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Seismic Retrofit of Coupled Hospitals with Viscous Dampers
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ABSTRACT

When seismically retrofitting existing hospitals, in addition to achieving the desired structural seismic performance, there are 
certain special requirements that should be taken into consideration, such as accommodating the original structural configuration 
and space, minimizing the impact on daily operation and patients during the reconstruction period, and guaranteeing the function-
ality of housed critical medical equipment. A seismic retrofit strategy is thus proposed that involves external connections via linear 
viscous dampers that have efficiently distributed damping coefficients. Two installation approaches are examined and discussed: 
damper connections for each story and damper connections for just the lower stories. Three damping coefficient distribution meth-
ods are discussed and examined: uniform distribution across all stories, a distribution based on the kinetic energy of all stories, and 
a more efficient distribution based on the kinetic energy of critical stories. The numerical results show that improper design of the 
installed reaction structures and linked viscous dampers can be precluded by eliminating those that fall within undesired frequency 
ratio bands. The three distribution methods are shown to be able to satisfactorily control the seismic response of existing hospitals, 
and the third distribution method based on the kinetic energy of the critical stories is shown to be the most cost-effective.
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1.　INTRODUCTION
During and after the 1999 Chi-Chi earthquake, the operation 

of numerous otherwise completely intact facilities in Taiwan was 
interrupted due to moderate to severe structural damage and the 
malfunction of their non-structural components; this was notably 
so for hospitals that needed to give medical treatment to individ-
uals who were sick or wounded (Nagarajaiah & Xiaohong, 2000; 
Alesch, Arendt & Petak, 2005). These damaged or non-functional 
hospitals could not provide urgent medical treatment to their pa-
tients and their inpatients needed to be sent to other medical cen-
ters, further hindering the emergency response to the earthquake. 
As a result, it was recognized that during and after natural disasters 
such as earthquakes, hospitals play a critical role as they are ex-
pected to be responsible for not only the basic safety of patients 
and staff but also more general disaster relief (Hamburger, 2003; 
Bachman et al., 2003).

Using traditional construction methods for the seismic ret-
rofitting of hospitals often generates significant noise, dust, and 
vibration, which interfere with everyday operations. Furthermore, 

due to the numerous independent piping systems running through-
out these facilities, the space for the additional openings required 
for seismic retrofitting can be very limited. These problems exist 
because seismic retrofitting of school buildings can be carried out 
during summer or winter vacation, while hospitals are open year-
round. Therefore, any chosen construction period disrupts their 
operations.

Thus, adopting passive control methods may be a more effec-
tive and reliable retrofit strategy to strengthen their earthquake-re-
sistant capacities and lower their seismic demands because it 
would not only increase the performance of existing hospitals 
during and after earthquakes but also reduce the impact on their 
daily activities during the seismic retrofit reconstruction process.

When evaluating different strategies for the seismic retrofit-
ting of existing hospitals, there are other major concerns in addi-
tion to the structure achieving the desired seismic performance, 
e.g., accommodating the original structural configuration and 
space, minimizing the impact on daily operations and patients 
during the reconstruction period, and guaranteeing the functional-
ity of critical medical equipment (or quick restoration after a major 
earthquake at minimum). In order to meet the above requirements, 
this study proposes a practical seismic retrofit strategy. Install ex-
ternally connected viscous dampers as between the existing hos-
pital structure and one or more newly constructed reactive struc-
tures. Fig. 1 shows the proposed strategy, where Structure A is the 
hospital structure to be retrofitted and Structure B is the reactive 
structure. Figs. 1(a) and 1(b) depict two possible approaches: the 
first involves connecting viscous dampers to each story and the 
second involves connecting them to just the lower floors of the 
existing hospital structure. Conceptually, the proposed seismic 
retrofit strategy shown in Fig. 1 is like the connection of two adja-
cent structures by velocity-dependent dampers that have been dis-
cussed in many previous studies as a way to simultaneously reduce 
their wind- or earthquake-induced responses and the likelihood of 
collision (Maison & Kasai, 1992; Xu, He & Ko, 1999; Zhang & 
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Xu, 1999, 2000; Matsagar & Jangid, 2005; Bhaskararao & Jangid, 
2007; Hwang et al. 2007).

Structure BStructure BStructure A

Structure AStructure A: structure to be retrofitted
Structure B: reaction structure

viscous damper

(a) Approach I (b) Approach II

Fig. 1　Proposed seismic retrofit strategy: external connec-
tions of viscous dampers to (a) all stories and (b) only 
the lower stories.

When two adjacent structures linked by viscous dampers 
have the same primary modal period, any phase angle between 
their movements could be induced by the first mode shapes, re-
sulting in entirely different control performances for the linked 
dampers. With a phase angle of 0°, the connected dampers have no 
relative displacement and do not work, whereas with a phase angle 
of 180° the linked dampers have the most significant relative dis-
placement and thus perform most efficiently. Hwang et al. (2007) 
established a relationship between the phase lag of two adjacent 
single-degree-of-freedom (SDOF) systems and the actual effect of 
the connected damper. It was analytically verified that there is a 
correlation between the natural frequency ratio of the two systems 
and the added damping ratio. Therefore, a concept for preventing 
the frequency ratio of the two adjacent structures from falling into 
the undesired band was proposed to ensure that the linked dampers 
enhanced the damping ratios of the two structures.

In addition to design formulas used to estimate the increase 
of the damping ratio of the buildings (FEMA 273, 1997; Seleemah 
& Constantinou, 1997; FEMA 356, 2000; Hwang et al. 2008), 
some studies have further discussed the optimal design of viscous 
dampers for new construction and retrofit purposes in terms of 
their placement and the vertical distribution of their damping coef-
ficients (Singh & Moreschi, 2002; Wongprasert & Symans, 2004; 
Takewaki, 2005; Hwang, Lin & Wu, 2013; Lin, Hwang & Chen, 
2017). Hwang et al. (2013) proposed two non-repetitive design 
formulas to vertically distribute the damping coefficients of vis-
cous dampers to achieve a desired additional damping ratio, which 
was based on the ratio of the strain energy of a story to the total 
shear strain energy of the structure. The numerical results indicat-
ed that the distribution method based on the shear strain energy of 
a story was the more practical and efficient option. With respect to 
the same structural model, Lin et al. (2017) further employed two 
search methods based on genetic algorithms to investigate the op-
timal distribution of the damping coefficients of viscous dampers. 
The comparison showed that, although these different methods 
produced a comparable seismic response reduction for the same 
supplemental damping ratio, the method proposed by Hwang et al. 
(2013) generally performed better.

This study proposes a seismic retrofitting method that in-
volves the installation of linear viscous dampers to connect an 
existing hospital structure to a newly built reaction structure, as 

presented in Fig. 1. The undesired frequency ratio band of the two 
multi-degree-of-freedom (MDOF) structures is the first identified 
using only their fundamental modal characteristics. Then, two dis-
tribution methods for the damping coefficients of the externally 
connected dampers are derived on the basis of the ratio of the rela-
tive kinetic energy at each story to the total relative kinetic energy 
of the entire hospital structure. Several instances are numerically 
examined and compared with the counterparts derived using tradi-
tional uniform distribution methods.

2.　TWO SDOF SYSTEMS LINKED BY A VISCOUS 
DAMPER

2.1　RELEVANT THEORIES AND ASSUMPTIONS

Hospital structures in Taiwan are usually low- or medium-rise 
buildings. Therefore, their dynamic behavior can be reasonably 
approximated by the fundamental translational modal characteris-
tics and responses; in other words, the MDOF system can be sim-
plified as an SDOF system. Firstly, the effective modal mass of the 
MDOF system should be calculated using the following equation:

　　　　　　　　　　　　　　　　　　　　　　  (2.1)
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where M* is the fundamental modal mass of the MDOF system, mi 
is the mass assigned to the ith story, and ϕi is the normalized mode 
shape of the first mode at the ith story (ϕroof = 1).

Two SDOF systems connected by a viscous damper are pre-
sented in Fig. 2, in which M*, c, and k are the effective modal 
mass, damping coefficient, and stiffness of the structure, respec-
tively. The variable subscripts denote which structure it belongs 
to; a refers to Structure A (i.e., the hospital to be retrofitted) and 
b refers to Structure B (the reaction structure). cd is the damping 
coefficient of the linked viscous damper. 
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Fig. 2　Schematic illustration of two SDOF systems connected 
by a viscous damper.

After installing a linear viscous damper, the equation of mo-
tion of the resulting system presented in Fig. 2 can be written in 
matrix form as:

[ ]{ } [ ]{ } [ ]{ } [ ]{ }1 gm x c x k x m x+ + = −  
         (2.2)
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and ax , ax , and ax  are the horizontal displacement, velocity, and 
acceleration of Structure A relative to the ground, respectively, bx
, bx , and bx are the horizontal displacement, velocity, and accel-
eration of Structure B relative to the ground, respectively, and gx  
is the input ground acceleration.

Based on the proportional damping assumption, the effec-
tive damping ratios of Structures A and B (denoted as ξeff,a and 
ξeff,b, respectively) are calculated from:
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(2.3.2)

where ωa = (ka /M*
a)0.5, ωb = (kb /M*

b)0.5, ξa=ca /(2M*
aωa), and ξb=cb 

/(2M*
bωb).

Based on the non-proportional damping assumption, the mo-
tion equation can be expressed as:
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By solving the eigenvalue problem, it can be obtained:
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(2.5)

By defining ca /M
*

a = 2ξaωa, cb /M
*

b=2ξbωb, and λ=ωa R, Eq. 

(2.5) can be rewritten as:

，(2.6)

where ωb /ωa is the ratio of the fundamental modal angular fre-
quency of Structure B to that of Structure A and cd /ca and cd /cb 
are the ratios of the damping coefficient of the connected linear 
viscous damper to the damping coefficients of Structures A and 
B, respectively. 

The eigenvalue can be solved from Eq. (2.5) in a complex 
form as:

n n niλ α β= + and 
n n niλ α β= − , (n=1, 2),            (2.7)

where nλ  is the nth modal eigenvalue, 
nλ  is the conjugate of nλ , 

αn = -ξnωn ,βn = ωn (1-ξ   )0.5, ωn is the nth modal angular frequency, 
and ξn is the nth modal composite damping ratio. ωn and ξn can be 
further expressed as: 
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The eigenvector and the conjugate eigenvector can be ob-
tained from:
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where {ϕn} is the nth mode shape vector and{ }nφ is the conjugate 
vector of {ϕn}.

By considering the correlation between the modal composite 
damping ratio ξn and the phase lag of Structures A and B, the two 
components of {ϕn}, i.e., ϕan and ϕbn, can be expressed as:
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, (n = 1, 2),                      (2.11)

where Aan and Abn are the amplitudes of Structures A and B, respec-
tively and θan and θbn are the phase angles of Structures A and B, 
respectively.

By using ξn = Cn /[2(MnKn )0.5], in which Mn, Cn, and Kn are 
respectively the generalized mass, damping, and stiffness matri-
ces, the nth modal composite damping ratio ξn can be expressed 
as:
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By solving Eq. (2.6) and using the relationships given in Eqs. 
(2.7) and (2.9), together with ξa and ξb set to 5%, ωb /ωa varying 
from 0.1 to 10, cd /ca varying from 1 to 6 with an increment of 1, 
and cd /cb varying from 1 to 12 with an increment of 1, then the 
variations of the nth modal composite damping ratios ξn and the 
nth modal phase lag of Structures A and B, θan-θbn, derived using 
the different values of ωb /ωa , cd /ca, and cd /cb can be quantita-
tively calculated and discussed. The calculations of the first and 
second modal composite damping ratios, ξ1 and ξ2, with cd /ca = 5 
are shown in Figs. 3 and 4, respectively. The calculations of the 
first modal phase lag with cd /ca = 5 are shown in Fig. 5. Each chart 
can be divided into anterior, intermediate, and posterior segments 
with respect to ωb/ωa.
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Fig. 3　Variation of ξ1 for various ωb/ωa (cd /ca = 5, cd /cb = 1−12).
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Fig. 4　Variation of ξ2 for various ωb /ωa (cd /ca = 5, cd /cb = 
1−12).
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Fig. 5　Variation of (θa1-θb1) for various ωb /ωa (cd /ca = 5, cd /
cb = 1−12).

As observed in Figs. 3 and 4, the variation of ξ1 and ξ2 for 
various ωb /ωa are skew-symmetric with respect to ωb /ωa = 1. 
When ωb/ωa is closer to one (i.e., in the intermediate segment), 
ξ1 and ξ2 have a more sensitive and unstable variation with ωb /ωa. 
As ωb /ωa moves away from one (i.e., in the anterior or posterior 
segment), ξ1 and ξ2 stabilize (i.e., they approach ξeff,a or ξeff,b in the 
anterior or posterior segment). Eq. (2.12) shows that the modal 
composite damping ratio and phase lag are correlated. As shown 
in Fig. 5, when ωb /ωa is closer to one, the first modal phase lag 
becomes more unstable, which can further explain the phenome-
non showed in Fig. 3. The same trend can be found for the second 
modal phase lag. To be more precise, the instability of the mod-

al composite damping ratio is caused by the significant variation 
of the modal phase lag. Based on the non-proportional damping 
assumption, any phase angle between the motions of Structures 
A and B caused by their dominant mode shapes can exist as ωb /
ωa approaches one, especially when cd /ca is equal to cd /cb. In this 
case, the analytical results indicate entirely different and unsta-
ble control performance, i.e., entirely different and unstable mod-
al composite damping ratios. Therefore, care should be taken to 
avoid observing unstable frequency-ratio bands (i.e, intermediate 
segments) in practical designs. With given values of ξa, ξb, cd /ca, 
and cd /cb, calculated values of |ξn-ξeff,a|/ξeff,a and |ξn-ξeff,b|/ξeff,b less 
than 0.02 are chosen to quantitatively define the lower and upper 
bounds of the undesired frequency ratio band. The undesired fre-
quency ratio bands with cd /ca = 1−6 and cd /cb = 1−12 for ξa = ξb = 
5% are showed in Fig. 6. 

Consequently, when adopting the seismic retrofit strategy 
proposed, the new structure is designed to obtain the preliminary 
fundamental modal frequency. After the target damping ratio of 
the hospital structure is determined, the total damping coefficient 
of the connected linear viscous dampers can be obtained by Eq. 
(2.3.1) or (2.3.2). The calculated values of ωb /ωa, cd /ca, and cd /cb 
must be examined to ensure that they do not fall in the undesired 
frequency ratio band indicated in Fig. 6. For the design values of 
ξa, ξb, cd /ca, and cd /cb that differ from the values used in Fig. 6, the 
undesired frequency ratio band can be obtained simply through 
linear interpolation or be recalculated on a case-by-case basis. 
Then, the damping coefficient of each damper can be calculated 
by the uniform distribution concept, as quantitatively demonstrat-
ed in subsection 2.2, or else based on one of the more sophisticated 
concepts introduced in Section 3.

 

c d/
c b

Fig. 6　Undesired frequency ratio bands for ξa = ξb = 5% (cd /
ca = 1−6, cd /cb = 1−12).

2.2　DEMONSTRATION EXAMPLES
As shown in Fig.7, a two-dimensional model consisting of 

two structures linked by linear viscous dampers was numerical-
ly analyzed. Structure A is an existing regular 10-story hospital 
structure to be retrofitted. The heights of the first and subsequent 
stories were 4 m and 3.5 m, and the calculated fundamental mod-
al period in the X direction was 1.085 s. Structure B (one span) 
represents the newly designed reaction structure. Each story 
height was identical to Structure A, and for Approach I (in which 
all stories were connected) it was designed as a 10-story structure 
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but for Approach II (in which the lower stories were connected) it 
was a 5-story structure. Both structures were assumed to have an 
inherent damping ratio of 5%, which may be too high empirically 
for steel structures but was acceptable for the purposes of demon-
stration.

9@
3.

5m
4m

7m 9m 7m 4m

Z

X

Structure a Structure b

2m

Structure A Structure B

Viscous Damper

Structure A 

Story Beam 
(mm) 

Column 
(mm) 

Mass 
(kN·s2/m) 

1F and 2F H 692×400×16×36 □ 700×700×36×36 147.2 
3F H 692×400×16×36 □ 650×650×36×36 147.2 

4F and 5F H 684×400×16×32 □ 650×650×36×36 138.0 
6F H 684×400×16×32 □ 650×650×36×36 119.6 

7F to10F H 592×400×16×36 □ 650×650×32×32 119.6 
 

Structure B 

Story Beam 
(mm) 

Column 
(mm) 

Brace  
(mm) 

Mass 
(kN·s2/m) 

1F H 400×400×13×21 □ 600×600×36×36 ○ 267.4×9.3 5.77 
2F H 400×400×13×21 □ 600×600×36×36 ○ 267.4×9.3 5.46 
3F H 400×400×13×21 □ 600×600×36×36 ○ 267.4×9.3 4.98 

4F and 5F H 400×400×13×21 □ 600×600×28×28 ○ 267.4×9.3 4.5 
6F H 400×400×13×21 □ 600×600×28×28 ○ 267.4×9.3 4.14 

7F to 9F H 400×400×13×21 □ 600×600×22×22 ○ 267.4×9.3 3.78 
10F H 400×400×13×21 □ 600×600×22×22 ○ 267.4×9.3 2.23 

 

(a) Approach I

Viscous Damper
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2m
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4

Structure B 

Story Beam 
(mm) 

Column 
(mm) 

Brace  
(mm) 

Mass 
(kN·s2/m) 

1F H 400×400×13×21 □ 550×550×36×36 ○ 267.4×9.3 4.93 
2F H 400×400×13×21 □ 550×550×36×36 ○ 267.4×9.3 3.98 

3F and 4F H 400×400×13×21 □ 500×500×22×22 ○ 267.4×9.3 3.3 
5F H 400×400×13×21 □ 500×500×22×22 ○ 267.4×9.3 1.98 

 

(b) Approach II

Fig. 7　Demonstration examples of the two-dimensional mod-
els.

In Approach I, ten linear viscous dampers were installed to 
connect Structure A with Structure B at all stories, as illustrated 
in Fig. 7(a). The fundamental modal period of Structure B in the 
X direction was calculated as 0.179 s when only considering its 
self-weight, which implies that Structure B played the role of the 
displacement-controlled structure. The effective modal masses of 
Structures A and B were M * 

a  = 1017.71 kN·s2/m and M * 
b  = 33.15 

kN·s2/m, respectively. The fundamental modal angular frequen-
cies of Structures A and B were 5.79 rad/s and 35.10 rad/s, re-
spectively. The effective modal damping coefficients of Struc-
tures A and B were calculated as ca = 2M  * 

a ωaξa = 589.4 kN·s/m 
and cb = 2M * 

b ωbξb = 116.4 kN·s/m, respectively. After determin-
ing a target damping ratio of 15% for Structure A, the total damp-
ing coefficient of the connected linear viscous dampers could 
then be calculated as cd = 2M * 

a ωa(ξeff-ξa) = 1178.7 kN·s/m. 
In Approach II, five linear viscous dampers were installed to 

connect the lower five stories of Structure A with Structure B, as 
shown in Fig. 7(b). The fundamental modal period of Structure B 
in the X direction was calculated as 0.082 s, which implies that 
Structure B played the role of the displacement-controlled struc-
ture. The effective modal masses of Structures A and B were M * 

a  
= 1017.71 kN·s2/m and M * 

b = 14.68 kN·s2/m, respectively. The 
fundamental modal angular frequencies of Structures A and B 
were 5.79 rad/s and 76.62 rad/s, respectively. The effective modal 
damping coefficients of Structures A and B were calculated as ca 

= 2M * 
a ωaξa = 589.4 kN·s/m and cb = 2M * 

b ωbξb = 112.5 kN·s/m, 
respectively. After determining a target damping ratio of 15% for 
Structure A, the total damping coefficient of the connected linear 
viscous dampers could then be calculated as cd = 2M * 

a ωa(ξeff-ξa) 
= 1178.7 kN·s/m. 

As presented in Fig. 8, by reasonably assuming Structures A 
and B were represented by two SDOF systems, when the ratio ωb 
/ωa of Approaches I and II were 6.06 and 13.23, respectively, the 
cd /cb of Approaches I and II were 10.13 and 10.48, respectively, 
and the cd /ca of both approaches was 2, the design parameters 
did not fall in the undesired frequency ratio range. Based on the 
concept of uniform distribution, the damping coefficient of each 
damper for Approaches I and II was designed as 117.87 kN·s/m 
and 235.74 kN·s/m, respectively.
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Fig. 8　Undesired frequency ratio bands for the demonstra-
tion examples.

Figs. 9(a) and 9(b) illustrate the roof displacement response 
of Structure A subjected to a ground motion when adopting 
Approaches I and II, respectively. Each was compared with the 
response of Structure A with an inherent damping ratio of 15%. 
It appears that neither retrofit approach could reduce the response 
as effectively as an inherent damping ratio of 15%. By using the 
logarithmic decay method, the damping ratios of Structure A 
when adopting Approaches I and II were calculated as 13.19% 
and 7.57%, respectively. The values are lower than the target 
damping ratio of 15%, especially for Approach II. This may be 
due to the overestimation of the damping effect without adequate 
consideration of the flexural behavior of Structure A. Further-
more, the rationale behind using the uniform distribution method 
may require further study. These concerns will be more thorough-
ly discussed in Section 4.
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Fig. 9　Roof displacement responses of Structure A with a 
target damping ratio of 15% under a ground acceler-
ation impulse.

3.　DISTRIBUTION OF DAMPING COEFFICIENTS 
BASED ON ENERGY APPROACHES

3.1　RELEVANT THEORIES AND ASSUMPTIONS
Since Approach II involves the linear viscous dampers only 

being connected to the lower five stories of Structure A, as shown 
in Fig. 7(b), the dampers directly contribute to their (the lower 
five stories) energy dissipation. Therefore, evenly distributing the 
total damping coefficient among these dampers may not be the 
most appropriate approach. The relationship between the total 
strain energy of the multi-DOF structure and the energy dissi-
pation of each story of viscous dampers should be considered. 
Assuming the same mechanical properties and installation of one 
layer of linear viscous dampers, the supplemental damping ratio 
provided by all dampers can be calculated (FEMA 273, 1997; 
FEMA 356, 2000):

2 2

2

cos

4

j j rj
j

d
i i

i

T c

m

θ φ
ξ

π φ
=
∑
∑

,                                              (3.1)

where T is the fundamental modal period of the structure, cj 
is the damping coefficient of the dampers at the jth story, θj is the 
inclination angle of the dampers at the jth story, ϕrj is the first modal 
relative displacement between the two ends of the dampers on the 
jth story in the horizontal direction, mi is the mass assigned to the 
ith story, and ϕi is the normalized mode shape of the first mode at 
the ith story (ϕroof = 1).

Overall, the initial modal period of the hospital structure to 
be retrofitted was much longer than that of the reaction structure; 
however, during derivation, it was assumed to behave as a rigid 
body for simplicity because the ϕrj of the dampers connected to 
the jth story was identical to ϕi. Therefore, Eqs. (2.3.1) and (2.3.2) 
can be expressed as:
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where Ta and Tb are the fundamental modal periods of Structures 
A and B, respectively, Cr is the damping coefficient of the dampers 
connected to the rth story of Structure A, ϕr is the first modal rela-
tive displacement between the two ends of the dampers on the rth 
story in the horizontal direction, mN is the mass assigned to the Nth 
story of Structure A, ϕN is the normalized mode shape of the first 
mode at the Nth story of Structure A (ϕroof = 1), N is the total num-
ber of stories of Structure A, and r is the total number of stories 
linked by the dampers.

As observed from Eq. (3.2.1) and Eq. (3.2.2), cd can be ob-
tained by any arbitrary combination of Cr for a given set of struc-
tural parameters. With ωb /ωa always larger than one, only Eq. 
(3.2.1) is required to further derive and discuss the following three 
methods for distributing the damping coefficients among the vis-
cous dampers connecting Structures A and B.

3.2　UNIFORM DISTRIBUTION
The uniform distribution (UD) method equalizes the damp-

ing coefficients of viscous dampers at different stories (i.e., Cr = 
C). This method is simple and convenient for engineering practic-
es. By using Eq. (3.2.1), the formula for calculating the damping 
coefficient of linear viscous dampers at each story can be calcu-
lated from:

2 2

* 2 2

4d N N d N N
N N

a r a r
r r

c m m
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M T

φ πξ φ

φ φ
= =

∑ ∑
∑ ∑

.                         (3.3)

Because seismic demands on dampers at different stories are 
not the same in reality, the UD method may not be the most effi-
cient.

3.3　DISTRIBUTION BASED ON STORY KINETIC 
ENERGY

From Hwang et al. (2013) and Lin et al. (2017), the distri-
bution method that the damping coefficient of the viscous damper 
is proportional to the ratio of the floor strain energy to the total 
shear strain energy of the structure is practical and effective. 
Compared to installing viscous dampers inside the structure, 
where the reaction structure behaves as a relatively rigid body, 
the relative displacement response of the damper connected 
between the hospital structure to be retrofitted and the reaction 
structure can simply be assumed to be proportional to the first 
mode of the hospital. Furthermore, the seismic input energy is 
theoretically equal to the sum of the kinetic energy, elastic strain, 
hysteresis and viscous damping energy of the system. Therefore, 
this distribution method was chosen in this study. This method is 
hereinafter referred to as the story kinetic energy (SKE) method. 
This method is more reasonable than the UD method. This is be-
cause installing viscous dampers with larger damping coefficients 
at stories with larger relative kinetic energy has a greater contri-
bution to the system damping ratio. 

The damping coefficient of the viscous dampers connected 
to the rth story of the hospital structure based on the relative kinet-
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ic energy at the ith story being proportional to miϕ 2 
i  can be ex-

pressed as:

2
r r rC pm φ= ,                                                                   (3.4)

where p is a proportionality constant. The total damping coeffi-
cient of all viscous dampers can then be obtained from:

2 2
r r r r r

r r r
C pm p mφ φ= =∑ ∑ ∑ .                                       (3.5)

By rearranging Eq.  (3.4)  to  obtain 2( )r r rp C m φ=  and

substitutingit into Eq. (3.5) to obtain 2 2( )r r r r r r
r r

C C m mφ φ=∑ ∑
, and then substituting that into Eq. (3.2.1), the formula to alculate 
the damping coefficient of linear viscous dampers at the rth story 
can be obtained as:
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3.4　DISTRIBUTION BASED ON STORY KINETIC 
ENERGY TO EFFICIENT STORIES

To improve the effectiveness of the SKE method, viscous 
dampers could be installed at appropriate stories where their rel-
ative kinetic energies are larger than the average relative kinetic 
energy, as below.

2

2
i i

i
i i

m
m

N

φ
φ >

∑ .                                                          (3.7)

With the criterion given in Eq. (3.7) and by substituting Eqs. (3.4) 
and (3.5) into Eq. (3.2.1), the formula to distribute the total damp-
ing coefficients among the linear viscous dampers installed at ap-
propriate stories is:
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where l is the number of stories that have relative kinetic ener-
gies larger than the average relative kinetic energy. This method is 
called the story kinetic energy to efficient stories (SKEES) method 
hereafter.

3.5　DEMONSTRATION EXAMPLES

The same model and retrofit approaches presented in Fig. 7 
were used to further compare the control performances using the 
UD method (as given in Eq. (3.3)), the SKE method (Eq. (3.6)), 
and the SKEES method (Eq. (3.8)). The distributions of the 
damping coefficients of the hospital structure calculated as per 
Eqs. (3.3), (3.6), and (3.8) for Approaches I and II are listed in 
Table 1. 

Table 1　Distribution of the damping coefficients of the 10-sto-
ry hospital structure for Approaches I and II based 
on UD, SKE, and SKEES.

Story
Approach I Approach II

UD
(kN·s/m)

SKE
(kN·s/m)

SKEES
(kN·s/m)

UD
(kN·s/m)

SKE
(kN·s/m)

SKEES
(kN·s/m)

10 142.2 194.8 207.6 - - -
9 142.2 178.0 189.7 - - -
8 142.2 154.4 164.5 - - -
7 142.2 125.3 133.6 - - -
6 142.2 95.1 101.4 - - -
5 142.2 77.1 - 911.2 1253.1 1363.2
4 142.2 47.7 - 911.2 775.8 843.9
3 142.2 26.1 - 911.2 423.5 -
2 142.2 9.4 - 911.2 153.3 -
1 142.2 1.5 - 911.2 25.1 -

Total 1422.0 909.5 796.7 4556.0 2630.8 2207.1

Table 1 states that the total damping coefficient when using 
the UD method is greater than when using the other methods. For 
the SKE and SKEES methods, the higher the story, the larger the 
damping factor assigned to that story. For Approach I, the UD, 
SKE, and SKEES methods all produce damping ratios close to 
14.83%, which is close to the target damping ratio of 15%. For 
Approach I, the damping ratios calculated using the UD, SKE, and 
SKEES methods are 13.19%, 13.95%, and 14.0%, respectively, 
which are all less than the target damping ratio, but still acceptable.

4.　SEISMIC RESPONSE OF THE RETROFIT EX-
AMPLES

Numerical analysis was performed on a 3D model consist-
ing of two structures connected by linear viscous dampers to 
further verify the control performance of Approaches I and II, as 
shown in Fig. 10. Structure A represents an existing conventional 
8-story hospital structure to be retrofitted. The heights of the first 
story and the upper stories are 4 m and 3.5 m respectively. The 
fundamental modal period in the X direction was 0.945 s. Struc-
ture B represents three reaction structures (to be newly construct-
ed), each designed with one-by-one spans and each story height 
identical to the corresponding story in Structure A. Structure B 
was designed as an 8-story structure for Approach I, but only as a 
4-story building for Approach II. The fundamental modal period 
in the X direction for the 8- story and 4- story versions of Struc-
ture B were calculated to be 0.183 s and 0.087 s, respectively. 
Both structures were assumed to have an inherent damping ratio 
of 5%.

Structure A Structure B
Viscous Damper

X

Y

8-story hospital structure 

Story Beam
(mm)

Column
(mm)

Mass
(kN·s2/m)

1F H 414×405×18×28 □ 550×550×16×36 756
2F H 414×405×18×28 □ 550×550×32×32 756

3F and 4F H 414×405×18×28 □ 550×550×32×32 708.75
5F H 400×400×13×21 □ 550×550×28×28 708.75

6F to 8F H 400×400×13×21 □ 550×550×28×28 614.25

8-story reaction structure 

Story Beam
(mm)

Column
(mm)

Brace 
(mm)

Mass
(kN·s2/m)

1F H 400×400×13×21 □ 450×450×36×36 ○ 267.4×9.3 11.34
2F and 3F H 400×400×13×21 □ 450×450×36×36 ○ 267.4×9.3 10.88

4F H 400×400×13×21 □ 450×450×36×36 ○ 267.4×9.3 10.52
5F to 7F H 350×350×12×19 □ 450×450×32×32 ○ 267.4×9.3 9.44

8F H 350×350×12×19 □ 450×450×32×32 ○ 267.4×9.3 6.18

(a) Approach I
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4-story reaction structure 

Story Beam 
(mm) 

Column 
(mm) 

Brace  
(mm) 

Mass 
(kN·s2/m) 

1F H 400×400×13×21 □ 450×450×36×36 ○ 267.4×9.3 11.34 
2F and 3F H 400×400×13×21 □ 450×450×36×36 ○ 267.4×9.3 10.88 

4F H 400×400×13×21 □ 450×450×36×36 ○ 267.4×9.3 7.3 
 

(b) Approach II

Fig. 10　Retrofit examples of the three-dimensional models.

Based on the reasonable assumption that Structures A and B 
can be represented by two SDOF systems and a target damping 
ratio of 15% being set for Structure A, the ωb/ωa for Approaches 
I and II were 5.18 and 10.81, respectively, the cd/cb were 8.64 and 
7.37, respectively, and the cd/ca were the same, i.e., equal to two. 
If these design parameters were plotted as shown in Fig. 8, it can 
be shown that they do not fall within an undesired frequency ra-
tio range. The damping coefficients of the different stories of the 
hospital structure under Approaches I and II are summarized in 
Table 2. The same trend as in Table 1 is evident.

Table 2　Distributions of the damping coefficients of the 8-sto-
ry hospital structure for Approaches I and II based 
on UD, SKE, and SKEES.

Story
Approach I Approach II

UD
(kN·s/m)

SKE
(kN·s/m)

SKEES
(kN·s/m)

UD
(kN·s/m)

SKE
(kN·s/m)

SKEES
(kN·s/m)

8 854.3 1156.7 1222.6 - - -
7 854.3 1002.1 1059.2 - - -
6 854.3 797.3 842.7 - - -
5 854.3 653.9 691.1 - - -
4 854.3 408.6 - 5709.0 7582.4 7826.9
3 854.3 215.0 - 5709.0 3989.3 4117.9
2 854.3 84.6 - 5709.0 1570.0 -
1 854.3 13.2 - 5709.0 244.4 -

Total 6834.4 4331.3 3815.5 22836.0 13386.1 11944.8

Two ground motions were used for the subsequent tests. One 
was the original 1940 El Centro N-S earthquake with an intensity 
of 0.348 g and the other was a scaled version of the 1999 Chi-Chi 
earthquake in Taiwan with an intensity of 0.304 g, respectively 
denoted as El Centro and TCU065 hereafter. The elastic maxi-
mum relative displacements and maximum story drift angles of 
the 8-story hospital structure for Approaches I and II based on the  
UD, SKE, and SKEES methods are showed in Figs. 11 and 12, 
respectively. 
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Fig. 11　Elastic seismic responses of the 8-story hospital struc-
ture for Approach I based on UD, SKE, and SKEES.
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Fig. 12　Elastic seismic responses of the 8-story hospital struc-
ture for Approach II based on UD, SKE, and SKEES.

From Figs. 11 and 12, it can be seen that whether using 
Approach I or II and using the UD, SKE or SKEES  method, the 
reconstructed hospital structure exhibits better displacement con-
trol performance than the original structure, which means that the 
external linear viscous damping can effectively reduce the seis-
mic responses of the hospital structure. The relative displacement 
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and absolute acceleration response histories of the structures are 
discussed below using the results for Approach I based on the 
UD, SKE, and SKEES methods subjected to El Centro as showed 
in Figs. 13 to 15, respectively. 
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Fig. 13　Elastic response histories of the 8-story hospital struc-
ture and reaction structures for Approach I based on 
UD under El Centro.
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Fig. 14　Elastic response histories of the 8-story hospital struc-
ture and reaction structures for Approach I based on 
SKE under El Centro.
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Fig. 15　Elastic response histories of the 8-story hospital struc-
ture and reaction structures for Approach I based on 
SKEES under El Centro.
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These charts clearly show that Approach I was effective 
in reducing the seismic response of hospital structures, whether 
using the UD, SKE, or SKEES method. Furthermore, regardless 
of whether the structures are connected by viscous dampers, the 
relative displacement responses of the reactive structures are 
much smaller than those of the unprotected and retrofitted hos-
pital structure. It is worth noting that when the viscous dampers 
were in place, the displacement responses of the reaction struc-
tures were larger than when they were not, which is more realistic 
than the rigid body assumption in Section 3. Although the effec-
tiveness of linked linear viscous dampers has not been perfectly 
proven due to the assumptions made when deriving the damping 
coefficient distribution formula, the results are accurate enough.

A similar procedure was performed for Approach II, but us-
ing TCU065. The results for the UD, SKE, and SKEES methods 
are shown in Figs. 16 to 18. Again, the effectiveness of Approach 
II in reducing the seismic response of the hospital structure is evi-
dent regardless of which method was used. 
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Fig. 16　Elastic response histories of the 8-story hospital 
structure and reaction structures for Approach II 
based on UD under TCU065.
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Fig. 17　Elastic response histories of the 8-story hospital 
structure and reaction structures for Approach II 
based on SKE under TCU065.
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Fig. 18　Elastic response histories of the 8-story hospital 
structure and reaction structures for Approach II 
based on SKEES under TCU065.

The maximum damper forces obtained from the two ap-
proaches and the three distribution methods are listed in Table 3. 
It seems that in all cases, the higher the story to which the vis-
cous damper is attached, the greater the damping force required. 
With almost the same control performances under El Centro and 
TCU065, using the UD method always required a larger total 
damper force than those using the SKE and SKEES methods. It 
means that using the SKE or SKEES method is more cost-effec-
tive than using the UD method for the proposed seismic retrofit 
strategy. Also, using the SKEES method always required a small-
er total damper force than that using the SKE method. Thus, in 
addition to verifying the conceptual feasibility and effectiveness 
of distributing the damping coefficients to appropriate stories, 
using the SKEES method is also significantly more economical 
than the SKE method. In conclusion, the SKEES approach is a 
more appealing option for the suggested seismic retrofit plan be-
ing more practical and economical than the other two methods.

 

5.　CONCLUSIONS

This study developed, analytically evaluated, and numeri-
cally examined a seismic retrofit approach for existing hospitals 
utilizing an external connection via linear viscous dampers whose 
damping coefficients were distributed in a more efficient manner. 
The following conclusions were drawn:
●Modal composite damping ratios and phase lag variations with 

respect to different frequency ratios and damping coefficient ra-
tios are seen from the analysis results of a model consisting of 
two adjacent single-degree-of-freedom (SDOF) systems linked 
by linear viscous dampers. For the seismic retrofit proposals, the 
undesired frequency ratios can be excluded to avoid improper 
design of the new reaction structures and connected dampers.

●In addition to the uniform distribution (UD), the distributions 
based on story kinetic energy (SKE) and story kinetic energy to 
efficient stories (SKEES) were also used to calculate the damp-
ing coefficient distribution of the connected linear viscous damp-
ers Under the ground acceleration excitation, a 10-story hospital 

structure was found to have a damping ratio close to the target 
value when retrofitted with linear viscous dampers connecting 
all stories (Approach I) and only a partial connection involving 
lower stories (Approach II).

●Whether using Approach I or Approach II and using the UD, 
SKE, or SKEES method, the retrofitted hospital structures had 
the same target damping ratio under El Centro and TCU065, so 
they all had comparable control performance. Moreover, they 
exhibited excellent seismic performance compared to the unpro-
tected hospital structure.

●Under El Centro and TCU065, whether using Approach I or Ap-
proach II and using the UD, SKE, or SKEES method, the higher 
the story connected by viscous dampers, the greater the damp-
ing force required. With almost the same control performance, 
the UD method required a larger total damping force than the 
SKE and SKEES methods, while the SKEES method required 
the smallest damping force. Therefore, the SKE method is suffi-
ciently economical if only considering the cost of viscous damp-
ers, while the SKEES method is the overall most cost-effective 

Table 3　Maximum damper forces at different stories of the 8-story hospital structure for Approaches I and II based on UD, SKE, 
and SKEES under El Centro and TCU065.

Story

Approach I Approach II

El Centro TCU065 El Centro TCU065
UD
(kN)

SKE
(kN)

SKEES
(kN)

UD
(kN)

SKE
(kN)

SKEES
(kN)

UD
(kN)

SKE
(kN)

SKEES
(kN)

UD
(kN)

SKE
(kN)

SKEES
(kN)

8 679 903 950 375 511 541 - - - - - -
7 624 724 762 344 406 430 - - - - - -
6 546 506 533 300 280 297 - - - - - -
5 441 339 358 263 202 213 - - - - - -
4 338 163 - 219 105 - 2111 2792 2877 1472 1949 2007
3 254 68 - 169 42 - 1474 1077 1122 1097 776 802
2 165 17 - 107 11 - 947 275 - 693 194 -
1 72 1 - 44 1 - 412 19 - 277 12 -

Total 3120 2720 2604 1821 1558 1482 4944 4162 3999 3539 2932 2809
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method for the proposed seismic retrofit strategy.
●In the examples of this study, only two ground motions were 

used as seismic inputs and the elastic responses were numeri-
cally examined. The generality and applicability of the proposed 
seismic retrofit strategy may not yet be fully demonstrated. In 
the future, more seismic scenarios and larger inelastic seismic 
responses may be considered.
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