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SUMMARY:

This paper rigorously assesses the efficiency of using viscous dampers as the coupling elements in coupled shear
walls. The parameter controlling the dynamic behavior of such systems is identified and its effect on various
important responses is examined, thus, important insight to the effect of viscous dampers in those systems is
gained. It is shown that the addition of fluid viscous dampers could effectively reduce important responses of
walled structures. Those are: displacements, inter-story drifts, total accelerations, total base shear and
overturning moment, and wall base shear and bending moment. In addition, the results of the analyses and the
non-dimensional tables and graphs developed for important response parameters lead to a very simple "back of
the envelope™ method that could be easily implemented in practice for the purpose of initial design.
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1. INTRODUCTION

In the last few decades emphasize was drawn to improving the seismic performance of buildings. In
parallel, nonstructural damage has gained attention as an additional performance measure besides
structural damage. One of the approaches of attaining high seismic performance of structures relies on
viscous fluid dampers (Constantinou and Symans, 1992). This approach was shown to be able to
reduce both inter-story drifts and total accelerations, the main measures of structural and nonstructural
damage (Lavan and Dargush, 2009).

Excessive research on retrofitting of structures using viscous dampers presented practical and optimal
design methodologies (e.g. Lavan and Levy, 2010, and references therein). Most research, however,
was focused on the seismic retrofitting of framed structures. Recently, it has been shown that
mounting viscous dampers in creative locations could lead to an efficient response reduction in wall
structures as well (Rahimian, 2002; Taylor, 2002; Madsen et al., 2003; Huang et al., 2006; Silvestri
and Trombetti, 2007; Smith and Willford, 2007; Priestly et al., 2007; Toranzo et al., 2009; Sullivan
and Lago, 2010). The efficiency of coupling adjacent walls by coupling beams to result coupled shear
wall systems in reducing horizontal displacements and wall bending moments has been long
recognized. This concept was also taken advantage of by Rahimian (2002) that made use of viscous
dampers as coupling beams in coupled truss structures. Rahimian also implemented this concept in
practice while designing the Torre Mayor building in Mexico City (Taylor, 2002). In contrast to
conventional coupled shear walls, here displacement and force related responses are expected to
reduce.

In this paper the parameter controlling the dynamic behavior of viscously coupled shear walls is first
identified. Its effect on various responses of interest is then examined. The results reveal the efficiency
of fluid viscous dampers in reducing important responses of walled structures. In addition, the non-
dimensional tables and graphs developed for important response parameters lead to a very simple
"back of the envelope” method that could be easily implemented in practice for the purpose of initial



design.

2. STRUCTURAL MODEL

The structural system considers herein consists of two walls connected by viscous dampers that can
only transfer shear forces due to shear velocity (Fig. 2.1). Note that the relative horizontal
displacement between the walls is restrained by the floors.
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Figure 2.1. Structural systems considered in the study: a) viscously coupled shear walls, and b) parameters of

the viscously coupled shear walls.

In order to attain approximate and simplified solutions the following assumptions are made:

A plane model is considered. This, of course, limits the discussion to structures where the
torsional response is limited.

All model parameters are assumed constant along the height. While mass and stiffness are
indeed close to uniform in most structures, the discussion is limited to constant damping along the
height. Nonetheless, the conclusions drawn regarding feasibility of using viscous dampers in wall
buildings, and the nature of the controlling parameter, are valid for other distributions of damping.
The behavior of the system can be approximated by linear analysis. As use is made of viscous
dampers the design objective would usually limit plasticity in the structure. Hence, the damped
structure is expected to behave linearly or close to it, and linear analysis is expected to lead to
reasonable approximation of the behavior. Moreover, as the considered structures are "regular”,
the “equal displacements approximation” is expected to lead to reasonable results in that range.
Axial deformations are neglected. It is assumed that the axial deformation of the walls is small.
This assumption is valid in cases where the damping is not too large and the deformations in the
“damping system” (to be defined subsequently) concentrate in the dampers rather than mostly in
axial deformations. For the range of damping typically used in buildings, this assumption seems
reasonable.

The viscous dampers are linear and are assumed to be installed on relatively rigid diagonals.
Viscous dampers can be designed, in general, as nonlinear. Linear viscous dampers, however,
have advantages over nonlinear dampers since the forces they produce are out of phase with the
forces due to deformations. Hence, they are adopted in this study. Those are usually mounted on
relatively axially stiff braces to fully utilize their efficiency.

The walls deform in bending only, i.e. shear deformations are neglected. This assumption is
often used for the analysis of elements of large span to depth ratio and has been extensively used
for the analysis of conventional coupled shear walls.

The out-of-plane bending stiffness of the slabs is neglected. In general, the out of plane bending
stiffness of the slabs is indeed small. Note that their effect may become considerable in very tall
buildings.

The foundations are assumed to be relatively rigid.

When added dampers are considered, the inherent damping is neglected. It is common to
assume a relatively small inherent damping in structures retrofitted with viscous dampers. As the
added damping would usually result in large damping ratios, the effect of the inherent damping on
the responses is negligible.



Under the aforementioned assumptions, the structural systems can be partitioned to two systems that
work in parallel. Those are: the “stiffness system” resisting displacements and deforms in bending, and
the “damping system” resisting velocities where the velocities are concentrated in the dampers. Note
that the role of the walls as part of the damping system is to transfer the forces in the dampers due to
the velocity. The partitioning of the total structural system to its two components is illustrated in Fig.
2.2. In the derivations that follow, reference is made to this partitioning.
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Figure 2.2. Partitioning of the total structural system (a) to its two parallel components: the “stiffness system”
that resists displacements and deforms in bending (b), and the “damping system” that resists velocities where the
deformations are concentrated in the dampers (c).

3. EQUATIONS OF MOTION

In cases where the number of stories is relatively large, the structural system described above could be
modelled using a continuum approach (see e.g. Rosman, 1964). For the continuum model an
analytical, or a semi-analytical, solution could be attained. The equation of motion of the continuum
model of the system assuming constant values of the parameters throughout the height of the structure
is given by:
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where u=horizontal relative displacement as a function of time, t, and height, z; m=mass per unit
length; El=flexural rigidity of the walls; c=added shear damping as given below; and ug=ground
acceleration. The sum of the first expression on the left hand side and the expression on the right hand
side of Eqn. 3.1 represents the external forces required to maintain the absolute accelerations of the
system at time t. The second expression on the left hand side represents the external forces required to
maintain the velocities of the system at time t. The system resisting those forces is the “damping
system” (Fig. 2.22¢). The third expression on the left hand side of Eqn. 3.1 represents the external
forces required to maintain the displacements of the system at time t. The system resisting those forces
is the “stiffness system” (see Fig. 2.2b). The parameters take the values EI=El,+EIl, and

c= cddzlz/h(h2 +b2) (see parameters' description in Fig. 3.1b).
Equation Error! Reference source not found.3.1 is accompanied by the following boundary

conditions (relative displacement and angle at the base, wall moment and total shear at the top all
equal zero).
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u(0,t)= =0 (3.2)

where H=wall height. Egn. 3.1 and the boundary conditions (Eqn. 3.2) can be brought to the following
non-dimensional form:



6(,7)~288"(n.7)+ 6" (n,7)=~8,(r) (3.3)
5(0,7)=5(0,7)=6"(L7)=6"(,7)-2&5'(1,7)=0 (3.4)

where §=u/H ; n=2/H ; r =t{El/mH* ; 2& = /c*/mEI ; &, =u,/H , a dot represents a
derivative with respect to 7 and a tag represents a derivative with respect to 77. As can be seen from

Egn. 3.3 and 3.4, the response is controlled by the excitation (hence time scaling parameters) and by
& only. Note that the non-dimensional free vibration equation is dominated by a single compact

parameter, namely & . Note also that, in contrast to coupled shear walls, the controlling parameter in

the viscously coupled shear walls, & =1/2./c?/mEI , does not depend on the height of the structure.
This is a very important observation since it implies that this system can be efficient also for low-rise
buildings. For a given solution of the non-dimensional Eqn. 3.3, 5(77,r), the responses of interest
could be evaluated.

4. EIGEN ANALYSIS

Caughey and O'kelly (1965) have shown that a continuously damped linear dynamic system would
possess classical normal modes if two conditions are met. The first condition requires that the
differential operators acting on the velocity and the displacement commute. This condition is satisfied
by the equation of motion at hand (Egqn. 3.3). The second condition requires that the boundary
conditions on the higher order operator would be derivable from a compatible set of boundary
conditions on the lower order operator. This condition is not satisfied by the boundary conditions of
the problem at hand (Egn. 3.4). Hence, complex mode shapes are expected.

Let us first solve the non-dimensional free vibration equation (the homogeneous counterpart of Eqgn.
3.3) by assuming a solution of the form 5(77,r)=go(77)e” where go(ry)z a complex function (mode
shape) and A = a complex number. Substituting the assumed solution to the homogeneous counterpart
of Eqgn. 3.3 with its B.C. given by Eqgn. 3.4, leads to the following equation and B.C. for (0(77):

0" (7)-28¢"()+ Zoln)=0 (4.)
9(0)=¢'(0)=¢"(1)=¢"(1)-282¢'(1)=0 (4.2)

Equation 4.1 is an ordinary linear differential equation with constant coefficients. Its solution may be
written as (/)(77)=eﬁ’7 where £ =a complex number. Substitution of this solution in Egn. 4.1 implies

that B* —288%+ 2 =0, thus S = J_r\/ﬂ(— E4,/&2 —1) . Hence, the solution of Eqn. 4.1 is of the
form

o) = Alen,lz[—fﬂ/ﬁ) .\ Azen,li(—é—@) .\ Ase—n,/z(—fﬂ/ﬁ) .\ Aﬁ—fl,ﬂ(—&—@) 43)

where A;-A, are complex constants of integration whose values are to be determined by imposing the
boundary conditions. Imposing the B.C. from Eqn. 4.2, and assuming A # 0 (to avoid the trivial
solution) one obtains a set of linear homogeneous algebraic equations for the constants A; through A,.

For go(n) to have a nontrivial solution the determinant of the coefficient matrix in this equation should
vanish. This leads to an equation in A for which an infinite number of solutions exist. For each value
of A, corresponding values of the constants A, through A, can be obtained by substituting A;=1+I

(where | =+/—1), for example, and solving the remaining three equations in the set of homogeneous



algebraic equations. Using the attained values for A4 and the corresponding constants A; through A, in
Eqgn. 4.3 leads to the mode shapes. Observe that each set of complex eigenvalue and eigenvector is
accompanied by its complex conjugate as a solution. It can be shown that for those the circular

frequency of vibrations is the absolute of Ai, or @, :|/1i|, and the damping coefficient is

Ei =—Re(ﬂ,, )/oT)i where Re( ) is the real part of a complex number. For reasonable values of

damping, all eigenvalues are expected to be complex, i.e. underdamped. The above procedure was
executed for various values of &. Modal parameters for the first three modes are given in Table 4.1.

Table 4.1. Modal properties for various damping magnitudes

&=0.0 &=0.1 &=0.2 £=0.3 &=0.4
Mode | &, g o, g o, g o, g o, S
1 3,516 | 0.000 | 3525 | 0.132 | 3.553 | 0.266 | 3.606 | 0.403 | 3.697 | 0.546
2 22.035 | 0.000 | 22.067 | 0.148 | 22.181 | 0.300 | 22.454 | 0.462 | 23.197 | 0.649
3 61.697 | 0.000 | 61.704 | 0.126 | 61.730 | 0.255 | 61.808 | 0.391 | 62.098 | 0.551

Note that the values attained for &=0, as expected, coincide with the values known from the free
vibrations analysis of a bending cantilever. Note also that the natural frequencies vary very little with
the addition of & The damping ratio of each mode, on the other hand, varies significantly with &
again, as expected.

o= i &=E (@)

mH*

5. COMPLEX MODAL SPECTRAL ANALYSIS

Procedures for modal spectral analysis have been proposed to discrete systems with nonproportional
damping (see e.g. Song et al., 2008). The derivations that follow, for a modal spectral analysis of the
continuous system, are inspired by that method. For that purpose the state space formulation is used in
the following discussion.

5.1. Eigen analysis in the state space

Equation 3.3 can be formulated in state space notation as:

AY(17,7)+By(1,7) =L, () (5.1)

]l Gl i)

Assume the following solution to the homogeneous counterpart of Egn. 5.1:

where

y(7.7)=wlnk" (5.3)

where \|1(77) = {gos (77) Qs (n)}T . Substitution of this solution to the homogeneous counterpart of Egn.
5.1 leads to the following eigenproblem:

AAw(17)+By(n)=0 (5.4)



This set of equations reveals that ¢5(ﬂ)=W5(ﬂ) and leads to the following eigenproblem for
0s(n): Po;(n)-28.¢5n)+ @Y (7)=0. This problem is identical to the eigenproblem that was
solved in the previous section. This is attained by setting ¢, (77) = (p(n). It should be noted that if A4

and \|1(77) are solutions of this eigenproblem then A~ and \y*(n) also satisfy this eigenproblem. In
addition, the eigenfunctions possess orthogonality properties (not shown or derived here).

5.2. Modal analysis

For the purpose of uncoupling the state equations (Eqn. 5.1) their solution is first written as a sum of
modal contributions as:

o0

y(7.7)=> w;(n)z;(z) (5.5)

=

Substitution of the assumed solution from Egn. 5.5 to Eqn. 5.1, premultiplying by \|1iT, integrating
from 77 =0 to 77 =1 and interchanging the order of summation and integration lead to

EI:WT (77)A\I’j (77)Z'j (r)dn+ ZZJ.:\VT (7)By J- (n)zj (r)dn = —J.Ol\yiT (7)Ld 775:9 (z) (5.6)

Integrating by parts the terms in Eqn. 5.6 having expressions involving various orders of derivatives of
¢,(n) and @,(17), and using the orthogonality conditions with the boundary conditions of Eqn. 4.2

one obtains the following equation for mode i:

1

aizi(r)+bizi(r):_j¢i (77)| (77)59 (T)d77 (5.7)
where

3 = fol[%cof (n)+2502(mbn b= E[— 220%(n)+ 9" ()7 (5.8)

A similar equation could be derived for the conjugate solution. It should be noted that in the range of
damping reasonable for buildings no overdamped modes are to be expected (see Table 4.1), hence
such modes are not dealt with herein. The contribution of the complex valued mode i and its conjugate
to the Laplace transform of the state vector is obtained by transforming their contribution in Egn. 5.5
using the Laplace transform as:

y:(7.5)=w, ()2, (8)+w ()2 (5)] &, (5) (5.9)

where A (s) is the Laplace transform of the ground acceleration, or, using Eqn. 5.2:

{Ai(ﬂas)} _ {A(Pi (U)}Zi(s)+ A ¢:i () z°(s) Ag(S) (5.10)
Ai(n,9) ¢.(n) AN

where Ai(n,s) is the Laplace transform of &(n,t). Substituting here z,(s), the Laplace transform of
Z; (r) obtained by taking the Laplace transform of Eqn. 5.7, and using Eqn. 5.8, it can be shown that:



{Ai (n, s)} _ {/N (77)}vii (5)+ {Bv,i (n)}Qi ) (5.11)

Ap; (77)

where Q(s)=H,(s)A,(s)=-1/(s? +25ms+w?)- A, (s) is the Laplace transform of the response qi(7) of a

SDOF system to the equation of motion q'i(f)+2§iwiqi(f)+wfqi(r)zgg(r) and

Q,:(8)=Hy,(5)-A,(s)=—5/(s? + 2505+ @?)- &, (5) Is the Laplace transform of the velocity g,() of this

SDOF  system.  Also, A, (7)=2R"(n).  Bo,(n)=20(5R (n)-1-E7R! (7))

A (1) =20 (&R () + I="R! (1)) By (n)=—20RY (). Ri(m)=ri(n), ri=jwi(f7)|(77)d77/aw
0

R*(7) is the real part of Ri(7), and R{'(#) is the imaginary part of Ri(). Applying inverse Laplace
transform to Eqn. 5.11 the contribution of the complex valued mode i and its conjugate to the
displacements and velocities in the time domain is obtained:

{5} (n, T)} _ {Aw (n)} a {Bv,i (77)} 0 () (5.12)

o; (77,1') Ap; (77) Bo, (77)
Responses of interest can also be brought to the following general form:
Xoi (7.7)= A, (7)a (z)+ Bu. (7)ai(z) (5.13)

where x; (7,7) is the contribution of the mode i and its conjugate to the response of interest and
Ay () and By, () are its corresponding coefficients.

5.3. Modal spectral analysis

The peak contribution of the mode i and its conjugate to the response of interest can be estimated by
means of a response spectrum analysis (see Song et al., 2008) as x, ... (n)= o Af (n)+ Bf (,7).qwi .

Here x, ....(7) is the peak contribution of the mode i and its conjugate to the response of interest and
Ui 1S the peak value of g, (z). In contrast to Song et al. (2008) where the coefficients Ag; and By;

were multiplied by the spectral displacement to attain a desired response, it is proposed here to use
somewhat different coefficients that would be multiplied by the spectral pseudo acceleration. This
leads to

Xo,mex (77): (\/Q’,ZAOZ, (77)+ Bji (77)/50,2 ) (a)izqmax,i ): Roi - Sa; (5.14)

where R, :\/Q)ZAOZ (17)+B? (;7)/@2 and s, ; is the spectral pseudo acceleration. As the periods of the

various modes are widely spread (see Table 4.1), thy can be combined using the SRSS rule leading to
a good approximation of the peak response. Similar expressions for R, were derived for additional

responses in the non-dimensional domain. Figure 5.1 presents graphs of these coefficients as function
of height. Each graph presents the coefficient using 5 values of &: 0, 0.1, 0.2, 0.3, 0.4. The first row in
Fig. 5.1 presents the contribution of the first pair of conjugate modes while the second and third rows
present the contributions of the second and third pairs of modes, respectively. Those can then be
brought to the dimensional domain as follows: Ro; =mH*/El-R,, ; Rp, =mH?/El-Ry, ; Ry =Ry

Rgi=MH-Rg; + Ry, =mH-R,; & Rpg;=mH-Ry; Ry, =mH?*-R,; : Ry, =mH*-R,..
RDMYiImHz-R

dm,i *
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Figure 5.1. R coefficients for various responses (columns) for the first three modes (rows) using various
damping values (£€=0 continuous, £=0.1 dashed, £=0.2 dotted, £=0.3 dashed-dotted, £=0.4 dashed thick).

6. DISCUSSION ON THE EFFECT OF &

The effect of & is explored by plotting (Fig. 6.1) the R coefficients as they are multiplied by the value
of R.; =5,(&)/5.(0.05)=/0.07/(0.02+¢ ) . Here R, is the conversion factor from pseudo-acceleration

computed for 5% damping, S, (0.05), to pseudo-acceleration for a damping ratio &, S,(&). This

expression is adopted from Eurocode 8 (CEN) and was found by Priestly et al. (2007) to better suite
time history responses than other expressions. To obtain the contribution of each pair of conjugate
modes to the desired response, the plots in Fig. 6.1 are to be multiplied by the pseudo acceleration at
the relevant period, with 5% damping, irrespective of &. The plots in Fig. 6.1 for the various values of
& can thus be directly compared to gain some insight on the effect of & The values presented for &=0
represent the structure with no added damping, but with 5% Caughey damping, i.e. 5% damping in
every mode. Note that here the analysis of the viscously damped structures ignores the inherent
damping in each mode. This approximation is often made when damping is added to the structure and
its deformations considerably reduce. As can be seen, a & value of 0.2 leads to a reduction of circa
40%-50% in all responses except those in the damping system. Values of £&0.2 may lead to a further
slight reduction in those responses. This, however, will be accompanied by a large increase in the
forces in the damping system. In turn, this would lead to a large increase in the peak forces in the
dampers and axial forces in the walls.

Hence it is suggested using values of £<0.2. It should be noted that other approximations for the effect
of damping ratio on S, are available. Those are expected to lead to the same conclusions with a slightly
different threshold value for the maximum suggested &. They may also lead to a different reduction in
the pseudo acceleration, hence, the responses. As can also be seen from Fig. 5.1, the higher modes
effect on various responses is expected to have the same characteristics as the effect of higher modes
on the undamped system. That is, in relatively tall buildings, shear forces and bending moments are
expected to be affected by higher modes. Nevertheless, the addition of damping seems to somewhat



reduce its magnitude. Another point worth noting is the increase of wall shear forces in the higher
stories compared with the undamped structure. This result is expected, and has long been recognized
in the case of coupled shear walls and wall-frame systems.
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Figure 6.1. R coefficients multiplied by R for various responses (columns) for the first three modes (rows) using
various damping values (§=0 continuous, £=0.1 dashed, £=0.2 dotted, £=0.3 dashed-dotted, £=0.4 dashed thick).

7. CONCLUSIONS

In this work the natural frequencies and damping ratios, as well as height-wise distributions of
important modal responses, were derived for viscously coupled shear walls or wall-viscous frames.
The table and graphs presented can easily be used in the design process for initial design to form a
simple performance-based design algorithm where the required uniform damping for a desired
response is computed. The derivations and results lead to the following observations:

1. Under the assumptions made, a single parameter controls the response reduction of viscously

coupled shear walls or wall-viscous frames w.r.t the corresponding uncoupled wall system.
2. In contrast to conventional coupled shear walls and wall-frame structures, the controlling

parameter in the viscously coupled shear walls, & :J/Z,ICZ/mEI , does not depend on the

height of the structure. This is a very important observation since it implies that this system
can be efficient also for low rise buildings. Of course, depending on the aspect ratio, shear
deformation of the wall system (not considered here) may play a role in those systems and
should be accounted for.

3. The addition of damping can lead to a considerable reduction in most responses of interest (up
to 60% for cases where the relation given by Eurocode 8 for the effect of damping on SDOF
systems' response holds) in most responses of interest. These are: displacements, inter-story
drifts, total accelerations, total and wall shear, overturning moment and wall bending
moments.

4. Increasing & further than 0.2 may lead to a slight further reduction in the responses listed in
Item 2 above. This, however, will be accompanied by a large increase in the forces in the
damping system. In turn, this would lead to a large increase in dampers’ peak forces and in



columns/walls axial forces. Hence, it is suggested using values of £<0.2. Based on R: from
Eurocode 8 and the derivations in this paper for £=0.2 circa 50% reduction in most response
values can be attained. The force in the most loaded damper in this case would be circa

F, =19h/I -\Jd?+b?/d % of the base shear of the undamped structure, and the damper

stroke would approximately be stroke =0.5-I -d/ d*+b*-1D

the inter-story drift of the undamped system (%).

5. From Item 4 it can be concluded that for the same response reductions in two buildings having
the same geometric properties h, d, b, and I, but with a different height, H, mass, m, and
stiffness El, the ratio of the force at the most loaded damper to the undamped base shear,
would be similar. That is, the design damper forces are expected to be smaller in lower
buildings, showing, again, the applicability of the concept to low raise buildings.

6. In cases where the higher modes effect in the undamped structure is considerable, it is
expected to remain considerable in the damped structure as well. Its effect, however, is
expected to be somewhat less pronounced with increasing &.

undamped where IDundamped IS

8. ACKNOWLEDGEMENT

Support for this work was provided by the Israel Ministry of Housing and Construction through the
National Building Research Institute at the Technion, Grant # 2013019.

REFERENCES

Constantinou MC, Symans MD. Experimental and analytical investigation of seismic response of structures with
supplemental fluid viscous dampers. National Center for Earthquake Engineering Research, State
University of New York at Buffalo 1992, Report No. NCEER-92-0032, New York.

Lavan O, Dargush GF. Multi-objective optimal seismic retrofitting of structures. Journal of Earthquake
Engineering 2009; 13(6): 758-790.

Lavan O, Levy R. Performance based optimal seismic retrofitting of yielding plane frames using added viscous
damping. Earthquakes and Structures 2010; 1(3): 307-326.

Rahimian A. Coupled Truss Systems with Damping for Seismic Protection of Buildings. U.S. Patent 6,397,527,
Assigned to the Cantor Seinuk Group , PC New York, NY 2002.

Taylor DP. Mega Brace Dampers for the Torre Mayor Project at Mexico City.
‘http://www.taylordevices.eu/pdfs/Mega%20Brace%20Seismic%20Dampers-Taylor.pdf' [2002]

Silvestri S, Trombetti T. Physical and numerical approaches for the optimal insertion of seismic viscous dampers
in shear-type structures. Journal of Earthquake Engineering 2007; 11(5): 787-828

Smith RJ, Willford MR. The damped outrigger concept for tall buildings. The Structural Design of Tall and
Special Buildings 2007; 16: 501-517.

Sullivan TJ, Lago A. Retrofit of RC wall buildings using viscous dampers. 14th European Conference on
Earthquake Engineering 2010. Ohrid, Republic of Macedonia.

Madsen LPB, Thambiratnam DP, Perera NJ. Seismic response of building structures with dampers in shear
walls. Computers and Structures 2003; 81: 239-253

Hwang JS, Tsai CH, Wang SJ, Huang YN. Experimental study of RC building structures with supplemental
viscous dampers and lightly reinforced walls. Engineering Structures 2006; 28: 1816-1824

Priestley MJN, Calvi MC, Kowalsky MJ. Displacement-Based Seismic Design of Structures IUSS Press, Pavia
2007

Toranzo LA, Restrepo JI, Mander JB, Carr AJ. Shake-table test of confined-masonry rocking walls with
supplementary hysteretic damping. Journal of Earthquake Engineering 2009; 13(6): 882-898-313

Rosman R. Approximate analysis of shear walls subject to lateral loads. Proceedings of the American Concrete
Institute 1964; 61(6): 717-734.

Caughey TK, O'Kelly MEJ. Classical normal modes in damped linear dynamic systems. Journal of Applied
Mechanics, ASME 1965; 32: 583-588

Song J, Chu YL, Liang Z, Lee GC. Modal analysis of generally damped linear structures subjected to seismic
excitations. Multidisciplinary Center for Earthquake Engineering Research, State University of New York
at Buffalo 2008 Report No. MCEER-08-0005, New York.

CEN. Eurocode (EC) 8: Design of structures for earthquake resistance — Part 1 General rules, seismic actions and
rules for buildings (prEN 1998-1), Brussels.



