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A realistic and practical damping model is essential for studying structural
dynamics. In this study, a high-performance uniform damping model for response
history analysis is presented using the finite element software OpenSees. Its time
discretization is derived, its stability and accuracy are proven, and its object-
oriented implementation is introduced in OpenSees. The proposed damping model
accurately represents energy dissipation in individual components with minimal
additional computational costs. It applies to various time integrators, element
formulations, and structural systems, allowing for evaluation of structural
performance with high fidelity and ensuring of public safety. These advantages are

illustrated through detailed case studies.
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1 Introduction

Nonlinear response history analyses of structures have found increasingly wide
applications in structural design, optimization, and damage assessment (Li et al., 2011;
Luetal., 2013, 2015a, 2016; Li et al., 2017; Pham et al., 2017; Xie et al., 2019; Yang et
al., 2019; Lin et al., 2020; Yang et al., 2020). The Open System for Earthquake
Engineering Simulation (OpenSees) provides an open-source computational platform for
innovations in constitutive models, element formulations, and solution algorithms

(Mckenna, 2011). It has become one of the most important frameworks for structural
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analysis (Kim et al., 2009; Lu et al., 2015b; Kolozvari et al., 2018; Lu et al., 2018; Feng
et al., 2019; Lu et al., 2019; Dadkhah et al., 2020; Gandelli and Quaglini, 2020). A
dynamic solution typically involves inertial, damping, and restoring forces and external
loads. Damping forces represent energy dissipation and significantly influence the
dynamic responses. However, some limitations exist with the available damping models
in OpenSees, namely, the Rayleigh damping (RD) and modal damping (MD) models,
which place considerable barriers against higher computational performance.

(1) Both models impose viscous damping, which implies that energy dissipation
is proportional to the excitation frequency (Chopra, 2011), a trend invalidated by
experimental data from solid materials (Kimball and Lovell, 1927; Lomnitz, 1957,
Cremer and Heckl, 1988). This limitation is associated with a constant viscous damping
matrix.

(2) Both models may involve mass-proportional and geometric-stiffness-
proportional terms, associated with incorrect dissipation of energy in rigid-body modes
(Ryan and Polanco, 2008). This error is of concern for base-isolated buildings, tall
buildings, and long-span structures, whose components may undergo significant rigid-
body motions.

(3) The RD model ensures the target damping ratio for only two modes, leaving
errors in the remaining modes (Chopra and McKenna, 2016). It is challenging to
determine the parameters and minimize these errors if the modes of interest span a broad
frequency range (e.g., in systems subjected to impact and blast loads).

(4) The MD model associates the target damping ratio with the global modes of
the system instead of its components. It may not properly simulate systems with
components of different materials and damping properties, such as composite structures

and soil-structure interactions (Bolisetti and Whittaker, 2020).



(5) Both models have room for computational efficiency optimization. The MD
model evaluates the damping forces globally, which results in the deterioration of
parallelism. It also requires a large amount of memory for storing the damping matrix.
The RD model necessitates a prohibitively large number of time steps for stability in
explicit time integrators (Lu et al., 2019).

To overcome these limitations, we propose a high-performance damping model
that (a) realizes frequency-independent energy dissipation (Erduran, 2012), (b) eliminates
interference with rigid-body motions (Ryan and Polanco, 2008), (c) represents
components with different damping properties (Puthanpurayil et al., 2016), and (d)
benefits high-performance computing with manageable expenses (Xu et al., 2016).

Puthanpurayil et al. (2016) formulated two elemental damping models and
illustrated the benefits by analyzing a four-story reinforced-concrete frame. Luco and
Lanzi (2017) proposed an inherent damping model proportional to the structural force
rates to avoid spurious damping forces for inelastic structures and showed that it is
equivalent to the tangent-stiffness-proportional damping model. Huang et al. (2019)
proposed a damping model to overcome all the above limitations by demonstrating
uniform energy dissipation over a frequency range compatible with all element
formulations and constitutive models. Lee (2020) proposed a proportional viscous
damping model in which the arbitrary damping ratio versus modal frequency relations
are matched by leveraging bell-shaped basis functions. We opted for the uniform damping
(UD) model proposed by Huang et al. (2019) because it has the best desirability satisfying
all four criteria previously discussed.

In this study, we propose a comprehensive implementation of the uniform
damping model in OpenSees. In the following sections, we derive a second-order-

accurate discrete-time realization and propose an object-oriented incorporation of



damping force evaluation in elemental updates. We conclude the paper by illustrating its

advantages with a wide range of case studies of engineering interest.

2 Uniform damping model

2.1 Theory

Consider the equation of motion for a single-degree-of-freedom system:

mii(t) + f(t) = p(t), (1)

where m is the mass, u is the displacement, fis the internal resisting force, and p is the
external load. The uniform damping model is formulated as a linear combination of
filtered restoring force rates, with each filter acting at a different cutoff frequency,
representing a spectrum of N virtual relaxation mechanisms. The total resisting force was

evaluated using

F© = fo®) + fa®, fa(®) = Zhar fan(®), fan(® = 22T, (2)

where fo is the restoring force, fq is the damping force, { is the target damping ratio, wcx

is the cutoff frequency of the nth filter, @ = [a1,***, aw]" are the adjustment factors, and fi

is the nth filtered force governed by

1

fin(® + =L@ = fo(©), fin(0) = fo(0), L2 (@) =0. 3)

Wc

For further theoretical details, see Huang et al. (2019).

2.2 Discrete-time realization

We propose discretizing the filtered force fi., using



(d(fj%)L + (d(fj%)i_l = Aiti(an,i - an,i—l)a (4)

where fi,, is the nth filtered force at step i and A¢; is the time step. This relationship is
analogous to the displacement—velocity relation associated with the constant average
acceleration integrator (corresponding to f = 1/4 and y = 1/2 in the Newmark integrator
family) (Chopra, 2011).

The discrete-time form of Eq. (3) using a central difference scheme is

an,L'+an,i—1 + an,L'_an,L'—l _ fo,i+f0,i—1 (5)
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where fo; is the restoring force at step i. With some mathematical manipulation, we obtain

the recursion formula

fini = VOn,i(fo,i + fo,i—1) + Yinifini-1, (6)

where f1,, 0 = fo(0) is the nth initial filtered forces and

_ weplt _ 2—wcnAt; 7
Yoni = 300 g Yini = 3ig0at, (7)

Combining Egs. (2) and (4) gives the discrete-time update of the nth damping

force:

2 4and
At wen

fani = (funi = fimi-1) — fani-1 = Yani(fo; + foi-1 — 2fini-1) — fani-1.  (8)

where fq, 0 = 0 is the nth component of the vanishing initial damping force,

8an
Vani = S 9)

24+wen At

Differentiating Eq. (8) with respect to the displacement increment Au; of an

arbitrary degree of freedom in step 7 yields



OA0fan,i _ 9Afo,
0Au; - de’l 0Au; ' (10)

This implies that the consistent tangent stiffnesses of the damping and restoring
forces are proportional to each other. In summary, the discrete-time realization of the

damping force is given by

fai = Xn=1 de,i(fo,i + fo,i-1— 2an,i—1) = fa,i-1, (11)
IAfa; Afoy
Tt = TN Yani G, (12)
an,o = fo(o); fdn,o =0. (13)

2.3 Consistency analysis

To assess the order of the accuracy of the realization proposed above, consider the

following Taylor series of the restoring force:

d d d
folt) = foltie) + L (epat + 288 (6 a2 + 180 e _pa +o(aed).  (14)

The restoring force is evaluated using a second-order integrator,

fot) — foi = [fo(ti—1) — foi-1] + O(At}), (15)

and the governing equation of the nth filter and its time derivatives,

folti-1) = fin(tim) + 5= T (ti-0), (16)
d d n d n

W t1-0) = L2 (6-0) + =2 (610, (17)
d°fo d“fLn d*frn
o) = o) + = ey, (18)



d3f, d3frn 1 d*fin
Fgo(ti—ﬂ: dt]; (ti_1)+w_m dti (ti—1). (19)

The combination of Egs. (6), (14) to (19) yields

dfin 1d%f1n 1% 1n
fini = fimi-1 + =5 C-)A + 5 =5 (4o )AL + =55 (6-)AL] + 0(AL)). (20)

Next, consider

4an{ dfLn
fanlticy) = 8 in ) @1)
dfdn 4andd3fin
di (ti—1) = won dt; (ti—1), (22)
d%fdn 4and d3fin
dt;’ (ti—1) = . dt]:; (ti-1)- (23)

These equations are used to evaluate the nth damping force component and its

time derivatives.

The combination of Egs. (8), (20) to (23) yields

dfdan 1d%fan
fani = 2fan(tic1) = famio + 22 (6 )AL + 3080 (e )AL? + 0(a). (24)

By comparing Eq. (24) with the Taylor series of the nth damping force in

dfdn d%fan
fan(tD) = fan(tizd) + 22 (6 )AL + 380 (e )Ae? + 0(at?).  (25)

one can get

fan @) = fani = —[fan(ti21) = fani-1] + 0(At}). (26)

The reduction of the recursion gives the error in the nth damping force component:

fdn(ti) - fdn,i = [fdn(o) - fdn,O] + O(Atiz) = O(Atiz)- (27)



Therefore, the proposed implementation of the uniform damping model is second-

order accurate.

2.4 Spectral stability analysis

In this section we analyze the spectral stability of the leapfrog time integrator (Hockney
1970; Lu et al. 2019) with a uniform damping model. Consider the discretized equation

of motion of a linear elastic single-degree-of-freedom system:

ma; + foi + fa; = vi> (28)

where a; and p; are the acceleration and external loads at step 7, respectively. The leapfrog

time integrator is given by

Vitos = Vi—os + AL, Ujyq = U; + V40 5AL. (29)

By combining Egs. (6), (11), (28) and (29), we obtain the recursion formula

diy=A4;d; +1;, (30)
where d; = [u; Ui—1  frii-1/k - funi—1/k  fai-1/k]" is the generalized
variable vector, k is the stiffness, w = 1/ k/m is the angular frequency, /; is the load

vector, and A; is the amplification matrix, which is given by

A;
2 — (1 +Z ydm-) w?At? -1 —z Vani WAt 2yq;wPAt: - 2yqn At w?At?)
n n
1 0 0 0 0
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(31)
The characteristic equation of the recurrence can be derived as
0 = detlyl — A] = S35 by u+37, (32)

where I is the identity matrix and b, is the implied coefficient of the term uN*3~/. The
spectral stability of the recurrence requires that the eigenvalues of the amplification
matrix lie within the unit circle in the complex u plane, and those on the circle have
multiplicities of unity. The unit circle in the u plane can be transformed into the imaginary

axis of the z plane with the bilinear transform given by
n= (33)

Correspondingly, the characteristic equation can be transformed into the z plane

and becomes

N+2 ] N+3 x—N+2—j N+3-p p
= o N+2—] . = —_1)\¢t
0 EZFOQZ S 22W$ £=0 (]prcv+2—j—t)g)
, (34)

_ n!
T kli(n—k)!"

where () represents the binomial coefticient formula, (Z)

Because u = —1 is a solution to Eq. (32), the coefficient zV** vanishes. The
highest polynomial order is reduced accordingly from N + 3 to N + 2. Following the
Routh—Hurwitz—Fujiwara and Schur—Cohn—Fujiwara theorems, the polynomial in Eq.
(34) with real coefficients such that co > 0 has all its zeros with negative real parts (and

thus the eigenvalues of the amplification matrix lie within the unit circle) if and only if

its Hurwitz determinants are all positive. The governing inequality is as follows:



YIS (DI (N +3 - 2))b; > 0. (35)

Based on Eq. (35), we can determine that the leapfrog integrator with the proposed

damping implementation remains stable, conditioned on

2
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The uniform damping model is advantageous because it maintains the order of
magnitude of the critical time step with the explicit leapfrog integrator, whereas stiffness-

proportional damping significantly reduces the time step (Lu et al., 2019).

2.5 Implementation in OpenSees

We implement the uniform damping model in the object-oriented framework of
OpenSees by introducing a damping class that provides a one-stop solution for evaluating

the damping force for individual elements (Figure 1).

TaggedObject MovableObject
A A

setDomain()
update()
commitState()
revertToStart()
getDampingForce()

UniformDamping SecStifDamping

Figure 1. Inheritance diagram for the damping class.

Damping

The damping class inherits the TaggedObject and MovableObject classes. The
TaggedObject class provides an integer identifier; the MovableObject class facilitates the

operations associated with parallelization. The UniformDamping class defines a uniform

10



damping model. The SecStifDamping class (also programmed by the authors but not
discussed in this paper) implements the incremental secant-stiffness-proportional
damping model.

In the damping class, function setDomain() sets up the data structure based on the
global domain update; function update() evaluates the damping forces at the end of a time
step; function commitState() confirms the history variables after convergence in iterations;
function revertToStart() resets the model to initial conditions; and function

getDampingForce() returns the damping forces.

L Update
update() M the transformation
. Get

getBasicTrialDisp() basic dispacements

v

Update
basic forces

v

Update basic N
damping forces - update()
Calculate L, .
total basic forces | getDampingForce()

v

Calculate
total global forces

o

Figure 2. Activity diagram for the incorporation of damping into the elemental update.

getGlobalResistingForce()

The damping class is similar to the CrdTransf (coordination transformation) class
in terms of how they are defined and operate to support the elemental update. During the

elemental update, the basic forces are evaluated, followed by an update of the basic
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damping forces conducted by the damping class, fed into the calculation of the total basic
forces, and finally transformed into the global coordinate system (Figure 2). The
implementation is aligned with the object-oriented philosophy and provides a unified
interface for different types of elements that require damping forces, either during time-
stepping or for database output. Because the damping forces are evaluated locally by
elements and degrees of freedom, the proposed implementation benefits parallelism with
minimal computational cost.

During the finite element model development, a damping object is defined with a
specific tag, which is then referenced in the element definition. Different damping ratios

can be defined for individual elements. The input syntax is as follows:

damping Uniform $dampingTag $dampingRatio $freql $freq2

$dampingTag the unique damping object tag

$dampingRatio the target damping ratio

$freql the lower bound of the frequency range (in units of T™!)
$freq2 the higher bound of the frequency range (in units of T™")

To assign the damping model to a specific element, the user appends the
parameters of “-damp SdampingTag” to the end of the element definition. Two

examples of beam and shell elements are the following:

element dispBeamColumn $eleTag $iNode $jNode $numlintgrPts $secTag $transfTag -damp
$dampingTag
element ShellMITC4 $eleTag $iNode $jNode $kNode $INode $secTag -damp $dampingTag

$dampingTag the previously-defined damping object tag

3 Seismic response of a composite frame structure

The concrete-filled steel tube (CFT) column—steel beam composite system is highly
efficient and has been widely adopted in tall buildings. However, determining a
reasonable global damping ratio for seismic response analyses is not trivial because the

columns and beams have different material and damping properties. We demonstrate the
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challenges faced by existing damping models and how the proposed model overcomes
them through seismic response history analyses of a nine-story four-span composite

frame (Figure 3, after An and Li, 2012).
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Figure 3. Composite frame model (Unit: mm).

The performances of the UD, RD, and MD models are compared in this section.
In the UD model, the damping ratios for the CFT columns and steel beams are taken as
0.05 and 0.02, respectively, in the frequency range of [0.2 Hz, 100 Hz]. Two analyses
with RD are performed, one in which empirical global damping is taken as 4% and the
other in which the damping ratios for the CFT columns and steel beams are taken as 0.05
and 0.02, respectively. The first and third modal frequencies (0.3 and 1.6 Hz) are used as
the reference frequencies for RD. Another two cases use the MD model with damping
ratios of 0.02 or 0.04 for the first ten modes.

UD is used with implicit and explicit time-stepping solutions, whereas RD and
MD are used only with implicit solutions. The implicit solutions use the ExpressNewton
algorithm (Xu et al., 2020) and Newmark integrator. The explicit solutions use the Linear
algorithm and Explicitdifference integrator (Lu et al., 2019). The time steps of the implicit

and explicit solutions were 1x10°2 and 1x10* s, respectively. The comparison cases are
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presented in Table 1. The 1940 EL Centro NS record was applied as a uniform excitation

to the frame. Its peak ground acceleration (PGA) was adjusted to be 0.7 and 5.0 m/s>.

Table 1. Modeling information for different damping models and algorithms.

D Damping model Damping ratios Time-stepping solution
UD-IM-BC Uniform damping Beam: 0.02; Column: 0.05 Implicit
UD-EX-BC Uniform damping Beam: 0.02; Column: 0.05 Explicit
RD-IM-BC Rayleigh damping ~ Beam: 0.02; Column: 0.05 Implicit
RD-IM-G4 Rayleigh damping Global: 0.04 Implicit
MD-IM-G2 Modal damping Global: 0.02 Implicit
MD-IM-G4 Modal damping Global: 0.04 Implicit

Figure 4 shows a comparison of the peak responses of the system. The peak
responses with MD-IM-G4 were approximately 15% lower than those with MD-IM-G2.
This undesired sensitivity to the assumption of global damping ratios highlights the
potential issues for composite structures. The comparable responses with RD-IM-BC and
RD-IM-G4 suggest that the empirical 4% damping ratio is representative of the specific
structure in a seismic event. However, the RD model significantly underestimated the
responses. The underestimation is closely related to the spurious damping forces of
inelastic structures (Chopra and McKenna, 2016). UD and MD models have similar
computational expenses (~300 s), while the RD is model is considerably slower (~360 s).
Overall, the UD model outperforms the RD and MD models by eliminating the necessity
of assuming an ad hoc global damping ratio and providing sensible and consistent results
in implicit and explicit solutions for the practical range of seismic intensities with a
minimal additional computational cost.

----- UD-IM-BC ----- UD-EX-BC

RD-IM-BC ------- RD-IM-G4 —— MD-IM-G2 ------- MD-IM-G4
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Figure 4. Comparison of peak responses in different cases of (a) inter-story drift when
PGA = 0.7 m/s%, (b) inter-story drift when PGA = 5.0 m/s?, (c) floor acceleration when

PGA = 0.7 m/s?, and (d) floor acceleration when PGA = 5.0 m/s>.

4 Progressive collapse upon column removal

Extreme events, such as explosions and collisions, may cause local failure and trigger a
progressive collapse event (Adam et al., 2018; Tian et al., 2020). This section examines
the effects of the damping models on structural collapse responses (Figure 3). The
collapse is triggered by removing column AB of the frame discussed in Section 3.

The four cases in Table 2 are analyzed. These are the same as the corresponding
cases in Table 1, except that the frequency ranges of interest are revised to accommodate
the expected high-frequency vibration. In all cases, a time step of 1 x 10~* s was chosen
to capture the high-frequency vibrations adequately, and the damping ratios for the CFT
columns and steel beams were assumed to be 0.05 and 0.02, respectively. The MD model
is excluded in this section because of its inability to handle composite structures. The 1.6-

and 4.8-Hz reference frequencies for RD-IM1 are associated with two selected modes of
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the remaining structural system with vertical participation. The upper frequency was

arbitrarily raised to 160 Hz in RD-IM2, anticipating a more accurate damping application

to high-frequency oscillations.

Table 2. Modeling information for different damping models and algorithms.

D Damping model Reference frequency Time-stepping solution
UD-IM Uniform damping [1 Hz, 1000 Hz] Implicit
UD-EX Uniform damping [1 Hz, 1000 Hz] Explicit
RD-IM1 Rayleigh damping [1.6 Hz, 4.8 Hz] Implicit
RD-IM2 Rayleigh damping [1.6 Hz, 160 Hz] Implicit

The RD-IM1 model with closely spaced reference frequencies of [1.6 Hz, 4.8 Hz]

underestimates the displacement responses at point B (Figure 5a) and fails to preserve the

high-frequency transient oscillation in the acceleration responses (Figure 5b). The RD-

IM2 model with widely separated frequencies may remediate the overestimated damping

for the transient acceleration responses, but at the same time it would significantly

underestimate the damping between the reference frequencies and result in a lack of

proper attenuation of the long-term vibration (Figure 5b).

0 800 -

............... UD-IM _
02 H 0 -——= UD-EX %
——————— RL-IMI | E

—— RL-IM2 = -800
0.4 3
<
5
R A g
N

08 . __Time (s) 10
@ O 1 2 3 4 5 (b)

Displacement (m)

—_
(=)
y

ﬂl\’xlv,"b«.\uqA,\_ﬁ,\.,\,.vw SN
lu/ Time (s)
0 0.(I)2 0‘(I)4 O.IO6
N PN —
Time (s)
1.0 l.l5 2.I0 2.I5 3I.0

800

Time (s)
0.06

0.04

Time (s)
2.5 3.0

2.0

Figure 5. Comparison of dynamic responses of (a) displacement and (b) acceleration at

point B.

The UD model provides a realistic uniform damping of the dynamic responses.

The high-frequency components are rightly dissipated in the early stage (0—0.06 s), and
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the dominant low-frequency components are correctly reproduced in the vibration after 1
s. The UD model also demonstrated superior computational efficiency. The
computational times with UD were ~3600 and ~2400 s for the implicit and explicit

solutions, respectively. Both are much lower than those of the RD cases, which are ~5000

5 Seismic response of a super-long-span bridge

In this section, we demonstrate the orthogonality of UD to rigid-body motion by the
seismic responses of the proposed design scheme for the 4304-m-long cable-stayed
Qiongzhou Strait Bridge (Lin et al., 2015, Figure 6) to multisupport excitation. The
heights of the main and side towers are 460 and 386 m above sea level, respectively. The
towers, piers, and decks were modeled using multilayered shell elements (Lu et al.,
2015b), while the cables and anchors were modeled by truss elements. Foundations were
not included in the model. The damping ratio was assumed to be 5%. The EI Centro NS
motion, scaled to PGA = 5.0 m/s? to be associated with a 2% probability of exceedance
in 50 years, was applied in the transverse direction as multisupport excitation accounting
for the traveling wave effect. An apparent wave velocity of 500 m/s was assumed based
on the site condition (Adanur et al., 2017). Three cases with different damping models

and parameters listed in Table 3 were analyzed for comparison.

Water surface - i i annel clearance annel clearance RLL I b
Soil surface & Lk

244 408 1500 ' 1500 408 244

Figure 6. Overall layout of a cable-stayed bridge (in units of meters).
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Table 3. Analysis cases for the nonlinear analysis of the super-long-span cable-stayed

bridge.

ID Damping model Time-stepping method Time step (s)
UD-IM Uniform damping Implicit 1 %1072
UD-EX Uniform damping Explicit 8 x 1073
RD-IM Rayleigh damping Implicit 1 %1072

The displacement and acceleration at the top of the main tower (point A) and the
midspan of the girder (point B) are compared in Figures 7a—7d. The drift ratio envelope
along the main tower was also recorded, as shown in Figure 7e.
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Figure 7. Comparison of seismic responses of (a) displacement at A, (b) displacement at
B, (c) acceleration at A, (d) acceleration at B, and (e) drift ratio profile at the main

tower.
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The results show that the seismic response with RD, especially the acceleration
time histories and drift ratios at the top of the main tower, are generally underestimated.
The peak accelerations recorded at points A and B with RD were ~50% of those with UD.
The underestimation is believed to be attributed to the application of the RD damping
force to rigid-body motions that are particularly pronounced for long-span structures. It
is compounded by the global rigid-body motion induced by the traveling wave effect. The
UD model, in contrast, is advantageous in that it inherently applies only to structural
deformation and provides orthogonality to rigid-body motions, in addition to other useful
features; therefore, it is suitable for the analysis of long-space structures. In addition, the

UD model is less computationally expensive than the RD-IM model.

6 Conclusions

A realistic and versatile damping model is crucial to studying structural dynamics. In this
study, we presented a high-performance uniform damping model for dynamic analysis
using OpenSees. A second-order-accurate discrete-time realization was derived and
verified. The object-oriented implementation in OpenSees was discussed. The damping
class provides a one-stop solution for performing the elemental damping force evaluation.
Detailed case studies were presented to illustrate the advantages of the proposed model:
(1) The model accurately realizes the damping in components of different materials; (2)
it works appropriately for various time integrators, element formulations, and structural
systems; (3) it is computationally inexpensive and suitable for parallelism; (4) it provides
uniform energy dissipation and orthogonality to rigid-body motions. The proposed
uniform damping model is a promising analytical tool for structural performance

evaluation.
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