateral buck-
ling of the beam during the test, lateral braces were installed at
1900 mm from the outer surface of the column toward the free end of
the beam.

As a loading method, the beam-to-column connection cyclic loading
procedure suggested by AISC 341 was used [17]. Considering the
loading direction, the stroke direction of the actuator was set to the
positive direction and the pulling direction was set to the negative di-
rection. Negative loading was performed first during cyclic loading.
Fig. 9 shows the test setup and loading protocol.

3.3. Measurement plan

The specimen was equipped with displacement transducers and
strain gauges as shown in Fig. 10. Displacement transducers were in-
stalled at a total of 6 places including the same section at the opposite
side of the loading point, one section (LVDT 2) for measuring the
damper displacement, two sections (LVDT 3, 4) for the shear de-
formation of the panel, and another two sections (LVDT 5, 6) for the
displacement measurement of column and panel. Strain gauges were
attached to the damper expected as a plastic hinge, the end of the
vertical rib, top and bottom beam flange, and the web considering the
weak point of each element.

Table 1
Sectional properties of structural members.

Member type Section Manufacturing Method Steel grade Ix (cm4) Span (mm)

Beam H-500 × 200 × 10 × 16 rolled shape SS275 (Korean) 46,037 3,005
Column H-400 × 400 × 13 × 21 rolled shape SS275 (Korean) 65,362 3,000

Fig. 7. Setting plan.
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3.4. Material properties

The beam, column, and upper and lower connectors of the speci-
mens were made of the same steel grade (SS275, Korean). In the case of
the damper, three T-stems were cut from each of the two steel plates (a:
4NR, 6NR, 6R1; b: 6R2, 6R3, 6R4). Coupon tests were conducted before
the cyclic loading test. Table 3 lists the average values of three coupon
tests on the main structural members. In the material tensile test results,
the yield strength of the damper material was much higher than that of
the beam material. Therefore, the actual damper/beam yield strength
ratio of each specimen was relatively higher than the design value.

3.5. Overall test results

Fig. 11 shows moment-rotation curves. The moment and the rota-
tion angle indicated in Fig. 11 were calculated by the load of the ac-
tuator multiplied by the length from the loading point to the column
surface, and the displacement measured at the loading point divided by
the length from the loading point to the center line of the column, re-
spectively. And the ultimate states are shown in Fig. 12. For 6NR, i.e.,
the second specimen, the test was terminated because the lateral
buckling of the beam occurred under the 0.03 rad 1 cycle loading due to
the loose fastening of the bolts at the bottom of the lateral braces.
Subsequently, sufficient fastening force was provided to prevent the

Table 2
Specimen information.

Specimen T-stub type Design damper/beam yield strength ratio, α Number of strips, n Length parameter (mm) r (mm) B (mm) t (mm) H′/B

H H′ HT

4NR General 0.4 8 70 70.3 100 15 32 25 2.20
6NR General 0.6 12 70 70.3 100 15 32 25 2.20
6R1 with vertical rib 0.6 12 70 70.3 100 15 32 25 2.20
6R2 with vertical rib 0.6 12 70 70.3 100 15 32 25 2.20
6R3 with vertical rib 0.6 16 70 70.3 100 15 28 25 2.51
6R4 with vertical rib 0.6 4 70 70.3 100 15 56 25 1.26

Fig. 8. Connector details.
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same phenomenon. For the 6R4 specimen, the fracture of the damper
occurred at 0.03 rad 2 cycle. Except for 6NR and 6R4, all specimens
resisted the connection rotation angle of 0.04 rad. The test results
showed that the failure mode led to damage in the damper for the all
specimens. There was no evident damage to the beam or column. To
derive the yielding point of each specimen, the skeleton curve was
extracted from the hysteresis curve as shown in Fig. 13. A previous
study [18] revealed that the skeleton curve derived using the method of
Fig. 14(a) coincides with the M-θ relationship obtained from monotonic
loading. For the extracted skeleton curves in the positive and negative
loading, the yielding point was derived using the method of Fig. 14(b).
Table 4 summarizes the main test results including the information on
the yielding point. As evident from the M-θ relationship, the TSD beam
system can guarantee similar strengths against loadings in the positive
and negative direction through the same damper behavior and provide
stable hysteretic behavior. The maximum moment of the 4NR specimen
was approximately 80% of the full plastic moment of the beam while
that of the specimens with a damper/beam yield strength ratio of 0.6
was higher than the Mp of the beam. In particular, 6R1, 6R2, and 6R3
met the required performance of the SMF in accordance with AISC.

4. Finite element analysis

4.1. Parameters and analysis method

Multivariate analysis was conducted to examine the structural per-
formance according to the aspect ratio of the beam and damper/beam
yield strength ratio. For the aspect ratio of the beam, the rolled H-
beams of three cross-sections with height/width ratios of 2, 2.5, and 3
were selected as the analytical models considering the low- and middle-
rise steel structures. The damper/beam yield strength ratio ranged from
0.2 to 1.6 with an interval of 0.2. As a comparison model, a full welded
connection (FWC) model with a 1/4 circular weld access hole was
added. Therefore, a total of 27 analytical models were constructed.
Table 5 lists the information on the analytical models. The names of the
analytical models were expressed using the beam height, connection
detail, and damper/beam yield strength ratio. ANSYS was used as the
analysis software [19]. The finite element model used SOLID 45 ele-
ment, which has 24 nodal degrees of freedom and three translational
DOFs at each node. To intensively observe the characteristics of the
beam with TSD, the analytical models modeled only the upper and
lower connectors and the beam. All TSD beam system analytical models
had the same dimensions of the upper and lower connectors as those of
the upper and lower connectors of 6R1, and only the damper thickness
was adjusted according to the damper/beam yield strength ratio. The
6R1 specimen is a representative model with sufficient strength beyond
the full plastic moment of the beam and having flexural yielding design
about the damper. As shown in Fig. 15 (a), for the boundary conditions,
the TSD model restrained the displacement of the T-flange and the FWC
model restrained the displacement of the beam end in the x, y, and z
directions. Sufficient forced displacement with a rotation angle of
0.05 rad or higher was applied to the free end of the beam in the up-
ward direction. The contact boundary condition between the damper
and lower flange of the beam in the TSD model prevented the pene-
tration between the elements. In addition, a friction coefficient of 0.01
was provided. For monotonic analyses, multilinear isotropic hardening
was used based on the material test results. The material properties
were applied to all elements including the beam and connectors by
replacing the relationship between the engineering stress and en-
gineering strain in the results of the material tensile test on SS275 steel
conducted by the author, shown in Table 6, with the relationship be-
tween the true stress (σt) and true strain (εt) by the following equation.

= + = +ln E(1 ), (1 ) /t E E t E E (8)

In addition to the abovementioned analytical models, an analytical
model was constructed to secure the reliability of the FEA results. The

Fig. 9. Test setup (6R1) and loading protocol.

Fig. 10. Sensor installation plan.

Table 3
Average material properties of structural members from coupon tests.

Location Young’s
modulus
(MPa)

Yield
stress, σy

(MPa)

Ultimate
stress, σu

(MPa)

Elongation (%) σy/σu

Beam 206,886 258.03 440.05 30.6 0.59
Column 214,023 313.93 458.89 29.3 0.68
Damper-a 190,565 290.37 418.82 29.9 0.69
Damper-b 199,741 303.28 460.96 30.4 0.65
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reliability verification model had the same dimensions and boundary
conditions as 6R1, as shown in Fig. 15(c). The material test results
summarized in Table 3 were replaced with the true stress–true strain
relationship and applied to each element.

4.2. Comparison with test results

Fig. 16 compares the FEA results of the reliability verification model
with the test results. In Fig. 16(a), the monotonic hysteresis curve of the
FEA is compared with the skeleton curve of 6R1 under negative di-
rection loading. The monotonic hysteresis curve exhibits a slightly
higher initial stiffness than the test results; however, the overall load
history trend is similar to the test results. Moreover, Fig. 16(b) shows
that the deformation of the damper was dominant owing to the oc-
currence of forced displacement of the connection. Therefore, it appears
that the analytical model can effectively reflect the design intent of the
proposed connection detail and provide reliable results data.

4.3. Overall FEA results

Table 7 and Fig. 17 present the main results of the multivariate
analysis and moment-rotation relationship. Fig. 18 shows the PEEQ
contour of the 500 series analytical models at a rotation angle of
0.04 rad. The plastic deformation of the FWC model was concentrated
on the weld access hole and the edge of the flange at the beam end.
Earthquake experience in the past [20,21] confirmed that such damage
concentration on heat affected zone is the major cause of the brittle
fracture at the beam end. In the TSD model, however, plastic de-
formation occurred in the upper T-stub and slit damper at relatively
lower damper/beam yield strength ratios and the beam member ex-
hibited elasticity-like behavior over the entire area as shown in Fig. 18.
As the damper/beam yield strength ratio increased, the sharing of the
deformation by the damper decreased for the same connection de-
formation, and obvious plastic deformation was confirmed at the ef-
fective length of the beam when the damper/beam yield strength ratio

Fig. 11. Moment-rotation curves: (a) 4NR, (b) 6NR, (c) 6R1, (d) 6R2, (e) 6R3, and (f) 6R4.
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was 1.2 or higher. In Table 7, the maximum moment in the analysis,
Mm, is considered the moment at the rotation angle of 0.04 rad. Ac-
cordingly, the ratio of maximum moment to the yield moment, Mm/My,
exhibited a value of approximately 1.2 for the FWC model. The Mm/My

of the TSD models decreased from approximately two to 1.2 as the
damper strength increased. This is because the behavior of the beam
gradually dominated the overall behavior of the system. After the point
where the TSD beam system simulated the behavior of a haunched
beam, the yield moment and maximum moment converged to specific
values.

5. Discussion

5.1. Strength evaluation

Fig. 19 shows the yield strength ratio obtained in the test and FEA
based on the designed damper/beam yield strength ratio (α). The ver-
tical axis of Fig. 19 represents the ratio of the yield moment of the TSD
model to that of the FWC model in the FEA and the ratio of the yield
moment of the specimen to that of the beam (Myb = σybSx) obtained in
the coupon test results. The yield moment obtained in the test and FEA
was slightly higher than the approximation values when the value of α
varied between 0.8 and 1.4, but it generally exhibited similar responses.

Fig. 20 shows the ratio of the maximum moment to the full plastic
moment of the beam, Mpb, according to α. The horizontal red dotted
lines in Fig. 20 represent the ratio of the beam span to effective length
of the beam (Lbe), implying that the level at which the moment of the
beam at the end of the effective length reached the full plastic moment.
The FEA results showed that the maximum moment converged to ap-
proximately 120% of the full plastic moment of the beam considering
the effective length as α increased. In this case, the failure mode of the
connection is determined by the ultimate state of the beam, as shown in
Fig. 18. As presented in Table 7, the maximum strength was observed
when the value of α was set between 0.6 and 0.7, which was equivalent
to that of the FWC model. It was found that the value of α should be
approximately between 0.5 and 0.6 to be consistent with Mpb according
to the mechanical equation. The maximum moment of the TSD beam
system designed with a lower yield moment than that of the beam
(α ≤ 1) could meet Mpb. This is because the yielding of TSD beam
system to the maximum moment dominated by the structural char-
acteristics of the slit damper was higher than that of typical flexural
members. In Table 4, Mm/My from the test results ranged from 1.7 to
two. In addition, as summarized in Table 7, Mm/My was approximately
1.5 when α was one. However, as the value of α increased, the value of
Mm/My converged to 1.2, which is the value for typical flexural mem-
bers. This relatively larger margin for strength easily induces the

Fig. 12. Damper situations at ultimate state: (a) 4NR, (b) 6NR, (c) 6R1, (d) 6R2, (e) 6R3, (f) 6R4.

Fig. 13. Skeleton curve: (a) positive loading and (b) negative loading.
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preceding yielding of a specific connection element and provides the
benefit of securing the required strength of the connection in terms of
design. However, when a large deformation occurs in the connection,
the maximum strength of the beam system become greater than the
required strength value, which may result in a weak column. Therefore,
an appropriate design damper/beam strength ratio that meets the de-
sign requirements must be selected.

The upper T-stub constituting the TSD connector has a vertical rib.
Stress concentration may occur at the end of the vertical rib depending

Fig. 14. Derivation of yielding point: (a) concept of skeleton curve and (b) yielding point and ductility.

Table 4
Test results.

Specimen Actual damper-beam strength ratio Direction loading Elastic stiffness (N/mm) My (kN m) Mm (kN m) Mm/My My/Myb Mm/Mpb μ

4-NR 0.444 Positive 5233 222.50 461.78 2.08 0.47 0.85 9.11
Negative 5592 217.35 443.69 2.04 0.46 0.82 9.75

6-NR 0.668 Positive 6370 330.64 645.65 1.95 0.70 1.19 6.82
Negative 6729 322.07 617.29 1.92 0.68 1.14 9.11

6-R-a 0.668 Positive 6233 323.51 706.69 2.18 0.68 1.31 9.55
Negative 7031 353.56 704.67 1.99 0.74 1.30 7.89

6-R-b 0.720 Positive 6486 380.30 811.47 2.13 0.80 1.50 6.79
Negative 6578 395.63 698.30 1.77 0.83 1.29 4.81

6-R-c 0.735 Positive 6366 398.24 747.42 1.88 0.84 1.38 6.34
Negative 7031 379.85 727.66 1.92 0.80 1.35 5.49

6-R-d 0.735 Positive 6981 341.83 648.42 1.90 0.72 1.20 5.17
Negative 7186 349.44 593.76 1.70 0.74 1.10 4.08

Myb, Mpb are the theoretical yield moment and full plastic moment of the beam member, respectively.

Table 5
Classification of analytical models.

Model name Beam section Beam shape ratio, H/B Connection detail Damper-to-Beam yield strength ratio

404/FWC H-404 × 201 × 9 × 15 (404 series) 2.01 full welded connection –
404/TSD/0.2~1.6 TSD system 0.2–1.6 (interval: 0.2)
500/FWC H-500 × 200 × 10 × 16 (500 series) 2.50 full welded connection –
500/TSD/0.2~1.6 TSD system 0.2–1.6 (interval: 0.2)
600/FWC H-600 × 200 × 11 × 17 (600 series) 3.00 full welded connection –
600/TSD/0.2~1.6 TSD system 0.2–1.6 (interval: 0.2)

Fig. 15. Mesh models: (a) main model, (b) slit damper part, and (c) reliability verification model.

Table 6
Material properties for FEA.

Steel grade Young’s modulus
(MPa)

Yield stress, σy

(MPa)
Ultimate stress, σu

(MPa)
σy/σu

SS275 197,235 284.12 420.16 0.68
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Fig. 16. Comparison between FEA results and test results: (a) load-displacement curve and (b) PEEQ contour and test ultimate state at a rotation angle of 0.04 rad.

Table 7
FEA results.

Model name α Elastic stiffness (N/mm) My (kN m) Mm (kN m) Mm/My My/My,FWC Mm/Mm,FWC

404/FWC – 6457 410.33 489.70 1.19 1.00 1.00
404/TSD/0.2 0.2 4253 98.36 195.17 1.98 0.24 0.40
404/TSD/0.4 0.4 6374 178.76 341.38 1.91 0.44 0.70
404/TSD/0.6 0.6 7351 275.84 473.41 1.72 0.67 0.97
404/TSD/0.8 0.8 8460 374.80 619.58 1.65 0.91 1.27
404/TSD/1.0 1.0 8942 473.54 713.97 1.51 1.15 1.46
404/TSD/1.2 1.2 9588 570.79 749.36 1.31 1.39 1.53
404/TSD/1.4 1.4 10,019 640.55 767.14 1.20 1.56 1.57
404/TSD/1.6 1.6 10,437 648.15 800.18 1.23 1.58 1.63

500/FWC – 10,927 577.45 709.27 1.23 1.00 1.00
500/TSD/0.2 0.2 7242 123.97 263.62 2.13 0.21 0.37
500/TSD/0.4 0.4 10,117 249.34 474.61 1.90 0.43 0.67
500/TSD/0.6 0.6 12,259 361.64 663.90 1.84 0.63 0.94
500/TSD/0.8 0.8 13,575 524.19 873.27 1.67 0.91 1.23
500/TSD/1.0 1.0 14,838 654.12 1006.93 1.54 1.13 1.42
500/TSD/1.2 1.2 15,744 788.12 1072.53 1.36 1.36 1.51
500/TSD/1.4 1.4 16,287 888.63 1119.36 1.26 1.54 1.58
500/TSD/1.6 1.6 17,111 920.79 1061.75 1.15 1.59 1.50

600/FWC – 17,062 787.63 989.86 1.26 1.00 1.00
600/TSD/0.2 0.2 11,279 151.14 348.89 2.31 0.19 0.35
600/TSD/0.4 0.4 15,899 308.32 638.30 2.07 0.39 0.64
600/TSD/0.6 0.6 18,520 472.44 901.01 1.91 0.60 0.91
600/TSD/0.8 0.8 20,861 640.84 1154.55 1.80 0.81 1.17
600/TSD/1.0 1.0 22,175 825.50 1355.65 1.64 1.05 1.37
600/TSD/1.2 1.2 23,752 991.11 1447.69 1.46 1.26 1.46
600/TSD/1.4 1.4 24,036 1138.50 1500.88 1.32 1.45 1.52
600/TSD/1.6 1.6 25,340 1217.84 1551.62 1.27 1.55 1.57

Maximum moment of FEA results, Mm, is the moment at 0.04 rad of the rotation of the beam system.

Fig. 17. Moment-rotation according to FEA results: (a) 404 series, (b) 500 series, and (c) 600 series.
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on the rotational deformation of the connection. In the design concept,
the upper T-stem was assumed to act as a neutral axis. The failure mode
and strength contribution of the vertical rib were not considered. To
examine these, the strain of the damper was compared with that of the
vertical rib, as shown in Fig. 21. Moreover, the maximum moment
values at each loading step of 6NR and 6R1, which had the same
condition except for the vertical rib, were compared, as shown in
Fig. 22. The behavior of the vertical rib in response to cyclic loading
exhibited a larger deformation in the compression zone than in the
tensile zone. Yielding began at a rotation angle of approximately
0.02 rad. The overall strain magnitude was considerably smaller than
that of the damper. The maximum strength of 6R1, according to the
connection rotation, was similar to that of 6NR under positive loading.

However, approximately 10% overstrength occurred under negative
loading. This coincides with the results of Fig. 21 where a greater de-
formation occurred in the compression directions. In summary, the
vertical rib of the T-stub resulted in an additional difference in the
compression zone with respect to the T-stem, which was the rotation
axis, but did not considerably contribute to the strength of the entire
connection system.

5.2. Effect of aspect ratio of damper

The flexural yielding condition of the slit damper applied to the
proposed connection detail can be expressed using the effective length
of the damper, H’, and the width of the damper, B, as follows [22].

Fig. 18. PEEQ contour at a rotation of 0.04 rad about 500 series models.
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>H B/ 3 3 /4' (9)

Based on the conditions set in the test plan, the dampers of 4NR,
6NR, 6R1, and 6R2 had an H′/B value of 2.2, and the damper of 6R3
had an H’/B value of 2.51. They were designed as flexural yielding
types. However, the H’/B of the damper of 6R4 was designed to be 1.26,
and it had an aspect ratio close to the shear yielding mechanism. In the
test results, the average ductility ratio (μ) of 6R4 was less than five, and
the specimen exhibited a lower ductility than other specimens. As the
structural performance of the TSD beam system directly depends on the
performance of the damper in the design concept, the design must allow
the damper to exhibit sufficient flexural yielding behavior. However,

6R3 with a higher H’/B value did not exhibit better ductility than the
specimen with an H’/B value of 2.2.

5.3. Damage distribution and damper design range consideration

In the test results, the rotational deformation of the connection is
expressed as the sum of the deformations in the beam, column, panel
zone, and damper. Fig. 23 shows the load-displacement relationships of
each component of the main specimens obtained from the measured
sensor responses. Fig. 24 compares the energy absorbed by each com-
ponent according to the load-displacement relationship. Owing to the
damper/beam yield strength ratios set in the test, the deformation of
the connection was concentrated on the damper throughout the
loading. The damper absorbed approximately 90% of the total energy of
the connection. The hysteretic behavior of the beam, column, and panel
exhibited hysteresis loops close to elastic behavior but their hysteretic
behavior in the test results included the smaller areas. Fig. 25 shows the
strain profiles at the damper and the beam of the representative spe-
cimen of 6R1. All specimens exhibited similar strain profiles. Regarding
the strength relationship between the beam and the damper, which
constitute the TSD beam system, the damper yielded earlier owing to its
positional characteristics. However, as the margin of the maximum
strength to the yield strength of the damper (σud/σyd) is relatively large,
the yielding and ultimate state of the beam may occur while the damper
reaches the ultimate state. Fig. 26 shows the beam maximum strain
distributions of the specimens according to the connection rotation. It
was confirmed that the beam that exhibited elastic behavior up to a
rotation angle of 0.02 rad, while plastic deformation occurred at
0.03 rad or higher. Obviously, such damage to the beam will increase as
α increases. Fig. 27 displays the FEA results of the PEEQ index of the
damper according to α. The PEEQ index is the damage index for plastic
behavior, expressed as the ratio of the equivalent plastic strain (PEEQ)
to the yield strain (εy) [23]. Fig. 28 shows the ratio of the yield strain to
the maximum strain of the beam and the ratio of the maximum moment
to the full plastic moment of the beam according to the damper/beam
yield strength ratio. When the moment frame is constructed for damage
control, improved structural performance can be obtained as the strain
ratio and moment ratio of the beam increase. For the damper/beam
yield strength ratios set in the analysis, the damper involved plastic
deformation in all analytical models. The magnitude of plastic de-
formation of the damper was inversely proportional to the increase in
α. The plasticity of the beam, however, increases as α increases.
Therefore, εyb/εb and Mm/Mpb have limited design ranges depending on
the required structural goals. For example, a damper/beam yield
strength ratio of approximately 0.5 can be recommended to maintain
the elasticity of the beam and secure a strength higher than the full
plastic moment even under sufficient deformation of the connection.

Fig. 19. Yield moment ratio according to α.

Fig. 20. Maximum moment ratio according to α.

Fig. 21. Comparing strain history of the damper and vertical rib.

Fig. 22. Increase in strength according to vertical rib installation.
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When the yield strength of the damper is equal to that of the beam, the
beam system can secure a strength higher than Mpb after yielding, with
the damper involving sufficient inelastic behavior. In this case, how-
ever, the beam member also involves plastic deformation such that εyb/
εb = 0.5. For the sufficient plastic deformation of the damper and the
weak-beam mechanism, a damper/beam yield strength ratio of one or
greater is not recommended. As the results of this study were obtained
from general beam member sizes that can be used in low- and mid-rise
steel structures, the performance curve shown in Fig. 28 can provide
reasonable damper design ranges of the damper for similar environ-
ments. The performance curve of εyb/εb, however, slightly changes

according to the shift in the moment gradient as Lbe/Lb changes over
the beam span and installation length of the connector. Therefore, the
design ranges must be verified in actual applications.

Fig. 23. Hysteresis loops of connection components: (a) damper, (b) beam, (c) column, and (d) panel.

Fig. 24. Absorbed energy distribution according to components.

Fig. 25. Strain profiles at beam and damper of 6R1.

Fig. 26. Beam maximum strain distribution according to rotation angle.

Fig. 27. PEEQ index of damper according to α.
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5.4. Elastic stiffness evaluation

Table 8 compares the elastic stiffness values between the test results
and the predicted values. The values from the test results represent the
elastic stiffness under positive loading while the values in parentheses
indicate the elastic stiffness under negative loading. In all test results,
the elastic stiffness under positive loading was lower than that under
negative loading because the small out-of-plane direction deformation
of the beam contributed to the stiffness in the connection even though
support elements to prevent lateral buckling were installed. The 4NR
specimen exhibited the largest error (16.6%) between the test value and
the predicted value. However, in general, errors less than 10% were
observed. Moreover, the FEA results were similar to the predicted va-
lues according to α, as shown in Fig. 29.

In FEMA-355D [24], the double angle connection detail and T-stub
connection detail are classified as partially restrained (PR) construc-
tion. The PR connection detail must verify that the structural perfor-
mance is satisfactory through physical verification and analytical re-
sults depending on the application situation. Fig. 30 compares the M-θ
relationships from the test and FEA results with the conditions to secure
the connection stiffness specified in AISC 360 [25]. The diagonal dotted
lines in the graphs represent the stiffness corresponding to a fully re-
strained (FR) connection (KFR = 20EIb/L) and a simple connection
(KS = 2EIb/L) level, respectively. EIb and L denote the stiffness char-
acteristic value of the beam and the beam length of one span, respec-
tively. In the test results, the elastic stiffness of the TSD beam system
exhibited PR connection level at α = 0.4, and values close to the FR
connection at α = 0.6. According to the FEA results, the elastic stiffness
of the TSD beam system at α = 0.8 or higher exceeds that of the full
welded connection model. Considering the above results, it is expected
that the TSD beam system can be designed in the FR connection and PR
connection ranges by using the elastic stiffness formula and the hys-
teretic model to be mentioned in following section depending on the
service load and the design intent.

5.5. Hysteretic model for TSD beam system

The hysteretic behavior of the TSD beam system depends on the
structural behavior of the slit damper, according to the design concept.
Fig. 31 shows the well-known hysteretic properties of the slit damper.
Owing to the acting slit damper, the hysteretic model of the TSD beam
system can be expressed as shown in Fig. 32. The initial stiffness in
Fig. 32, K1, is obtained using Eq. (4). If the anticipated maximum
strength of the system, Mrbs, occurs in the elastic region of the beam, i.e.

Fig. 28. Performance curve of beam damage and strength of beam system re-
lationships according to α.
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under the condition of Mrbs ≤ (Lb/Lbe)Myb, the second and third stiff-
nesses after the system yields become the recalculated KT when the
horizontal stiffness of the damper, kd, becomes kd/25 and kd/125, re-
spectively, based on Mybs and Mrbs. The yielding point of the beam can
be classified into three cases, as shown in Fig. 32. Path (1) is the case
where the yielding of the beam occurs at the end of the effective length
prior to or simultaneously with the yielding of the damper. After
yielding, the stiffness of the beam system becomes the recalculated
stiffness of the entire system, reflecting the second stiffness of the
flexural member. In this study, the second stiffness of general flexural
member was set to 1/50th of the initial stiffness based on the results of
previous study [26]. Path (1), however, is not the case considered in the
design concept of the TSD beam system. When Mybs is obtained from the
yielding of the slit damper, the anticipated maximum strength of the
beam system is expressed as (σud/σyd)Mybs. In this case, the moment at
which the beam yields is [Lb/(αLbe)]Mybs. Therefore, paths (2) and (3)
are determined based on the relationship between the yield ratio of the
damper material, σyd/σud and α(Lbe/Lb). Similarly, based on the in-
itiation of yielding of the beam, the subsequent stiffness becomes the
stiffness, recalculated by applying KB/50 to the stiffness of the previous
step as KB. In conclusion, the hysteretic properties of the TSD beam
system are expressed using the third or fourth straight line depending
on the presented elastic stiffness formula. For the beam yielding con-
dition (3), the change in stiffness of the system due to the yielding of the
beam is relatively insignificant, and the hysteretic properties of the
entire system can be expressed through an approximation of a tri-linear
model. As shown in Fig. 33, the proposed hysteretic model exhibits
similar responses to the test and FEA results and can effectively re-
present the hysteretic properties of the TSD beam system.

6. Conclusion

In this study, a new connection detail was proposed for the T-stub
connection-type damage-controlled system. The proposed connection
detail includes the upper and lower connectors that fasten the beam and
column using bolts. The upper connector is a general T-stub having a
vertical rib, and the lower connector contains a horizontally arranged
steel slit damper as the energy absorption device. The proposed con-
nection detail (TSD system) is a moment-resistance connection detail
that can complement the existing detail by providing the same bidir-
ectional resistance for the rotational behavior of the connection. This
helps establish smooth flexure and shear behavior of the slit damper.
The strength and stiffness formulas of the beam system with TSD were
proposed according to the mechanical behavior characteristics of the
connection. To practically verify them, a cyclic loading test was

Fig. 29. Comparison between FEA results and approximated values for elastic
stiffness.

Fig. 30. Connection stiffness evaluation: (a) test results and (b) FEA results (500 series).

Fig. 31. Hysteretic properties of the steel slit damper.

Fig. 32. Hysteretic model for the TSD beam system.

H.-Y. Park and S.-H. Oh Engineering Structures 205 (2020) 109858

16



conducted on the beam-to-column connection. Multivariate nonlinear
finite element analysis was also conducted to evaluate the structural
performance of the proposed system according to the damper/beam
yield strength ratio. The conclusions are summarized below.

(1) The TSD beam system effectively followed the characteristics of the
existing beam-to-column connection-type damage-controlled
system. Owing to the rotational behavior of the connection, de-
formation was concentrated on the damper, and the overall

Fig. 33. Comparison between the proposed hysteretic properties and the test/FEA results: (a) test and (b) FEA.
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behavior exhibited stable hysteresis loops. Moreover, equal re-
sistance was achieved for loadings in both the positive and negative
directions.

(2) The 6R4 specimen, which have relatively small aspect ratio (H/B)
of the damper showed vulnerable ductility compared to other spe-
cimens. The aspect ratio of the damper sufficient to induce flexural
yielding is required to secure the ductility of the whole connection.
Except for 6R4, with a relatively higher aspect ratio of the damper,
the specimens with a damper/beam yield strength ratio of 0.6 ex-
hibited strengths higher than 80% of the full plastic moment of the
beam up to a rotation angle of 0.04 rad. These specimens satisfied
the requirements for the SMF.

(3) In the test and FEA results, the yield strength of the TSD beam
system agreed well with the approximation value. The maximum
strength of the TSD beam system, which was appropriately de-
signed to determine the failure mode as the fracture of the damper,
was found to be approximately twice the yield strength because the
ratio of the ultimate strength to the yield strength of the damper
material significantly affected the strength of the system, which
differed from the characteristics of typical flexural members.

(4) As the strength of TSD increases in comparison with that of the
beam, it is easy to secure the required strength; however, it may be
accompanied with plasticity of the beam member. The performance
curve for the correlation of strength of the beam system and da-
mage to the beam according to the damper/beam yield strength
ratio was derived by analyzing the FEA results. From the curve, an
appropriate damper/beam yield strength ratio can be adopted ac-
cording to actual application requirements.

(5) The stiffness values predicted by the proposed formula were very
similar to those of the test and FEA results. In addition, the design
stiffness of the TSD beam system is expected that it can achieve the
fixation on the level of an FR or PR connection in accordance with
AISC.

(6) Moreover, the hysteretic model of the TSD beam system was de-
rived based on the proposed strength and stiffness prediction
methods. It was confirmed that the model provided results that
were consistent with those of the test and FEA. The proposed hys-
teretic model could be expressed as a tri-linear model in an ap-
proximate manner. The primary variables that determined the
characteristic value were identified as the yield ratio of the damper
material, the damper/beam yield strength ratio, and the effective
length of the beam.

This study proposed modified details for a beam-to-column con-
nection-type damage-controlled system and provides a design metho-
dology for low- and mid-rise steel structures. However, the design
variables addressed are not sufficient to meet a wide range of design
conditions. Therefore, a follow-up study on the effect of beam effective
length and bolt tightening force, etc. is required.
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