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Abstract

Abardamper (BD)is an energy-absorbing device that, despite its simplicity, exhibits excellent energy absorption capacity. The parametric
studies in this research focused on the effect of axial force on the cyclic behavior of these dampers. Initially, to verify the results of the
numerical model, three experimental BD samples with different heights were utilized. After calculating the buckling load of BD, the
effect of 2% and 4% of this load on its cyclic behavior was investigated. The effect of axial force and damper dimensions on its seismic
parameters was assessed through nonlinear static analyses. These parameters included initial and effective stiffness, strength, energy
dissipation, and equivalent damping ratio (EDR). Additionally, based on the curve fitting method for estimating the initial stiffness of
the damper under axial force, an approximate equation was provided, which showed acceptable accuracy compared to the numerical
results. The results indicated that the axial force led to a reduction in elastic stiffness, effective stiffness, and strength of the damper,

especially at large deformations. The impact on energy dissipation was negligible, but it caused an increase in the EDR. The greatest

impact of the axial force was observed on the strength, followed by its effect on the EDR.
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1 Introduction
In conventional structures, the dissipation of seismic input
energy is achieved through the elasto-plastic behavior of
structural elements. However, this approach can result
in significant residual deformations after major seismic
events [1, 2]. To mitigate this problem, passive control
strategies have been implemented [3, 4]. Central to these
strategies is the design of dampers, which play a crucial
role during earthquakes by dissipating the seismic energy
introduced into the structure. As a result, the primary struc-
ture remains largely undamaged, and the focus of dam-
age is shifted to the dampers, which can be conveniently
replaced following intense seismic activity [5, 6]. Dampers
are generally categorized based on their energy dissipation
mechanisms, including metal dampers [7, 8], viscoelastic
dampers, friction dampers [9], viscous dampers [10], and
smart dampers. Among these, metal dampers are particu-
larly favored due to their straightforward mechanical mod-
eling and excellent energy dissipation capabilities [11].
Many yield dampers with different geometries and
functions have been proposed in past research. Shahri and

Mousavi [12] investigated the use of steel slit dampers in
beam-to-column connections to improve seismic perfor-
mance and prevent brittle failure. They proposed ellip-
tic slit dampers, which enhance energy dissipation and
reduce stress concentration at strut ends. Parametric anal-
ysis revealed that these dampers contributed about 97.19%
to energy dissipation, significantly improving the connec-
tions' overall seismic resilience. Lotfi Mahyari et al. [13]
introduced a novel yielding damper with a pure torsional
mechanism, maximizing energy dissipation by eliminating
shear force and bending moment. Analytical relationships
for structural characteristics were derived, and ten speci-
mens tested under cyclic loading showed stable hysteresis,
high energy absorption, and ductility. Equivalent viscous
damping ratios ranged from 38% to 48%, aligning well with
analytical predictions. Gorji Azandariani et al. [14] intro-
duced the energy absorption system of a steel dual-ring
damper and analyzed its cyclic behavior analytically and
numerically. They derived relationships for yield strength,
yield displacement, and elastic stiffness, validated through
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parametric studies and finite element models. Results
showed increased energy dissipation with larger ring diam-
eters, while higher diameter-to-thickness ratios reduced
ductility and damping. Ghamari et al. [15] addressed the
limitations of concentrically braced frames, such as low
ductility and poor energy dissipation, by introducing an
I-shaped steel damper with a shear yield mechanism. This
economical and easily replaceable damper prevents diag-
onal brace buckling, acting as a ductile fuse. Numerical
and parametric analyses confirmed its effectiveness, with
overstrength exceeding 1.5, as recommended by AISC.
Zhou et al. [16] introduced a novel double C-section steel
slit damper, conducting six cyclic loading tests to assess
the effects of strip aspect ratio, flange thickness, damper
length, and steel grades on its hysteretic behavior and
resistance. The damper demonstrated strong structural
performance, with numerical models confirming experi-
mental results. However, existing design equations yielded
inconsistent initial stiffness predictions and conservative
ultimate strength estimates. Yang et al. [17] introduced a
shear-bending metallic damper with a double-phased yield
mechanism, optimizing energy dissipation and stiffness by
combining bending and shear plates. Testing ten specimens
revealed satisfactory plastic development, strong energy
dissipation, and good ductility, with two identified fail-
ure modes. Parameter analysis confirmed the mechanism's
effectiveness, and potential improvements were suggested
to prevent premature weld failures. Qiu et al. [18] addressed
the limitations of traditional U-shaped dampers by devel-
oping a new T-section metallic damper. Theoretical and
experimental studies evaluated the seismic performance,
with derived formulas for yield strength and initial stiff-
ness showing higher stiffness, strength, and energy dis-
sipation than U-shaped dampers. Numerical simulations
quantified the impact of geometry and materials, high-
lighting enhanced performance with shape memory alloys.
In other studies, the seismic behavior of U-shaped [19-22],
box-shaped [23], S-shaped [24-26], and X-shaped damp-
ers [26, 27] has also been investigated. In these studies,
important seismic parameters of the dampers, including
elastic stiffness, yield force, ultimate strength, and energy
absorption, have been investigated.

Ghaedi et al. [28] introduce a novel yielding damper
known as the Bar Damper (BD), which consists of solid
bars sandwiched between two plates. The study formulates
design parameters through simplified mechanical model-
ing, demonstrating that the device exhibits stable hysteretic
behavior under cyclic loading. The Bar Damper maintains
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significant displacement capacity with minimal degrada-
tion in strength and stiffness. The slenderness ratio of the
bars is identified as a key design factor influencing stiff-
ness and energy dissipation. The theoretical strength pre-
dictions align with experimental findings. Ghaedi et al. [29]
present a study on the BD, a new metallic damper designed
to enhance the cyclic performance of semi-rigid frames.
The damper consists of solid bars between the top and
bottom plates, dissipating external energy through plastic
deformation. Evaluations included pushover analysis, qua-
si-static cyclic tests, and three-dimensional finite element
models, which validated that the bar damper significantly
improved frame strength, effective stiffness, damping ratio,
and energy dissipation capacity. Rahimi et al. [30] explore
the impact of lateral bearing systems on rehabilitating
reinforced concrete frames, focusing on Non-uniform Slit
Dampers and Bar dampers. They constructed three one-
third-scale experimental samples and developed sixteen
numerical models to assess the dampers' effects on stiffness,
strength, ductility, and energy dissipation. Findings demon-
strate significant improvements in seismic performance
with these dampers, and fewer dampers can still enhance
seismic parameters without reducing cyclic capacity.

One of the parameters affecting the behavior of yielding
dampers is axial force. Axial force is applied to the damper
depending on its location in the structure. Several past
studies have addressed this topic. Mortezagholi et al. [31]
examined the impact of axial forces on Added damp-
ing and stiffness (ADAS) dampers, noting their role in
increasing strain and affecting ductility. They introduced
Modified ADAS (MADAS) to prevent these effects.
Experimental and numerical evaluations showed MADAS
maintained consistent force levels and better cyclic dura-
bility, unlike ADAS, which caused brace buckling under
increased forces. Cheraghi et al. [32] investigated ADAS
dampers to derive equations for calculating seismic param-
eters. They employed a model to analyze various variables,
proposing equations for stiffness, energy dissipation, and
strength. The study identified variables with significant
and minimal impact on results, examining the influence
of axial force, critical load, and geometric modifications
on damper performance, including stiffness, strength, and
ductility. Khoshkalam et al. [33] examined various yield-
ing dampers to enhance seismic performance, focusing on
ADAS dampers, which struggle with tensile axial forces
during large deformations. These forces lead to strain
localization and damage. The study introduced a modified
ADAS damper, redirecting axial forces to bracings. Using
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Abaqus, an equation for maximum shear stress was pro-
posed, showing MADAS dampers with superior energy
dissipation and reduced plastic strain.

In previous studies, the effect of axial force on the cyclic
behavior of BD has not been investigated. The location of
the damper, as well as the BD, has been proposed in many
past studies, as shown in Fig. 1 [34-37]. In this arrange-
ment, dead and live loads cause beam deflection and apply
forces to the dampers. In Fig. 1, Fx and Fz represent the
lateral and axial forces on the dampers, respectively.

If drift occurs in the frame, additional moments are
generated in the damper due to this axial force, lead-
ing to changes in their overall behavior. If the frame is
semi-rigid, the weaker frame connection results in greater
forces being applied to these dampers. Understanding
which parameter of the damper is most affected by the
axial force significantly aids structural designers in mak-
ing more informed design decisions.

This study focused on the influence of axial force on the
cyclic performance of the BD. The analyses conducted in
this study were cyclic. To validate the numerical results,
three experimental BD specimens with different heights
were utilized. The buckling load of the damper was cal-
culated by solving the differential equation governing the
buckling behavior of the damper, and the effects of 2% and
4% axial force on its cyclic performance were evaluated.

2 Validation of the numerical model

The studies conducted in this research were carried out
using the ABAQUS finite element software [38]. An exper-
imental sample was utilized to ensure the accuracy of the
Finite Element (FE) model.

Fig. 2(a) shows the experimental sample tested by
Ghaedi et al. [28]. Three experimental samples from this
study were used to validate the numerical model. Each of
the experimental models included 24 BDs. These 24 BDs

Gravity Load | [
HHHHHHHH!H

Fig. 1 The application of axial force to the BD in the frame subjected to
lateral load
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Fig. 2 (a) Experimental specimen [28] (b) Loading history of the models

had a diameter of 10mm and heights of 70 mm, 100 mm,
and 130 mm. The lower plate of these models was fixed,
and loading was applied cyclically to the upper plate.
The loading history is shown in Fig. 2(b). The material
properties of the dampers were reported with a yield
stress of 341.2 MPa and an ultimate stress of 532.3 MPa.
Failure was reported at the connection of the BD in these
models at the end of the loading.

Eight-node solid elements were employed to simulate the
numerical model. These elements, which have 24 degrees
of freedom, were used in the Incompatible Mode (C3D8I).
Incompatible Mode in Abaqus enhances element defor-
mation accuracy by introducing extra degrees of freedom,
reducing shear locking. The analysis utilized the Static
General solver, incorporating large deformations and strain
hardening. The numerical analysis in ABAQUS was per-
formed with an increment length of 0.05 in the static gen-
eral step, chosen to balance accuracy and computational
time. In the experimental models, no connection failure
occurred until the end of loading. Therefore, the "Tie"
constraint was used for the connections in the numerical



model. In ABAQUS, "Tie" constraints are used to bond
two separate regions together, ensuring they share the same
deformations and stresses [38]. The analysis of the mod-
els was performed using the displacement-control method.
The Young's modulus (£) was set to 200 GPa. To accurately
model the cyclic response, a kinematic hardening model
was employed with a hardening modulus of 800 MPa.

Six numerical analyses were conducted to determine
appropriate mesh dimensions and evaluate the effect of
mesh size on the hysteresis loop area (Eloop) and maxi-
mum strength. In the convergence study, a mesh size was
adopted that represents a practical balance between accu-
racy and computational cost, providing reliable results
while avoiding unnecessary computational overhead.
Based on Table 1, the mesh size was set to 4 mm. Fig. 3
shows the meshed model and its boundary conditions,
which were defined based on the experimental model.

The stress results for one of the models are shown in
Fig. 4(a), corresponding to the maximum displacement.
It is observed that the maximum stresses occur in areas
near the connection. Fig. 4(b) illustrates the failure mode
of the experimental specimen, revealing that the failures at
the final moment happened in the connections, which were
the locations of maximum stress in the numerical model.
The comparison of numerical and experimental hystere-
sis results is presented in Fig. 5. These results pertain to
three experimental specimens with different heights. It is

Table 1 Mesh sensitivity analysis results

Error (%) relative

No. of model ~ Mesh size of BD (mm) to model 4
Strength E o
1 8 5.28 491
2 6 4.33 1.11
3 4 0.93 0.54
4 2 0 0
5 1 0.3 0.08
6 0.5 0.33 0.09

Cross-sectional view of the BD

View of the model

Fig. 3 The meshed model and its boundary conditions
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(b)
Fig. 4 (a) Stress results of the model at maximum displacement, (b)
failure mode of the experimental specimen [28]
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Fig. 5 Comparison of numerical and experimental results for models
with heights: (a) 70 mm, (b) 100 mm, (c) 130 mm

observed that the numerical model has performed satisfac-
torily in computing the results.

3 Buckling load of the BD

When the damper is positioned, as shown in Fig. 3, the
slope at both ends becomes zero after lateral deformation.
Therefore, the mathematical model of the damper can be
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represented as shown in Fig. 6. The governing equation for
the buckling of this damper is given in Eq. (1).
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Thus, Eq. (1) can be solved with three boundary con-

ditions as specified in Eq. (2). This formulation is derived

assuming lateral force /' = 0, which makes the boundary
condition of zero shear valid at the free end.
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Two of the boundary conditions specify zero slope at
both ends, one boundary condition specifies zero displace-
ment at the fixed end, and one boundary condition speci-
fies zero shear force at the free end. By solving Eq. (1), the
buckling load is obtained as Eq. (3). In Egs. (1)-(3), £ and
I represent Young's modulus and moment of inertia of the
BD. Height and diameter are denoted as H and D.

Following Ghaedi et al. [28], the elastic stiffness of a
single bar damper is given by Eq. (4) with N = 1. Under
rigid end plates and uniform load distribution, N bars act
as parallel springs, so the total elastic stiffness equals the
sum of the individual stiffnesses, i.e., Eq. (4).
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Fig. 6 Mathematical model of BD under axial force

4 Impact of axial force on the cyclic behavior of dampers
This section examines the effect of axial force on the hys-
teresis behavior of the BD. If the damper is not subjected to
axial force, its schematic hysteresis curve during one loading
cycle is shown in Fig. 7. In this figure, the method for calcu-
lating the damper's effective stiffness (K, is also illustrated.
Additionally, based on Eq. (5), the EDR can be determined.

Elaap (5)
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<

However, when axial force is applied, its behavior
changes and becomes dependent on the damper's position
relative to its initial state. For a more detailed examination
of this condition, the hysteresis curve of the damper under
axial force is presented in Fig. 8. This figure provides a
schematic view of the hysteretic path under combined axial
and lateral loading. It is presented only as a conceptual
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Fig. 7 Hysteresis curve of the damper without axial force
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Fig. 8 Hysteresis curve of the damper with axial force



illustration to highlight the difference between active and
passive plastic states, rather than as a representative numer-
ical result. The actual cyclic responses of the damper,
including the observed reduction in post-yield hardening
due to axial force, are reflected in the numerical analy-
ses shown in Figs. 9 and 10. Fig. 10 examines the damp-
er's response under both axial and lateral forces during one
loading cycle in six different positions. If the damper is in
position 1 to 2 and the lateral force is applied in the posi-
tive direction, its effect combines with the effect of the axial
force. In this case, the impact of the axial force is signifi-
cant. In positions 2 to 3 and 3 to 4, the effect of axial force
counteracts the lateral force, thus requiring a greater lateral
force to return the damper to its initial position. The behav-
ior in positions 4 to 5 is similar to that from 1 to 2. Finally,
for the transition from 5 to 6 and 6 to 1, a large lateral force
is again needed, as the axial force acts as a resisting force.
Therefore, the critical positions of the damper under axial
force are at positions 2 and 5. A notable point in this curve
is that at position 6, the axial force has a greater effect on
the damper due to the large displacement. At this position, a
significant lateral force is required to maintain equilibrium.
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Fig. 9 Hysteresis curve results
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Fig. 10 Skeleton curves of models: (a) D = 8 mm, (b) D = 10 mm, and
(¢c)D=12mm

As the displacement approaches zero, the influence of the
axial force diminishes, and the lateral force also decreases.

This hysteretic behavior under combined loading can be
explained more rigorously using the concepts of active and
passive plastic states. During the 'active' phase (e.g., paths
1-to-2 and 4-to-5), the P-delta moment generated by the
axial force acts in the same direction as the lateral force,
thereby amplifying the deformation. Conversely, during
the 'passive' phase of unloading and reloading (e.g., paths
2-to-4 and 5-to-1), the P-delta moment opposes the restor-
ing force, thus requiring a larger lateral force to return the
damper towards its initial position

5 Parametric study

In this section, numerical studies were conducted to inves-
tigate the effect of axial force on the cyclic performance of
the BD. The model under study in this section is defined
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as shown in Fig. 11. The only difference between this
model and the validation model is the addition of axial
force. The analysis of this model was carried out in two
steps. In the first step, only the axial force was applied, and

Fz=Axial Load
Step 2 Uz= Ux= Free , Uy= Cyclic loading , Fz=Axial Load

{ Step 1 Ux= Uy= Uz =Free

Fig. 11 Boundary conditions of the parametric models

the lateral cyclic force was introduced in the second step.
Fig. 11 also illustrates these boundary conditions. All mod-
els studied in this section are defined in Table 2. The nam-
ing of each model is based on the dimensions and axial
force of the damper. In this table, o represents the ratio of
the applied axial load to the buckling load of the damper.
In this table, the results of elastic stiffness, which
represents the initial slope of the force-displacement
curve, obtained from numerical analyses are presented.
Additionally, the results from Eq. (4) are also provided.
In Eq. (4), the effect of axial force is not considered, and
this equation is only applicable to the model without axial
force. Numerical analyses showed that axial force reduces
the initial stiffness of the damper. Therefore, Eq. (6) is pro-
posed based on curve-fitting methods to incorporate the
effect of axial force on elastic stiffness. The numerical anal-
yses (Table 2) confirmed that this relation provides good

Table 2 Specifications of parametric models and elastic stiffness results

BoH.Do Dimensions of BD (mm) Axial load K, (kN/mm) Normalized K
H D a (kN) Eq. (4) Numerical Eq. (6) ¢

B-70-8-0 0 0 33.76 32.66 33.76 1
B-70-8-0.02 8 0.02 38.88 - 31.64 32.69 0.97
B-70-8-0.04 0.04 71.76 - 30.64 31.69 0.94
B-70-10-0 0 0 82.43 79.97 82.43 1
B-70-10-0.02 70 10 0.02 94.92 - 77.49 79.82 0.97
B-70-10-0.04 0.04 189.83 - 75.07 71.37 0.92
B-70-12-0 0 0 170.93 165.34 170.93 1
B-70-12-0.02 12 0.02 196.82 - 160.26 165.51 0.97
B-70-12-0.04 0.04 393.64 - 155.29 160.43 0.94
B-100-8-0 0 0 11.58 11.43 11.58 1
B-100-8-0.02 8 0.02 19.05 - 11.07 11.21 0.97
B-100-8-0.04 0.04 38.1 - 10.72 10.87 0.94
B-100-10-0 0 0 28.27 27.96 28.27 1
B-100-10-0.02 100 10 0.02 46.51 - 27.09 27.38 0.97
B-100-10-0.04 0.04 93.02 - 26.24 26.54 0.94
B-100-12-0 0 0 58.63 57.83 58.63 1
B-100-12-0.02 12 0.02 96.44 - 56.04 56.77 0.97
B-100-12-0.04 0.04 192.88 - 54.3 55.03 0.94
B-130-8-0 0 0 5.27 5.18 5.27 1
B-130-8-0.02 8 0.02 11.27 - 5.02 5.1 0.97
B-130-8-0.04 0.04 22.54 - 4.86 4.95 0.94
B-130-10-0 0 0 12.87 12.69 12.87 1
B-130-10-0.02 130 10 0.02 27.52 - 12.3 12.46 0.97
B-130-10-0.04 0.04 55.04 - 11.91 12.08 0.94
B-130-12-0 0 0 26.69 26.35 26.69 1
B-130-12-0.02 12 0.02 57.07 - 25.53 25.84 0.97
B-130-12-0.04 0.04 114.13 - 24.73 25.05 0.94




agreement with the results for all examined damper heights
H =170, 100, and 130 mm. While more complex formula-
tions could be developed, the proposed function offers a sim-
ple and sufficiently accurate estimate within its calibration
range. It should be emphasized, however, that the validity
of Eq. (6) is limited to small axial-force ratios (0 < a < 0.04)

and it does not provide acceptable results for other ranges.
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After analyzing the models defined in Table 2, their hys-
teresis curves were obtained as shown in Fig. 9. In this fig-
ure, the models with constant diameter and height are pre-
sented separately. The cyclic responses under axial force
are quantified by the numerical hysteresis loops in Fig. 9
and the skeleton curves in Fig. 10, while Fig. 8 serves only
as a schematic illustration of the active and passive path
features. Subsequently, the essential seismic parameters
were extracted from these diagrams and analyzed.

The skeleton curve results of the models are presented
in Fig. 10. Each of these figures illustrates the results of
the models with a constant diameter. The presence of
axial force reduces the post-yield hardening stiffness of
the damper due to the P-delta effect. As observed in the
numerical results (Fig. 9), this effect is moderate for small
axial forces (e.g., a = 0.02), resulting in a lower harden-
ing slope. However, it can lead to significant softening
(a negative tangent stiffness) at larger axial force ratios
(e.g., a = 0.04) and large displacements, where the P-delta
effect overcomes the material's natural strain hardening.

One of the important parameters of yielding dampers
is their effective stiffness, which can be calculated based
on Fig. 8. The effective stiffness of the damper depends
on its displacement. As the displacement approaches zero,
the effective stiffness tends to the damper's initial stiff-
ness. As observed, an increase in displacement leads to a
significant reduction in the effective stiffness of the mod-
els. This rate of stiffness degradation is most pronounced
for the models with a lower height (H = 70 mm).

Furthermore, across all models, an increase in axial
force consistently causes a further reduction in effective
stiffness. It should be noted that, unlike the theoretical
elastic stiffness, the variation in effective stiffness between
the different geometries does not follow a simple inverse
cubic relationship with the damper height (H3).

The focus of this section is to examine the EDR of the
models, which can be calculated using Eq. (§). In many
previous studies, this parameter has been calculated for
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metallic dampers [39—42]. Fig. 12 illustrates the variations
in EDR with respect to displacement.

In this figure, the EDR results for models with a constant
diameter are shown in three pairs of plots. It can be observed
that in all models, an increase in axial force leads to an increase
in EDR. As the displacement of the dampers increases, the
influence of axial force on these results becomes more pro-
nounced. According to Eq. (5), EDR depends on the energy
dissipation and effective stiffness of the damper. Since axial
force had a negligible effect on energy absorption, EDR
becomes dependent on effective stiffness. Fig. 13 shows that
increasing axial force reduces effective stiffness. Therefore,
the reduction in effective stiffness results in an increase in
EDR. Additionally, these results show that the height and
diameter of the damper have had a negligible impact on it.

Table 3 presents the normalized result of maximum
strength, effective stiffness, energy dissipation, and EDR.
In this table, the normalized values represent the ratio of
each parameter in the presence of axial force to that of the
corresponding model without axial force. For example, a
value of 0.87 means that the result of the model with axial
force is 87% of the value obtained for the same model
without axial force.

Table 3 presents a quantitative summary of the key seis-
mic parameters, normalized by the results of the corre-
sponding model without axial force a = 0. The first column
now represents the damper slenderness ratio (H/D) for the
three main groups of models with heights of 70, 100, and
130 mm. The data shows a consistent trend of degrada-
tion in strength and stiffness with increasing axial force.
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Fig. 12 Results of EDR in the models at various damper displacements

(Units:mm)
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Fig. 13 Results of the effective stiffness of the models relative to
damper displacement (units:mm): (a) D = 8 mm, (b) D = 10 mm, and
(¢) D=12 mm

For an axial force ratio of @ = 0.04, the maximum strength
is reduced by an average of 30%, and the effective stiffness
by 11%. In stark contrast, the total energy dissipation was
found to be largely unaffected, with variations of less than
5% across all slenderness ratios.

Conversely, the EDR generally increases with axial
force, with an average rise of 18% for o = 0.04. This trend
is directly linked to the consistent energy dissipation and
reduced effective stiffness. More importantly, the data
reveals a clear relationship between the slenderness ratio
and the severity of these effects. For instance, in the group
of dampers with H =70 mm (lower slenderness ratios), the
impact is most pronounced, with a strength reduction of
up to 30% and a stiffness reduction of up to 33%. In con-
trast, for dampers with # = 130 mm (higher slenderness
ratios), the degradation is less severe, and the EDR shows
minimal changes. This indicates that dampers with a lower
slenderness ratio (H/D) are more sensitive to the detrimen-
tal effects of axial force. This finding underscores a critical
aspect of the damper's behavior: while the axial force has
a minimal impact on the cumulative energy dissipation, it

fundamentally alters the overall seismic performance by
causing a significant degradation in strength and stiffness.

Analysis of the average results indicates that axial force
has its greatest influence on maximum strength, causing a
notable reduction (averaging 30%), and on the equivalent
damping ratio, leading to a significant increase (averag-
ing 18%). Since stiffness significantly influences the dynamic
behavior of structures equipped with yielding dampers, this
effect must be considered in the design process.

6 Evaluation of stress in the models
In this section, the stress distribution of the models is
examined. Since the displacement of the BDs in the model
is identical, their behavior resembles a system with paral-
lel springs. Consequently, they experience the same stress.
Therefore, the stress results are presented for only one BD
in Fig. 14. The von Mises stress distribution for a repre-
sentative bar from selected models is presented in Fig. 14.
The figure illustrates the stress state at the point of maxi-
mum displacement for three dampers with different heights
(H =170, 100, and 130 mm) under varying axial force ratios
(a=0,0.02, and 0.04). Regions where the stress exceeds the
material’s yield strength (347 MPa) are depicted in gray.
The results clearly demonstrate that for all geometries,
increasing the axial force leads to a significant increase in
the peak von Mises stresses. In all cases, the maximum
stresses are concentrated at the connections to the top and
bottom plates, which is the location of maximum bending
moment. Due to the symmetric boundary conditions, an
inflection point with zero internal moment forms at the
damper's mid-height, which is consistently the region of
lowest stress, irrespective of the presence of axial force.

(611 —0y )2 + (Gzz —0O3;3 )2

1
o, = |2 +(G33—6”)2 (7
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The results of the models up to this point demonstrated
that axial force alters the cyclic behavior of the damper.
Changes in parameters such as stiffness also affect the
dynamic behavior of the damper, which must be consid-
ered in structures equipped with this type of damper. These
dampers experience maximum moments at the connection
points. Therefore, the connection must be designed to pre-
vent failure throughout the loading process. The number of
dampers in this study was 24. These dampers function as
parallel springs in the model. Thus, the findings of this study
can be extended to different dimensions. As observed, the
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Table 3 Normalized results of the models compared to the model without axial force

I ﬁia Normalized Normalized Norm'ali'zed' Normalized
D strength effective stiffness energy dissipation EDR
8.75-0 1 1 1 1
8.75-0.02 0.86 0.94 1.01 1.13
8.75-0.04 0.71 0.87 1.02 1.36
7-0 1 1 1 1
70 7-0.02 0.86 0.93 1.01 1.16
7-0.04 0.75 0.88 1.02 1.25
5.83-0 1 1 1 1
5.83-0.02 0.83 0.78 0.97 1.23
5.83-0.04 0.7 0.67 0.95 1.37
12.5-0 1 1 1 1
12.5-0.02 0.83 0.97 0.99 1.13
12.5-0.04 0.69 0.94 0.98 1.26
10-0 1 1 1 1
100 10-0.02 0.83 0.96 0.99 1.14
10-0.04 0.68 0.92 0.98 1.34
8.33-0 1 1 1 1
8.33-0.02 0.82 0.96 0.98 0.92
8.33-0.04 0.66 0.9 0.97 1.06
16.25-0 1 1 1 1
16.25-0.02 0.87 0.98 0.98 0.99
16.25-0.04 0.74 0.95 0.98 1
13-0 1 1 1 1
130 13-0.02 0.84 0.98 0.98 1.01
13-0.04 0.71 0.95 0.97 1
10.83-0 1 1 1 1
10.83-0.02 0.82 0.97 0.98 1.02
10.83-0.04 0.69 0.94 0.96 1.03

number of dampers was also included in the stiffness equa-
tion. The impact of axial force on dampers with varying
dimensions was nearly the same. It is worth noting that the
axial force for each damper was applied based on its criti-
cal load. If the axial force remains constant, increasing the
diameter and reducing the height of the BD can mitigate
the negative effects of the axial force.

It should be noted that the assumption of uniform axial
force distribution among the dampers is considered valid
in this study. This assumption is justified by the signifi-
cant thickness and resulting high rigidity of the loading
plates, combined with the load being applied uniformly
over the plate's surface, which prevented any observable
plate deformation.

7 Conclusions
This study was conducted to investigate the effect of axial
force on the cyclic behavior of BD through a parametric

analysis. Initially, three experimental BD samples with dif-
ferent heights were used to validate the numerical results.
The buckling load of the damper was then calculated by
solving the differential equation governing its buckling
behavior. To evaluate the effect of this axial force on the
damper, 27 nonlinear static analyses were performed.
The model variables included the damper dimensions and
its axial force. Axial force was applied at 2% and 4% of
the buckling load. Subsequently, the seismic results of
the damper, including elastic stiffness, strength, effective
stiffness, energy absorption, and EDR, were calculated.
An approximate equation was proposed to estimate the
elastic stiffness of the damper under axial force, which
showed good agreement with the numerical results. After
reviewing the results, the summary is presented as follows.
» The results showed that the axial force reduces the
elastic stiffness of the damper. Based on the direct
average of the numerical results, this reduction was
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Fig. 14 Stress distribution for the models: (a) H =70, D = 8§, (b) H = 100,

D=10,and (c) H=130,D= 12

3% and 6% for axial force ratios of o = 0.02 and
a = 0.04, respectively. The proposed approximate
equation showed reasonable agreement with these
observed numerical trends.

Axial force reduced the effective stiffness of the
damper, but its impact on energy absorption was
minimal. A 2% and 4% increase in axial force led to a
5.8% and 11% decrease in effective stiffness, respec-
tively. However, the effect on energy absorption was
calculated to be less than 0.5%.

A key finding is the significant increase in the EDR
under axial force, with an average rise of up to 18%.
This result is a direct consequence of the inter-
play between the damper's stiffness and its energy

dissipation capacity. The analysis revealed that
while the cumulative energy dissipated per cycle
remained remarkably constant, the effective stiffness
was significantly degraded due to the P-delta effect.
Since the EDR is proportional to the ratio of dissi-
pated energy to effective stiffness, the pronounced
reduction in stiffness was the primary driver for the
observed enhancement in damping, an effect that
was most pronounced at larger displacements.

The application of axial force caused a significant
reduction in the damper's strength, an effect that was
more pronounced at larger displacements due to the
P-delta mechanism. Quantitatively, applying axial
forces of 2% and 4% of the damper's critical load
resulted in average reductions in maximum strength
of 16% and 30%, respectively.

While the numerical model in this study comprised
24 individual bar dampers to replicate the experimen-
tal setup, the analysis confirmed they exhibit parallel
mechanical behavior. Therefore, a valuable direction
for future research would be to investigate the efficacy
of a simplified, single-bar equivalent model. Such an
approach promises to significantly reduce computa-
tional costs, streamlining the analysis and design pro-
cess for structures incorporating these dampers.
Future research could extend the present analysis
to investigate dampers with low aspect ratios (i.e.,
larger diameters relative to height), in order to quan-
tify the contribution of shear deformations to the
overall hysteretic response and energy dissipation

capacity.

Nomenclature

D The diameter of the BD

H Height of the BD

o The ratio of the axial force of the BD to its critical
load

N The number of BD in a model

Pcr The buckling load of BD

E Young's modulus of the BD

1 Moment of inertia of the BD

K, The elastic stiffness of the damper without axial
force

K, The elastic stiffness of the BD with axial force

Keﬂp The effective stiffness of the BD

¢ The equivalent damping ratio of the proposed

damper
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