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A B S T R A C T   

This paper presents a simplified design procedure (SDP) for performance-based design of low-rise new steel MRF 
buildings with nonlinear viscous dampers. The SDP uses an effective stiffness and equivalent damping for a multi 
degree-of-freedom (MDOF) model of the MRF building, which is established using a linearized model of the 
damping system (damping devices and the associated bracing). The SDP is an integrated design process for the 
steel MRF and the damping system to achieve target performance objectives. The SDP is consistent with the 
analysis procedures in ASCE 7–16 for seismic design of conventional structures without dampers, however, 
differentiated from the analysis procedures for structures with dampers without the computation of effective 
period and effective damping ratio as a function of the ductility demand on the structure. The SDP was validated 
using nonlinear dynamic time history analyses (NDTHA) results for a 4-story example steel MRF building with 
nonlinear viscous dampers with two scenarios of damper arrangements in the building. The MRFs were designed 
for various base shear design strength levels (i.e., 100%, 75%, 60%, 50% and 40% of the required base shear 
design strength of ASCE 7–16), and nonlinear viscous dampers were sized and added to the MRFs to control the 
story drift response. The results presented in this paper show that performance objectives for the SDP can be 
selected and achieved using a MRF designed with smaller base shear design strength than a conventional MRF.   

1. Introduction 

Literature demonstrates that passive damping systems reduce in
elastic deformation demands and damage in buildings under earthquake 
ground motions [1–5]. The earliest seismic design guidelines for build
ings with damping systems directed the use of passive damping systems 
toward high-performance structures, that is, the seismic load resisting 
frames are designed to meet the strength and drift requirements of 
current seismic codes and the damping system is used to improve per
formance [4]. FEMA-273 presents guidelines for retrofitting existing 
buildings with damping systems [6]. For the design of new buildings 
with damping systems, the NEHRP provisions present linear analysis 
and design procedures for new buildings with damping systems [7,8]. 
Details and an assessment of these procedures are presented in literature 
[5,9–11]. These procedures adopt an equivalent linear system model 
where the maximum response of the highly damped nonlinear structure 
is estimated as the maximum response of an “equivalent” highly damped 
linear-elastic system with its stiffness equal to the secant stiffness taken 
to the maximum displacement of the nonlinear system [12,13]. 

As a code reference for new design and retrofit of building using 
damping system, ASCE 7–16 [14] gives the design requirements for a 
structure with added dampers. Basically, the ASCE 7–16 requirements 
for a structure with a damping system have two objectives: (1) achieving 
life safety, and (2) limiting damage to the seismic force-resisting system 
(SFRS) in a major earthquake. To meet the first performance objective, 
the damping system (damping devices and the associated bracing to 
transfer forces from the damping devices to the seismic mass degrees-of- 
freedom (DOF)) is required to sustain forces associated with MCE 
ground motions. To meet the second performance objective, minimum 
design criteria, comparable to those for a structure with a conventional 
SFRS, are provided. ASCE 7–16 addresses these objectives with three 
principal design requirements: (a) Structures with a damping system are 
required to have a SFRS that provides a complete force path. The SFRS 
must comply with the design requirements of ASCE 7–16, except that the 
damping system may be used to meet drift limits. (b) The base shear 
design strength used to design the SFRS should not be less than 75% of 
the base shear design strength used to design a similar conventional 
SFRS without dampers. (c) Components of the damping system, other 
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than damping devices, should be designed to remain essentially elastic 
for design forces including the forces from the damping devices. 

ASCE 7–16 also outlines linear analysis procedures (i.e., the equiv
alent lateral force (ELF) procedure and the response spectrum analysis 
(RSA) procedure) and a nonlinear analysis procedure (i.e., the nonlinear 
time history response analysis procedure) for seismic design of a struc
ture with added damping devices. These RSA and ELF procedures are 
compatible with nonlinear static analysis procedures of FEMA 440 [15] 
for conventional structures [11,16]. The ELF and RSA procedures are 
permitted for a structure with a damping system when: (1) the damping 
system has at least two damping devices in each story in the direction of 
interest, which are configured to resist torsion; (2) the total effective 
damping of the fundamental mode of the structure in the direction of 
interest is not greater than 35% percent of critical; and (3) the usual 
limitations for using the ELF and RSA procedures for conventional 
structures are satisfied. According to ASCE 7–16, the effective stiffness 

(i.e., secant stiffness) and effective damping (i.e., including inherent 
damping, viscous damping, and hysteretic damping) at the effective 
fundamental period of the structure should be used in either the ELF or 
RSA procedure. The effective stiffness should be based on an idealized 
nonlinear characterization (i.e., idealized pushover capacity curve 
expressed in terms of base shear and roof displacement) of the structure. 
The assumption is that structures with damping devices are expected to 
yield during a strong earthquake ground motion, and therefore, the 
hysteretic damping from the post-yield hysteretic behavior of the SFRS, 
as well the damping effect of the damping devices, should be included. 
Fig. 1 shows a schematic of the procedure, which requires an iterative 
process to obtain the final base shear and displacement depending on the 
effective period, ductility demand, and effective damping. 

The study investigates if the RSA and ELF procedures could be 
simplified, to eliminate the need for nonlinear analysis. To simplify the 
analysis process for seismic design of a steel MRF building with 
nonlinear viscous dampers, a simplified design procedure (SDP) is pro
posed, shown schematically in Fig. 2. The SDP is based on the equal 
displacement approximation [17], under the assumption that limited 
ductility demand on the SFRS is expected under DBE and MCE level 
ground motions, so that the equal displacement approximation is ex
pected to be reasonably accurate. The equal displacement approxima
tion suggests that the response coefficients include the response 
modification factor, R, and the displacement amplification factor, Cd, 
used to estimate the strength and displacement demands on a SFRS that 
is designed using linear analysis methods are equal to the ductility de
mand, μ, of the SFRS, i.e., R = Cd = μ. The SDP is expected to be 
compatible with and provide accuracy similar to the linear-analysis- 
based procedures of ASCE 7–16 for conventional SFRS. 

2. Simplified design procedure (SDP) 

2.1. Overview of SDP 

To be consistent with the analysis procedures in ASCE 7–16 for 
seismic design of conventional structures without dampers, the SDP uses 
an analysis of a linear model of the seismic force-resisting system (SFRS) 
(i.e., the MRF) and an equivalent linearized model of the damping sys
tem. Unlike the current analysis procedures for a structure with added 
dampers in ASCE 7–16, where the effective period and effective damp
ing ratio are computed as a function of the ductility demand on the 
structure, the SDP has the following characteristics: (1) The SDP per
forms an integrated design of the steel MRF and the damping system (e. 
g., damping devices and the associated bracing) for performance ob
jectives defined in terms of story drift. (2) The SDP uses the initial 
stiffness of a linear elastic model of the MRF to determine the mode 
shapes and natural frequencies (periods) of the system. (3) The SDP 
includes the flexibility of the damping system and idealizes the 
nonlinear viscous damper and associated bracing (termed the nonlinear 
viscous damper-brace component) as an equivalent linear elastic-viscous 
model. (4) The SDP uses an estimate of the effective period and effec
tive equivalent damping of the MRF with the damping system based on 
the initial stiffness of the MRF, the inherent damping of the building, and 
the equivalent stiffness and equivalent viscous damping of the linear 
elastic-viscous model. (5) The SDP uses the equal displacement approxi
mation to predict the displacement response (i.e., Cd = R = μ) and does 
not include a complex calculation of the ductility demand and associated 
hysteretic damping of a nonlinear model of the MRF as in current pro
cedures of ASCE 7–16. (6) The SDP uses the ELF or RSA procedure for 
linear analysis of the MRF with the damping system, which is consistent 
with the current analysis methods in ASCE 7–16 for a conventional MRF. 

2.2. Steps of SDP 

Fig. 3 shows the schematic of the SDP. The steps of the SDP are as 
follows: 
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Fig. 1. ASCE 7-16 analysis procedure for structure with added dampers.  
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Fig. 2. Schematic of simplified design procedure (SDP) for MRF with nonlinear 
viscous dampers. 
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Step 1.Establish target seismic performance objectives and design criteria 
in terms of story drift. Performance objectives specified in ASCE 41–06 
[18] can be considered, such as the basic safety objective of “Life Safety” 
performance under the DBE and “Collapse Prevention” performance 
under the MCE; or enhanced objectives can be considered, such as 
“Immediate Occupancy” performance under the DBE and “Life Safety” 
performance under the MCE. Here, three design criteria are established 
for the basic safety objective (BSO): (1) limit the peak story drift ratio to 
2.5% rad and the residual story drift ratio to 1.0% rad under the DBE; (2) 
limit the peak story drift ratio and the residual story drift ratio to 5.0% 
rad under the MCE; (3) keep the bracing and connections associated 
with the dampers linear elastic under the DBE ground motions. Higher 
performance objectives, with smaller story drift limits, can be 

established if desired. 
Step 2.Design MRF for a specified level of base shear design strength. The 

MRF is designed to satisfy the strength criteria for a conventional MRF 
from seismic design provisions, such as ASCE 7–16, and the character
istics of the MRF (e.g., initial stiffness, mode shapes, and natural fre
quencies) are obtained. 

Step 3.Determine damper placement configuration in structure and es
timate appropriate value for αb = kb/k0. Based on the damper placement 
configuration in the structure, kb is the overall stiffness of the associated 
bracing in the damping system in the global horizontal direction. 
Therefore, kb represents the total flexibility of the components in the 
complete damper force path, such as the braces, brace-gusset connec
tions, damper-brace connections, damper-beam connections, and the 
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Fig. 3. Simplified design procedure (SDP) for MRF with nonlinear viscous dampers.  
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shortening and elongation of the columns of the damping system. k0 is 
the MRF story stiffness in the global horizontal direction. αb is used as an 
index for the flexibility of the complete damper force path. In general, 
αb ≥ 5 is recommended to provide a relatively stiff design of the bracing 
to ensure the effectiveness of the damping devices. 

Step 4.Size dampers to meet story drift criteria established in Step 1. As 
the MRF is designed only for the base shear design strength determined 
in Step 2, damping devices are added and sized to control the story 
drifts. An elastic-static analysis procedure (ESAP) can be used for the 
analysis needed to determine the damper properties. The ESAP idealizes 
the nonlinear viscous damper-brace component as an equivalent linear 
elastic-viscous model, and using this model, the effective stiffness and 
equivalent damping of the structure can be estimated. The details of the 
ESAP will be discussed later in Section 2.3. The story drift criteria 
established in Step 1 should be satisfied by the MRF with the selected 
damper sizes. As shown in Fig. 3, the dampers can be increased in size if 
needed. If unpractical dampers sizes are required to meet the drift 
criteria, then the MRF should be re-designed with an increased level of 
base shear design strength, otherwise the story drift criteria in Step 1 
should be re-established. 

Step 5. Design of damping system. With the damper sizes established in 
Step 4 and the story drift criteria established in Step 1, the bracing of the 
damping system can be designed for the maximum expected damper 
force for the specified story drift. The design of the damping system 
includes the design details for the braces, beams, columns, brace-beam- 
column connections, brace-damper connections, and damper-beam 
connections. The overall flexibility (i.e., αb) of the complete damper 
force path should be assessed. The procedure should go back to Step 4 to 
resize the dampers for a smaller αb if the actual value of αb for the as- 
designed damping system is smaller than the value established in Step 3. 

Step 6. Check strength of MRF. The MRF was designed for the speci
fied level of base shear design strength in Step 2, which did not account 
for the effects of the damper forces on the MRF. The in-phase behavior of 
the damper forces with the story drifts could increase internal forces in 
the columns of the MRF, which requires the strength of the columns of 
the MRF to be checked for the effects of damper forces. The MRF should 
be strengthened if needed. 

2.3. Elastic-static analysis procedure for MRF structure with nonlinear 
viscous dampers 

The elastic-static analysis procedure (ESAP) used in Step 4 of the SDP 
is as follows: 

Step A1. Equivalent linearization of nonlinear viscous damper-brace 
component as an equivalent linear elastic-viscous model. The force- 
velocity relationship for a nonlinear viscous damper is as: 

fd = Cαsgn(vd)|vd|
α (1)  

where fd is the damper force; vd is the damper velocity; sgn(vd) gives the 
direction of the damper velocity; Cα is the damping coefficient; and α is 
the velocity exponent with value 0.44 in the manuscript. This type of 
nonlinear viscous dampers is a representative damper product manu
factured by Taylor Devices Inc. This equivalent linearization is described 
in detail by Dong [19]. For a specified target story drift, the equivalent 
effective stiffness keq and viscous damping coefficient Ceq for the 
equivalent linear elastic-viscous model in each story can be determined as 
Eqs. (2) and (3). Given damper properties (damping coefficient Cα and 
velocity exponent α) and bracing stiffness kb, the equivalent properties 
(i.e., keq and Ceq) are expressed as functions of natural frequency ωs and 
estimated target story drift uds of the structure. 

keq =

(
Cαωα

s (uds)
α−1 )2

(
Cαωα

s (uds)
α−1 )2

+ (kb)
2
kb (2)  

Ceq =
Cαωα−1

s (uds)
α−1

(
Cαωα

s (uds)
α−1 )2

+ (kb)
2
(kb)

2 (3) 

Step A2.Eigenvalue analysis of structure (i.e., MRF with added dampers) 
using the equivalent linear elastic-viscous model for nonlinear viscous 
damper-brace component. The total stiffness matrix of the structure,Kt, 
should be updated by including the equivalent effective stiffness of the 
equivalent linear elastic-viscous model for the damping system, Keq, as 
follows, Kt = K0 + Keq, where K0 is the initial stiffness matrix of the MRF. 
With the updated Kt, the updated mode shapes and natural frequencies 
of the structure can be obtained through eigenvalue analysis. 

Step A3. Calculate equivalent damping ratio ξequsing lateral force energy 
method [19,20] as: 

ξeq =
1

4π

πω1
∑

i

[
Ceq,i⋅

(
ϕi,1 − ϕi−1,

)2
]

0.5⋅(ΦT
1 KtΦ1)

(4)  

where ω1is the undamped natural circular frequency of the structure 
with added dampers for the first mode; Φ1 is the mode shape for the first 
mode and ϕi, 1 is the mode coordinates at the ith floor of Φ1; Kt is the 
effective stiffness matrix of the MRF with added dampers, from Step A2; 
Ceq, i is the damping coefficient for the equivalent linear elastic-viscous 
model of ith story based on the specified target story drift limit. The 
effective damping ξeff of the structure equals the sum of the equivalent 
damping ξeq and inherent damping of the building ξI. 

Step A4. Equivalent lateral force (ELF) procedure or response spectrum 
analysis (RSA) procedure for linear analysis of MRF with added dampers. In 
this study, the ELF procedure was used to estimate the seismic base shear 
and floor displacement response of the structure with added dampers. 
The equivalent damping (Eq. (4)) was based on the first mode frequency 
and mode shape of the structure. The seismic base shear (V) and 
equivalent lateral forces (FELF) based on the first mode shape can be 
calculated as follows: 

V =
Γ1

B1
CsW (5)  

FELF =
Γ1

B1
CsW⋅Φ1 (6)  

where Γ1 is the modal participation factor of the first mode; B1 is the 
damping coefficient for effective damping ξeff; W is the seismic weight of 
the structure; Cs is the seismic response coefficient determined as 
follows: 

Cs =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

SDS

R/Ie
for T1 < Ts

SD1

T1(R/Ie)
for T1 ≥ Ts

(7)  

where Ts = 0.6 seconds. Since the purpose of the analysis is to determine 
the floor lateral displacements and the corresponding story drifts, the 
response modification factor R is taken as R = 1.0, when the equal 
displacement approximation is used to establish the for floor displace
ments. Static analysis should be performed under the equivalent lateral 
forces from Eq. (6) to estimate the floor displacements. 

Steps A1 through A4 of the ESAP should be repeated for each set of 
trial damper sizes until the story drift criteria are met. The ESAP uses 
only linear static analysis based on the widely-used ELF procedure and 
RSA procedure, which enables a preliminary evaluation of seismic per
formance of the MRF with added dampers, in terms of story drift, 
without complex nonlinear analyses. 
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3. Validation of SDP for 4-story steel MRFs with nonlinear 
viscous dampers 

3.1. Design of 4-story steel MRFs 

The SDP is validated for a 4-story example steel MRF building with 
nonlinear viscous dampers. The example building is assumed to be 
located on a stiff soil site in Los Angeles. Fig. 4 shows the floor plan and 
section view of the 4-story example MRF building with nonlinear viscous 
dampers. The building has 8 perimeter MRFs to resist lateral forces, and 
the dampers are placed directly in each story of the MRFs of the example 
building. The design of the 4-story example building focuses on the 
design of a single-bay MRF with nonlinear viscous dampers placed 
directly in each story of the MRF. 

To compare the seismic response and performance of the MRF 
building without dampers with the MRF building with dampers, three 
types of MRFs are designed for the building: (1) two special moment 
resisting frames (SMRF) without dampers, denoted SMRF-A and SMRF- 
B; where SMRF-A is designed to satisfy the strength criteria of ASCE 
7–16 and a story drift limit of 1.5% radians, and SMRF-B is designed to 
satisfy the strength criteria of ASCE 7–16 and a story drift limit of 2.0% 
radians; (2) MRFs that satisfy the strength criteria of ASCE 7–16 and use 
nonlinear viscous dampers to control the story drift, denoted MRF- 
D100V, which is designed to resist 100% of the required base shear 
design strength of ASCE 7–16 without satisfying the story drift limit; (3) 
MRFs designed for reduced base shear design strength and use nonlinear 
viscous dampers to control the story drift, denoted MRF-D75V, MRF- 
D60V, MRF-D50V, and MRF-D40V, which are designed to resist 75%, 
60%, 50%, and 40% of the required base shear design strength of ASCE 
7–16, respectively. 

The required base shear design strength of the SMRF-A and SMRF-B, 
MRF-D100V, MRF-D75V, MRF-D60V, MRF-D50V, and MRF-D40V was 

determined using the ELF procedure based on an estimated design 
period Tdes = 0.9 s for the 4-story MRF building, the strength reduction 
factor R = 8, and the ASCE 7–16 design response spectrum (with pa
rameters SDS = 1.0 g and SD1 = 0.6 g). The members of the MRFs were 
sized for the strength criteria through elastic analysis with the ASCE 
7–16 load combinations described using the SAP 2000 program. ASTM 
A992 steel beams were selected for the MRFs so that the lightest section 
with a section modulus equal to or slightly greater than the required 
section modulus, according to AISC [21,22], were selected. ASTM A992 
steel W14 sections were used for the columns. Considering a standard 
available length of 30 ft for the steel members, the same section was used 
for the columns in the first and second stories, and the same section was 
used for the columns in the third and fourth stories. For SMRF-A and 
SMRF-B, the member sections were increased to satisfy the 1.5% and 
2.0% rad story drift limits with the displacement amplification factor Cd 
= 5.5, respectively. Table 1 gives the sections and the associated weight 
of the MRFs. MRF-D75V, MRF-D60V, MRF-D50V, MRF-D40V are 14%, 
27%, 37%, and 42% lighter than MRF-D100V, respectively, while MRF- 
D100V is 49% and 37% lighter than SMRF-A and SMRF-B, respectively. 

Table 2 gives the properties of the MRFs, including the base shear 
design strengths at the design period, Vdes (from Eq. (4), with Γ1 = 1.0, 
B1 = 1.0, and Tdes = 0.9 seconds); the modal periods, Tn (n = 1, 2, 3, 4); 
the story drifts based on the displacement amplification factor Cd = 5.5, 
θdes; the story drifts at initial yielding of the MRF, θy; and the actual 
response modification factors, Ract, which accounts for inherent material 
overstrength and the effects of resistance factors in the LRFD method, as 
the MRFs are assumed to be designed for strength using ASCE 7–16 and 
the LRFD method of AISC 360–10 [21]. Ract is calculated as Ract = Sa, T/ 
Sa, Y, where Sa, T is the design spectral acceleration at the first period of 
the structure, T1, and Sa, Y is the spectral acceleration corresponding to 
the base shear that causes initial yielding of the MRF under a pattern of 
lateral force based on the first mode shape. θy is the story drift from 
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Fig. 4. 4-story MRF building with nonlinear viscous dampers: (a) plan view; (b) section view.  

Table 1 
Design of SMRFs and MRFs for 4-story example building.  

Structure Column Beam Weight 
(kips) 

1st story 2nd story 3rd story 4th story 1st floor 2nd floor 3rd floor 4th floor 

SMRF-A W14 × 370 W14 × 311 W36 × 210 W36 × 210 W36 × 150 W24 × 76 50.2 
SMRF-B W14 × 257 W14 × 211 W36 × 150 W33 × 141 W33 × 118 W24 × 62 35.2 
MRF-D100V W14 × 193 W14 × 145 W30 × 116 W30 × 108 W27 × 84 W21 × 44 25.7 
MRF-D75V W14 × 159 W14 × 132 W27 × 94 W27 × 94 W21 × 73 W21 × 44 22.2 
MRF-D60V W14 × 132 W14 × 109 W27 × 84 W27 × 84 W21 × 62 W18 × 40 18.8 
MRF-D50V W14 × 120 W14 × 82 W24 × 76 W24 × 76 W21 × 57 W18 × 40 16.3 
MRF-D40V W14 × 109 W14 × 82 W24 × 68 W24 × 62 W21 × 44 W18 × 40 14.9  
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analysis with a pattern of lateral force (E) based on the first mode shape 
with increasing magnitude, along with constant gravity loads (D and L), 
using the load combination 1.4D + 0.5L + 1.0E, until initial yielding 
occurs in the beams of the MRF. It is seen that the MRFs have similar 
values of θy. SMRF-A and SMRF-B have smaller Ract than each of the 
other MRF. Ract increases as the base shear design strength decreases 
from MRF-D100V to MRF-D40V. 

3.2. Effects of damper arrangement on damping ratio 

To control the story drifts of the MRF-D100V, MRF-D75V, MRF- 
D60V, MRF-D50V, MRF-D40V structures, nonlinear viscous dampers 
were added and sized for the MRFs using the SDP. Practical arrangement 
of dampers in a building structure is usually based on the assumption 
that the effectiveness of each damper is proportional to the peak damper 
deformation or peak damper velocity. Researchers also have studied 
methods of arranging dampers, e.g., Ribakov and Gluck [23] showed 
that the optimal arrangement of damping coefficients for a seven-story 
shear building is proportional to the story stiffness, Takewaki [24] 
showed that the optimal damper arrangement is an almost uniform 
distribution of dampers with uniform properties for a six-story shear 

building with uniform distribution of story drifts, and Ashour [25] 
suggested placing dampers at the locations that will maximize the 
damping ratio for the fundamental mode of a multi-story building 
structure. Based on these findings, three cases of damper arrangement in 
the MRF are studied: Case-1, story stiffness proportional dampers; Case- 
2, uniform dampers; and Case-3, nonproportional dampers. In Case-1, 
the dampers are arranged so that the damping coefficients are propor
tional to the story stiffnesses of the MRF structure without dampers; in 
Case-2, the dampers are arranged so that the damping coefficients are 
the same in each story of the structure; and in Case-3, the dampers are 
arranged so that the damping coefficients in the second, third, and 
fourth stories are two, three, and two times the damping coefficient in 
the first story, respectively. The effects of damper arrangement on the 
dynamic properties of the 4-story example MRF building are investi
gated through eigenvalue and eigenvector analysis of a state-space 
representation of the MRF with the dampers. In the state-space repre
sentation of the MRF with the dampers, the braces that connect the 
dampers to seismic mass DOF are assumed to be rigid. The story stiffness 
of the MRF is represented by an elastic spring, and the damper in each 
story of the structure are represented by a dashpot with a damping co
efficient Ci (i = 1,2,3,4), as shown in Fig. 5. Therefore, the structure is 

Table 2 
Properties of SMRFs and MRFs for 4-story example building.  

Structure Base shear 
at Tdes 

(kN) 

Modal period 
(s) 

Design story drift ratio, θdes 

(% rad) 
(R = 8, Cd = 5.5) 

Story drift ratio 
at initial yielding, θy 

(% rad) 

Ract 

T1 T2 T3 T4 1st story 2nd story 3rd story 4th story 1st story 2nd story 3rd story 4th story 

SMRF-A 193 1.12 0.40 0.20 0.13 1.24 1.52 1.51 1.38 0.53 0.66 0.66 0.60 2.7 
SMRF-B 193 1.42 0.49 0.25 0.16 1.56 1.97 2.00 1.75 0.55 0.69 0.70 0.61 3.3 
MRF-D100V 193 1.70 0.59 0.30 0.19 2.09 2.75 3.01 2.79 0.54 0.71 0.78 0.72 4.5 
MRF-D75V 145 2.00 0.67 0.32 0.20 2.49 3.31 3.62 3.33 0.56 0.74 0.81 0.75 5.2 
MRF-D60V 116 2.22 0.74 0.35 0.22 2.77 3.64 4.07 3.90 0.54 0.72 0.81 0.78 5.9 
MRF-D50V 96 2.48 0.79 0.37 0.23 3.09 4.17 4.69 4.30 0.57 0.77 0.87 0.79 6.2 
MRF-D40V 77 2.68 0.83 0.38 0.23 3.40 4.72 5.31 4.77 0.52 0.72 0.81 0.73 7.6  
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Fig. 5. State-space model for 4-story MRF structure with dampers and associated rigid bracing.  
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idealized as having four lateral DOF at each floor level. The model does 
not include the inherent damping of the building. 

Fig. 6 shows the effects of damper arrangement on damping ratio and 
pseudo-undamped natural circular frequency of the MRF-D100V struc
ture with dampers and associated rigid bracing. Fig. 6(a) shows the first 
mode damping ratio (ξ1) versus the total added damping coefficient 
(
∑4

i=1Ci) of the structure. It is seen that the first mode damping ratio of 
the structure with Case-1 damper arrangement increases nearly linearly 
with an increase in the damping coefficients, while the first mode 
damping ratios of the structure with Case-2 and Case-3 damper ar
rangements increase nonlinearly with an increase in the damping co
efficients. Overall, Fig. 6(a) shows that the first mode damping ratio for 
the structure with dampers depends on the size and arrangement of the 
dampers in the structure, although that the effect of the damper 
arrangement on the damping ratio is small when the damping ratio is 
smaller than 40%. This result suggests that within a practical damping 
ratio range for the MRF-D100V structure, the arrangement of dampers is 
not that impactful. Fig. 6(b) shows the first mode pseudo-undamped 
natural circular frequency (ω1) normalized by natural circular fre
quency (ω1, 0) of the MRF-D100V structure without dampers versus the 
total added damping coefficient (

∑4
i=1Ci) of the structure. It is seen that 

ω1/ω1, 0 is greater than 1.0 and increases with an increase in the 
damping coefficients. The increase is most obvious for Case-3 damper 
arrangement. These results show that the pseudo-undamped natural 
circular frequency of a structure with added nonproportional damping 
will be greater than the natural circular frequency of the structure 
without added damping. For Case-1 and Case-2 damper arrangements, 
the increase of the natural frequency of the structure in within 5% for a 
practical damping ratio within 40%, which could provide an estimate 
that MRF column internal forces will increase about 10% to account for 

the in-phase behavior of the damper forces with the story drifts. 

4. Dynamic analysis results and performance evaluation 

Nonlinear viscous dampers were added and sized for the various 
MRF designs using the SDP to limit the story drift to be less than either 
1.5% or 2.0% radians under the DBE. Case-1 and Case-2 damper 
arrangement were used in the study. An overall bracing stiffness with 
kb/k01 = 10 was used for the designs, where k01 is the MRF first story 
stiffness in the global horizontal direction. A total of four categories of 
MRF structures with supplemental nonlinear dampers are considered in 
this study, and their design properties are shown in Table 3 through 
Table 6. Category-A MRFs are designed for 1.5% rad story drift limit 
with Case-1 damper arrangement (See Table 3); Category-B MRFs are 
designed for 1.5% rad story drift limit with Case-2 damper arrangement 
(See Table 4); Category-C MRFs are designed for 2.0% rad story drift 
limit with Case-1 damper arrangement (See Table 5); Category-D MRFs 
are designed for 2.0% rad story drift limit with Case-2 damper 
arrangement (See Table 6). The story drifts, added damping from the 
dampers, ξeq, damping coefficient, B1, and the value of R’ = Ract/B1 from 
the SDP are given in the tables. 

Nonlinear models for the 4-story MRF structures were built using the 
OpenSees program [26]. Nonlinear dynamic time history analyses 
(NDTHA) were performed using a set of eight ground motions to assess 
the seismic response and performance of the MRF structures with 
nonlinear viscous dampers in terms of story drifts, beam and column 
plastic rotations, floor accelerations, and column internal forces. Table 7 
gives the set of eight ground motions, which were scaled to the design 
basis earthquake (DBE) and maximum considered earthquake (MCE) 
hazard levels. Details of the selection and scaling of the set ground 
motions can be found in [19,27]. Fig. 7 compares the median spectrum 

Table 3 
Category-A MRFs: Designed for 1.5% rad story drift with Case-1 damper arrangement.  

Category-A MRFs Cα (kips-s/in), 
α = 0.44 

1st mode damping ξeq (%) Damping coefficient 
B1 

Ract/B1 

1st story 2nd story 3rd story 4th story 

MRF-D100V-a 92 64 46 38 28 1.74 2.58 
MRF-D75V-a 99 68 51 44 39 2.07 2.51 
MRF-D60V-a 99 69 51 43 46 2.27 2.60 
MRF-D50V-a 95 65 49 44 55 2.56 2.42 
MRF-D40V-a 99 66 50 47 63 2.80 2.71  

Table 4 
Category-B MRFs: Designed for 1.5% rad story drift with Case-2 damper arrangement.  

Category-B MRFs Cα (kips-s/in), 
α = 0.44 

1st mode damping ξeq (%) Damping coefficient 
B1 

Ract/B1 

1st story 2nd story 3rd story 4th story 

MRF-D100V-b 59 59 59 59 28 1.75 2.57 
MRF-D75V-b 63 63 63 63 38 2.05 2.54 
MRF-D60V-b 63 63 63 63 45 2.25 2.62 
MRF-D50V-b 62 62 62 62 55 2.55 2.43 
MRF-D40V-b 64 64 64 64 63 2.80 2.71  

Table 5 
Category-C MRFs: Designed for 2.0% rad story drift with Case-1 damper arrangement.  

Category-C MRFs Cα (kips-s/in), 
α = 0.44 

1st mode damping ξeq (%) Damping coefficient 
B1 

Ract/B1 

1st story 2nd story 3rd story 4th story 

MRF-D100V-c 52 36 26 21 15 1.34 3.36 
MRF-D75V-c 65 44 33 29 23 1.57 3.31 
MRF-D60V-c 69 48 35 30 28 1.73 3.40 
MRF-D50V-c 66 45 34 30 35 1.95 3.18 
MRF-D40V-c 76 50 38 36 42 2.16 3.52  
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of the set with DBE and MCE uniform hazard spectrum (UHS) that 
represent the seismic hazard at the building site in this study. The UHS 
were developed using the ground motion intensity model from Campbell 
and Bozorgnia [28] and the OpenSHA program [29], where the DBE and 
MCE UHS has 10% and 2% probability of exceedance (POE) in 50 years, 

respectively. Notably, the median spectrum of the set closely matches 
the UHS. 

4.1. Story drift response 

Fig. 8 through Fig. 11 compare mean peak story drifts from the 
NDTHA with story drifts from the SDP (using ELF) for the MRFs with 
nonlinear viscous dampers designed for 1.5% rad story drift limit under 
the DBE and MCE. Fig. 12 through Fig. 15 compare mean peak story 
drifts from NDTHA with story drifts from the SDP (using ELF) for the 
MRFs with nonlinear viscous dampers designed for 2.0% rad story drift 
limit under the DBE and MCE. It is shown that the story drifts from the 
SDP are close to the mean peak story drifts from the NDTHA under the 
DBE and MCE. For the Category-A and Category-C MRFs with Case-1 
damper arrangement, the maximum mean peak story drifts from the 
NDTHA of various MRFs are less than the results from the SDP and 
therefore satisfy the 1.5% rad and 2.0% rad story drift under the DBE 
ground motions, respectively. For the MRFs with Case-2 damper 
arrangement, except the MRF-D50V-b and MRF-D40V-b structures, the 

Table 6 
Category-D MRFs: Designed for 2.0% rad story drift with Case-2 damper arrangement.  

Category-D MRFs Cα (kips-s/in), 
α = 0.44 

1st mode damping ξeq (%) Damping coefficient 
B1 

Ract/B1 

1st story 2nd story 3rd story 4th story 

MRF-D100V-d 33 33 33 33 15 1.34 3.36 
MRF-D75V-d 41 41 41 41 22 1.56 3.31 
MRF-D60V-d 44 44 44 44 28 1.73 3.40 
MRF-D50V-d 42 42 42 42 34 1.93 3.18 
MRF-D40V-d 48 48 48 48 41 2.14 3.52  

Table 7 
Earthquake ground motions used for NDTHA of 4-story MRF structures.  

ID Earthquake Event Record Scale factor 

Year Mw Name DBE MCE 

1 1979 6.5 Imperial Valley H-E03140 1.44 2.31 
2 1992 7.3 Landers YER360 2.06 3.31 
3 1989 6.9 Loma Prieta HSP090 1.72 2.76 
4 1989 6.9 Loma Prieta WVC000 1.25 2.02 
5 1989 6.9 Loma Prieta WVC270 1.11 1.78 
6 1994 6.7 Northridge RRS318 0.66 1.06 
7 1994 6.7 Northridge SCE018 0.59 0.95 
8 1979 5.9 Westmorland PTS315 1.88 3.02  

(a) DBE ground motions (b) MCE ground motions

Fig. 7. DBE and MCE level ground motions for NDTHA.  

Fig. 8. Story drift comparison between SDP and NDTHA: MRFs Category-A under DBE.  
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maximum mean peak story drifts from the NDTHA of the various 
Category-B and Category-D MRFs are less than the results from the SDP 
and therefore also satisfy the 1.5% and 2.0% rad story drift under the 
DBE ground motions, respectively. 

However, differences in the story drift response of the MRFs with the 
two cases of damper arrangement can be seen. As shown in Figs. 8–9 and 
Figs. 12–13, for the MRFs with Case-1 damper arrangement (i.e., 
Category-A and Category-C MRFs), the distribution over the stories of 
the mean peak story drifts from the NDTHA are similar to the results 
from the SDP, i.e., the maximum mean peak story drifts are located in 
the upper stories of the structure, under both the DBE and MCE. 
Particularly, the SDP accurately predicts the story drift results for each 
story of the Category-A MRFs under the both the DBE and MCE. For the 
MRFs with Case-2 damper arrangement (i.e., Category-B and Category-D 
MRFs), the lower stories have the maximum mean peak story drifts, and 

are slightly larger than the results from the SDP, as demonstrated in 
Figs. 10–11 and Figs. 14–15. These results demonstrate that damper 
arrangement configuration affects the accuracy of the SDP more than the 
specified target story drift. Overall, the SDP gives story drift results 
much closer to the results from the NDTHA for the MRFs with Case-1 
damper arrangement than for the MRFs with Case-2 damper arrange
ment under the DBE and MCE ground motions. The SDP gives similar 
accuracy for the MRFs sized with 1.5% rad story drift and the MRFs sized 
with 2.0% rad story drift, therefore, can be used for multi-performance 
seismic design of MRF structures with nonlinear viscous dampers. 

4.2. Local plastic rotation response 

The column plastic rotations and beam plastic rotations under the 
DBE and MCE ground motions are examined here. Fig. 16 compares the 

Fig. 9. Story drift comparison between SDP and NDTHA: MRFs Category-A under MCE.  

Fig. 10. Story drift comparison between SDP and NDTHA: MRFs Category-B under DBE.  

Fig. 11. Story drift comparison between SDP and NDTHA: MRFs Category-B under MCE.  
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mean peak first story column plastic rotations of the Category-A and 
Category-B MRFs (i.e., MRFs with dampers sized for 1.5% rad story drift 
with Case-1 and Case-2 damper agreements) with the mean peak first 
story column plastic rotation of SMRF-A, from the NDTHA. Under the 
DBE ground motions, SMRF-A and the Category-A and Category-B MRFs 
have very small column plastic rotations (less than 0.1% radians), which 
indicates the first story columns of SMRF-A and the MRFs with dampers 
remained essentially elastic. Under the MCE ground motions, the mean 
peak column plastic rotations of the first story columns are 0.12%, 
0.17%, 0.30%, 0.30%, and 0.34% rad for the MRF-D100V-a, MRF-D75V- 
a, MRF-D60V-a, MRF-D50V-a, and MRF-D40V-a structures, respectively, 
and are 0.28%, 0.32%, 0.43%, 0.51%, and 0.58% rad for the MRF- 
D100V-b, MRF-D75V-b, MRF-D60V-b, MRF-D50V-b, and MRF-D40V-b 
structures, respectively, which are larger than the mean peak column 
plastic rotation of 0.12% rad for SMRF-A, which demonstrates that the 

value of the mean peak column plastic rotation for the MRFs with 
dampers increases as the base shear design strength decreases. Never
theless, the mean peak column plastic rotations of all the structures 
nearly remained within the residual story drift ratio limit that can affect 
the moving components of buildings such as doors, windows, and sliding 
partitions [30–32], which validates that Category-A and Category-B 
MRFs have comparable performance as the SMRF-A in terms of col
umn plastic rotations. 

Figs. 17 and 18 compare the mean peak beam plastic rotations of 
Category-A and Category-B MRFs with the same results of SMRF-A from 
the NDTHA under the DBE and MCE ground motions, respectively. 
Figs. 17(a) and 18(a) show that Category-A MRFs (i.e., MRFs with Case- 
1 damper arrangement) have smaller mean peak beam plastic rotations 
than SMRF-A under the DBE and MCE ground motions. Figs. 17(b) and 
18(b) show that the mean peak beam plastic rotations of Category-B 

Fig. 12. Story drift comparison between SDP and NDTHA: MRFs Category-C under DBE.  

Fig. 13. Story drift comparison between SDP and NDTHA: MRFs Category-C under MCE.  

Fig. 14. Story drift comparison between SDP and NDTHA: MRFs Category-D under DBE.  
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MRFs (MRFs with Case-2 damper arrangement) are larger for the first 
floor than for other floors, but are slightly smaller than those of SMRF-A 
under the DBE and greater than those of SMRF-A under the MCE. 

Fig. 19 compares the mean peak column plastic rotations of the first 
story columns of Category-C and Category-D MRFs (i.e., MRFs with 
dampers sized for 2.0% rad story drift with Case-1 and Case-2 damper 
agreements) with the same results of SMRF-B. Similar to Category-A and 
Category-B MRFs, the mean peak column plastic rotation of Category-C 
and Category-D increases as the base shear design strength decreases. 
The mean peak column plastic rotations are approximately 0.1% rad or 
less under the DBE ground motions, which indicates the first story col
umns of the MRFs with dampers remained essentially elastic. The mean 
peak column plastic rotations of Category-D MRFs are larger than those 
of Category-C MRFs and SMRF-B under the DBE and MCE ground 

motions. 
Figs. 20 and 21 compare the mean peak beam plastic rotations of 

Category-C and Category-D MRFs with the same results of SMRF-B from 
the NDTHA under the DBE and MCE ground motions, respectively. 
Similar to Category-A MRFs, Category-C MRFs have smaller mean peak 
beam plastic rotations than SMRF-B under both the DBE and MCE 
ground motions. The mean peak beam plastic rotations of Category-D 
MRFs are larger for the first floor than for other floors, but are slightly 
smaller than those of SMRF-B under the DBE and slightly greater than 
those of SMRF-B under the MCE ground motions. 

The seismic performance of the MRFs with dampers and SMRFs are 
evaluated as: (1) the MRFs with Case-1 damper arrangement have better 
performance than MRFs with Case-2 damper arrangement under both 
the DBE and MCE; (2) the MRFs with Case-1 and Case-2 damper 

Fig. 15. Story drift comparison between SDP and NDTHA: MRFs Category-D under MCE.  

(a) Case-1 damper arrangement (b) Case-2 damper arrangement
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Fig. 16. Mean peak column plastic rotations: SMRF-A, Category-A and Category-B MRFs.  

(a) Case-1 damper arrangement (b) Case-2 damper arrangement
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arrangement have better seismic performance than SMRF-A and SMRF-B 
under the DBE; (3) the MRFs with Case-1 and Case-2 damper arrange
ments have seismic performance similar to that of SMRF-A and SMRF-B 
under the MCE; (4) the MRFs with dampers designed with various base 
shear design strengths have similar seismic performance under the DBE, 
and under the MCE, the MRFs designed with a higher level of base shear 
design strength have better seismic performance. 

4.3. Floor acceleration response 

Figs. 22-25 summarize the mean peak floor accelerations from the 
NDTHA for the SMRFs and the MRFs with dampers. It is seen that the 
mean peak floor accelerations of the MRFs with dampers are much 

smaller than the SMRFs under the DBE and MCE. The mean peak floor 
accelerations of the MRFs with dampers decrease as the base shear 
design strength level decreases. The mean peak floor accelerations of the 
fourth floor of the MRF-D100V-a, MRF-D75V-a, MRF-D60V-a, MRF- 
D50V-a, and MRF-D40V-a structures are 56%, 46%, 43%, 38%, and 30% 
of that of SMRF-A under the DBE, and are 70%, 62%, 59%, 51%, and 
45% of that of SMRF-A under the MCE. The mean peak floor accelera
tions of the fourth floor of the MRF-D100V-c, MRF-D75V-c, MRF-D60V- 
c, MRF-D50V-c, and MRF-D40V-c structures are 74%, 63%, 56%, 51%, 
and 44% of that of the SMRF-B under the DBE, and are 70%, 64%, 58%, 
54%, and 47% of that of SMRF-B under the MCE. The mean peak floor 
accelerations of the MRFs with Case-2 damper arrangement are slightly 
smaller than those of the MRFs with Case-1 damper arrangement. 

(a) Case-1 damper arrangement (b) Case-2 damper arrangement
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Fig. 19. Mean peak column plastic rotations: SMRF-B, Category-C and Category-D MRFs.  

(a) Case-1 damper arrangement (b) Case-2 damper arrangement
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Therefore, in terms of mean peak floor accelerations, the MRFs with 
Case-2 damper arrangement achieved better seismic performance than 
the SMRFs and MRFs with Case-1 damper arrangement. 

4.4. MRF column internal forces 

The internal forces in the columns of the MRFs with dampers are 
compared with those in the columns of the SMRFs and evaluated in this 
section. Fig. 26 shows the combination of axial forces and bending 
moments that develops in the first story columns of SMRF-A and SMRF-B 
under DBE ground motion record H-E03140. The P-M strength curve of 
the columns based on AISC 360–10 for beam-column members subjected 
to flexure and axial forces is also plotted in the Figures. The nominal 
axial and flexural strength of the column section was used in the AISC 

360–10 column strength formulae. Fig. 26 shows that the combination 
of axial forces and bending moments in the columns of SMRF-A and 
SMRF-B slightly exceed the P-M strength curve, which indicates the 
columns of SMRF-A and SMRF-B yield and develop plastic rotations 
under the DBE ground motion record H-E03140. 

Fig. 27 shows the combination of axial force and bending moment in 
the columns of Category-A MRFs (i.e., MRFs sized for 1.5% rad story 
drift with Case-1 damper arrangement) under the DBE ground motion 
record H-E03140. Fig. 27(a) and (b) show that the combination of axial 
forces and bending moments in the columns of the MRF-D100V-a and 
MRF-D75V-a structures are mostly within the P-M strength curve, which 
indicates the columns satisfy the strength requirement under the DBE 
including the effects of the damper forces. Fig. 27(c) and (d) show the 
combination of axial forces and bending moments in the columns of the 

(a) Case-1 damper arrangement (b) Case-2 damper arrangement
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Fig. 21. Beam mean plastic rotations under MCE: SMRF-B, Category-C and Category-D MRFs.  

Fig. 22. Mean peak floor accelerations from NDTHA: SMRF-A and Category-A MRFs.  

Fig. 23. Mean peak floor accelerations from NDTHA: SMRF-A and Category-B MRFs.  
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MRF-D60V-a, MRF-D50V-a, and MRF-D40V-a structures exceed the P-M 
strength curve, which indicates the columns, similar to the columns of 
SMRF-A and SMRF-B, yield and develop plastic rotations under the DBE 
including the effects of the damper forces, since lighter sections were 
used for the columns of the MRFs designed with reduced base shear 
design strength. 

Fig. 28 shows the combinations of axial force and bending moment in 
the columns of the MRFs sized for 2.0% rad story drift with Case-1 
damper arrangement under the DBE ground motion record H-E03140. 
Due to a larger story drift demand on the MRFs sized for 2.0% rad story 
drift than the MRFs sized for 1.5% rad story drift, the combinations of 
axial force and bending moment in the columns of all the MRFs exceed 
the P-M strength curve, and therefore, yield and develop larger plastic 

rotations under the DBE. 

5. Summary and conclusions 

This paper presented a simplified design procedure (SDP) for seismic 
design of low-rise steel MRF structures with nonlinear viscous dampers. 
For selected performance objectives and associated story drift based 
design criteria, the SDP enables an integrated design of the MRF and 
damping system to be performed. In the SDP, the MRF is designed for 
strength criteria and the damping system is sized for drift criteria. Unlike 
the current analysis procedures for structures with dampers in ASCE 
7–16, where the effective period and effective damping ratio are 
computed as a function of the ductility demand on the structure, the SDP 

Fig. 24. Mean peak floor accelerations from NDTHA: SMRF-B and Category-C MRFs.  

Fig. 25. Mean peak floor accelerations from NDTHA: SMRF-B and Category-D MRFs.  
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Fig. 26. Internal forces in columns of SMRF-A and SMRF-B under DBE record H-E030140.  
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uses only elastic analysis of a linear model of the MRF. The linear model 
of the MRF uses an equivalent linearized model of the damping system. 
The SDP is consistent with the analysis procedures in ASCE 7–16 for 
seismic design of conventional structures without dampers. The SDP was 
validated using results for a 4-story example steel MRF building with 
nonlinear viscous dampers. The MRFs were designed for various base 
shear design strength levels (i.e., 100%, 75%, 60%, 50% and 40% of the 
required base shear design strength of ASCE 7–16), and nonlinear 
viscous dampers were sized and added to the MRFs to control the story 
drift response. Two cases of damper arrangements were studied. 
Nonlinear dynamic time history analyses (NDTHA) were performed. The 
main findings and conclusions are as follows:  

(1) The MRF structures with dampers have better performance than 
SMRFs without dampers under the DBE and have performance 
similar to that of the similarly designed SMRFs without dampers 
under the MCE.  

(2) The MRF structures with dampers can be designed with reduced 
base shear design strength (60%, 50%, and 40%) to achieve 
equivalent seismic performance of SMRF structures without 
dampers and MRF structures with dampers designed with 
required (i.e.,100% and 75%) base shear design strength.  

(3) The SDP enables an integrated design between the seismic force- 
resisting system (SFRS) and damping system in a way that SFRS is 
designed for the compliance of strength criteria and the damping 
system is added for the compliance of drift criteria.  

(4) The SDP reduces the complexity of the analysis procedures for 
structural system with dampers in ASCE 7–16 for seismic design 
of structures with nonlinear viscous dampers with validated 
accuracy. 
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