
 

Introduction 

It has been recognized by researchers that the modeling of 
damping is an area of structural response estimation that 
has been overlooked. When the structure deforms well 
into the nonlinear range, conventional linear viscous 
damping models can produce fictitious damping forces, 
which in turn cause underestimation of displacements and 
internal member forces [1]. In this research work, the 
effects of eight damping models were examined through 
three different lateral-load resisting systems at two 
different structural heights (2- and 4-stories). The systems 
are, namely, tension-only concentrically braced frames, 
buckling-restrained braced frames, and conventional, 
concentrically braced frames. 

Review 

In recent years, damping models in time history analysis 
is gaining renewed attention, especially in the context of 
nonlinear behavior. Charney [1], Erduran [2] and Salehi 
and Sideris [3] demonstrated that, as the structural system 
yields and the characteristic frequencies drop, the 
commonly used Rayleigh damping model tends to 
produce larger than intended damping forces. Hall [4] and 
Luco and Lanzi [5] observed from numerical analysis 
examples that, at onset of yielding, the rapid stiffness 
reduction simultaneously generates large velocity and 
large effective damping ratios, which combined produce 
increased, in most cases fictitious, damping forces. This 
phenomenon is prevalent in structural systems that 
experience frequent and rapid yielding and softening. 
Typical examples of such systems include rocking 
systems and steel braced frames. Bernal [6] cautioned that 
massless DOFs, usually rotations, which produce zero 
damping forces during elastic response, can produce 
nonnegligible damping forces when the system responds 
inelastically. Chopra and McKenna [7] stated that, the 
issue is not inherent in Rayleigh damping but in how 
plasticity is modeled: the fictitious damping forces 
mentioned above are pronounced in concentrated 
plasticity (plastic hinge) models but much less so in 
distributed plasticity (fiber element) models.  

Despite the alarming findings in recent research, the 
significance of unintended effect of damping models is 
not widely recognized by practicing engineers. 

 

 

Analysis Model 

The effect of damping models on nonlinear time-history  
analysis was examined through typical steel braced frame 
models. Braced frames rely on the diagonal braces, 
subject to cyclic axial forces, to resist seismically induced 
lateral loads. As the braces yield in tension, buckle under 
compression, and re-straighten under tension, the 
individual braces and the structural system experience 
frequent decrease and recovery of stiffness. Three 
different braced frames are examined, namely, a Tension-
only concentrically Braced Frame (TBF), a Buckling 
Restrained Braced Frame (BRBF) and a conventional, 
Concentrically Braced Frame (CBF). The difference 
between TBFs and CBFs are the slenderness of the braces: 
TBFs use very slender braces which supply very limited 
compressive strength, while CBFs use stockier braces 
which supply appreciable compressive strength. 
Buckling-restrained braces, on the other hand, 
demonstrate very stable cyclic behavior, and thereby, 
much less frequent, and drastic changes in stiffness 
compared to tension-only braces. The stockier braces in 
CBFs possess characteristics that are in between tension-
only braces and buckling-restrained braces.  

For each structural system, a 2- and 4-story model were 
examined. The 2-story TBF was taken after a shake table 
test conducted by Tremblay and Filiatrault [8], while the 
BRBF and CBF were identical to the TBF except for the 
braces. The CBF had the same brace areas as the TBF. The 
BRBF had half the number of braces each with double the 
area as the TBF. The 4-story systems were assigned the 
same geometry, mass, and demand-to-capacity ratio in 
strength as the 2-story systems.  
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Figure 1. Structural models: (a) 2-story models and (b) 4-
story models 
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The general-purpose, finite-element-model simulation 
platform OpenSees was used to carry out the numerical 
analyses. Figure 1 outlines the 2D models. Floor masses 
were lumped to the beam-column or beam-column-brace 
nodes. Constant gravity loads were applied to the same 
nodes. The columns were pinned at the base and simply 
connected to beams. Therefore, the structural systems 
relied entirely on the braces for lateral-load resistance and 
system stability. Short, rigid segments were inserted at the 
ends of the beams and braces to represent connections 
zones including gusset plates. The braces were pinned at 
the ends, and therefore, resisted only axial forces. The 
TBFs had round solid braces with a slenderness ratio (kl/r) 
greater than 200. The compressive strength at buckling 
was between 0.5 and 0.6 of the yield strength in tension. 
The CBF had circular tube braces with slenderness ratio 
between 80 and 100. 

The buckling braces in the TBFs and CBFs were 
modeled using displacement-based elements with 
distributed plasticity (named nonLinearBeamColumn in 
the element library). The braces were divided into two 
elements that were offset laterally by L/1000 at mid length 
to trigger global (or flexural) buckling. Each element was 
provided with 4 integration points along the length, 
positioned according to the Gauss-Lobatto rule, and fiber 
sections. The solid round braces in the TBFs were 
modeled with 4 fibers across the diameter and 15 fibers 
around the circumference. The circular tube braces in the 
CBFs were modeled with 2 fibers across the thickness and 
15 fibers around the perimeter. Buckling-restrained braces 
in the BRBFs were modeled using truss elements. The 
Giuffre, Menegotto and Pinto uniaxial material model 
with extensions for kinematic and isotropic hardening 
(named Steel-02 in the material library) was assigned to 
the braces.  

Figure 2 compares hysteretic response of the 2-story 
models, showing the story shear versus story drift ratio 
from the first story and the axial force versus elongation 
of one of the first-story braces. The tangent stiffness 
damping model (Model 6 in Table 1 described later) is 
used for these cases. The TBF is characterized by a 
prolonged deformation range, or slip, at zero resistance. 
Changes in stiffness occurs at onset of yielding, 
unloading, and twice when the resistance crosses zero. 
The BRBF is characterized by stable hysteresis with 
drastic changes in stiffness occurring only at the onset of 
unloading. The hysteresis of CBF transitions from the 
initial stable behavior to a more slip behavior. Changes in 
stiffness occurs at onset of yielding, unloading, and at later 
stages, before and after the resistance changes sign. At the 
member level, the buckling braces in CBFs exhibit 
negative stiffness in the post-buckling region. 

Damping Models 

The eight damping models listed in Table 1 were studied. 
The models cover all options available in OpenSees. The 
models were: the classical Rayleigh damping model 
(Model 1); Rayleigh model that updates stiffness, i.e., 
adopts tangent stiffness instead of initial stiffness, at each 
time step (Model 2); modal damping model (Model 3); 
mass proportional model (Model 4); initial stiffness 
proportional model (Model 5); tangent stiffness 
proportional model (Model 6); modified Rayleigh model 
that does not update stiffness but updates the two 
constants �� and �� (Model 7); and modified Rayleigh 
model that updates stiffness and constants ��  and �� 
(Model 8). Models 2, 6, 7 and 8 require step-by-step 
updating of the damping matrix, and Models 7 and 8 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Hysteretic response of the 2-story systems: first-story response of (a) TBF, (b) BRBF, and (c) CBF; and brace 
response of (d) TBF, (e) BRBF, and (f) CBF 
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require step-by-step eigenvalue analysis. The target 
damping ratio was set as 5% for all models. For Models 4 
to 6, the target was used for the first mode. For Models 1, 
2, 7 and 8, the target was used for first two modes. For 
Model 3, the target was used for the first two modes of the 
2-story model (N = 2), and for the first four modes if the 
4-story model (N = 4). 

Analysis Results 

Figure 3 compares the time history response obtained 
from the different damping models. The first-story drift 
ratio computed from the 2-story systems is plotted against 
time for the first ten seconds of analysis. For all 3 systems 
tested, Model 6, the tangent stiffness proportional 
damping model, produced the largest story drift, while 
Models 2, 3, and 4 gave very similar response. For the 
TBF, Models 1 and 5, which uses the initial stiffness, gave 
much smaller response than any other damping model. As 
discussed earlier, yielding of the system tends to cause 
velocity increase while these damping models (that do not 
adjust for stiffness change) produce larger than intended 
damping ratios when the characteristic frequencies drop. 
The combined effect is fictitious and larger than intended 
damping forces, which leads to under-estimation of 
response deformation and member forces. For a system 
like TBFs, whose slip behavior in addition to yielding 
causes frequent and drastic stiffness change [see Figure 
2(a) and (d)], such effect can be very much pronounced. 
For the BRBF, Models 5 and Model 8 gave very similar 
response even during the instances when the system 
yielded substantially. In other words, the BRBF was 
insensitive to the choice of damping model. Overall, the 
influence of damping models was similar between the 
CBF and BRBF. For the CBF system, Model 5 gave the 
second largest story drift response and Model 1 gave the 
smallest. 

Figure 4 extracts, for the TBF and CBF and for damping 
model 1, the first-story hysteresis in resistance and 
damping from 4.05 s to 4.87 s. The TBF experienced 
instances when both braces exhibited slip behavior, and 
therefore, when the system had near zero resistance, as in 
the process 1 to 2 and 3 to 4. The damping force was at 
most 20% of the resistance during elastic response, but as 
large as the resistance when the slip behavior occurred. 
Such fictitious damping force was the cause of the smaller 

response from Models 1 and 5 than from any other 
damping model. For the CBF, the tension brace yielded 
between points 1 to 2 and 3 to 4. During the two processes, 
the compression braces were buckled and exhibited mild 
softening, but the system maintained appreciable stiffness. 
As a result, the damping hysteresis exhibited an elliptical 
response that is typically expected from the viscous 
damping model. The damping force remained small 
compared to the resistance at any time instant.  

Discussion 

Initial imperfection assigned to the braces has a significant 
effect on the fundamental period of the system. Figure 5 

 
Figure 3. Effect of damping models observed in story drift ratio 
of first story in 2-story systems: (a) TBF; (b) BRBF; and (c) 
CBF. 
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Table 1. Damping Models Investigated 

# Equation 
Structural System 

TBF BRB CBF 

1 ���+��� ○○○○ ○○○○ ○○○○ 
2 ���+���(�) ○○○○ ○○○○ ○○○○ 

3 ��∑ �2	�
� ��⁄ ���
��

��� ��  ○○○○ ○○○○ ○○○○ 
4 ��� ○○○○ ○○○○ ○○○○ 

5 ��� ○○○○ ○○○○ ○○○○ 
6 ���(�) ○○○○ ○○○○ ○○○○ 

7 ��(�)�+��(�)�  ○○○○  
8 ������+��(�)�(�)  ○○○○  
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Figure 4. Hysteretic response of first story: story shear in 
(a) 2-story TBF and (b) 2-story CBF; and story damping 
force in (c) 2-story TBF and (d) 2-story CBF. 
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shows the relationship between the fundamental vibration 
period and the initial imperfection assigned to the braces. 
For the TBF, the period differs from 0.259 s for zero 
imperfection to 0.293 s for Δ/L = 1/1000, and 0.335 s for 
Δ/L = 1/500. Note that Δ/L = 1/1000 to 1/500 is the 
generally accepted range for steel members, and Δ/L = 
1/1000 was used for analysis. The 13% difference in 
period shall have a significant effect on the computed 
damping force. Initial imperfection has a negligible effect 
on CBFs and is irrelevant to BRBFs.  

Figure 6 compares for the 4 story systems the change 
in fundamental period for the first five seconds of analysis. 
For the TBF, which for many time durations the stiffness 
dropped to zero, the period took an imaginary value. 
Before and after those time durations, the period suddenly 
dropped to or rose from zero. At time instances when one 
of the tension braces yielded, the period elongated from 
the initial 0.293 s to 0.61 s. For the BRBF, the period 
always remained above the initial 0.37 s. Yielding of the 
buckling-restrained brace led to period increase to over 
1.6 s. For the CBF, the period took an imaginary value at 
first buckling of the brace. Subsequently, the period 
always remained above the initial 0.258 s to a maximum 
1.15 s. Further study is needed to examine how the 
computed behavior of braced frames can be affected by 
the significant change in period in combination with the 
choice of damping model. 

Conclusions  

Nonlinear time-history response of three different braced 
frames (TBF, BRBF, CBF) with two different stories (2 
and 4) were examined using 8 different damping models. 
The same observations were made for both the 2- and 4-
story models. Key observations are summarized below. 
1) The choice of damping model resulted in 2.6 times, 1.1 

times, and negligible difference in first-story drift 
response for the TBF, BRBF, and CBF, respectively. 
The effect of damping on computed response was 
particularly large for the TBF. 

2) For all three systems, the tangent stiffness proportional 
model (Model 6) resulted in the largest story drift 
response. Models 2, 3 and 4 produced very similar 
results. 

3) Damping models that use the initial stiffness (Models 
1 and 5) produced fictitious, large damping forces for 
the TBF, but this problem was less prevalent for the 
CBF and BRBF.  

4) Initial imperfection can reduce the elastic stiffness of 
slender braces, and thereby affect the damping model 
for TBFs.  
Caution is required in interpreting the analysis results 

presented herein. The results have not been calibrated 
against experimental or field data as relevant data scarcely 
exists.  
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Figure 5. Effect of initial imperfection on the fundamental 
period of the 4-story systems 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 6. Change in fundamental period over time in the 
4-story systems; (a) TBF (b) BRBF (c) CBF 
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