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Abstract. Over the past years, hybrid building systems, consisting of reinforced concrete frames in bottom
and steel frames in top are used as a cost-effective alternative to traditional structural steel or reinforced
concrete constructions. Dynamic analysis of hybrid structures is usually a complex procedure due to various
dynamic characteristics of each part, i.e. stiffness, mass and especially damping. In hybrid structures, one or
more transitional stories with composite sections are used for better transition of lateral and gravity forces.
The effect of transitional storey has been considered in no one of the studies in the field of hybrid structures
damping. In this study, a method has been proposed to determining the equivalent modal damping ratios for
hybrid steel-concrete buildings with transitional storey. In the proposed method, hybrid buildings are
considered to have three structural systems, reinforced concrete, composite steel and concrete (transitional
storey) and steel system. In this method, hybrid buildings are substituted appropriately with 3-DOF system.

Keywords: hybrid buildings; damping ratio; transitional storey; steel-concrete; non-classical damping;
nonlinear analysis; main modes

1. Introduction

Steel-concrete hybrid systems are used in buildings, in which a steel structure has been placed
on a concrete structure to make a lighter structure and have a faster construction. In such irregular
buildings, the lower reinforced concrete structure and the upper steel structure are called primary
and secondary structures, respectively (Papageorgiou and Gantes 2005, Taranath 2011). In the
hybrid structures, one or more transitional stories are used for better transition of lateral and
gravity forces. In transitional storey, composite columns can also be constructed by encasement
steel sections in concrete (Viest et al. 1997). A hybrid building with a transitional storey is shown
in Fig. 1.

To analyze the behavior of the transitional storey in hybrid buildings, the behavior of steel-
concrete composite columns must be assessed. One of the early methods to review the interaction
between steel and concrete in composite sections is introduced by Basu and Sommerville (1996).
The introduced method was later complemented, considering the effects of biaxial bending by
experimental and analytical studies (Virdi and Dowling 1973, Johnson 2004). In a research done
by Liu et al. (2012), a method was presented for the second-order analysis of these sections.

*Corresponding author, Ph.D. Candidate, E-mail: abbas.sivandi@gmail.com

Copyright © 2014 Techno-Press, Ltd.
http://www.techno-press.org/?journal=sem&subpage=8 ISSN: 1225-4568 (Print), 1598-6217 (Online)


http://openlibrary.org/authors/OL2298459A/unnamed

384 Abbas Sivandi-Pour, Mohsen Gerami and Daryush Khodayarnezhad

Fig. 1 (a) Concrete-steel hybrid building (b) Details of transitional storey

Dynamic response of these structures has some complications. One of the reasons is the different
stiffness of the two parts of structure and another reason is non-uniform distribution of materials
and their different features such as damping in main modes of vibration. Damping is the
dissipation of energy from a vibrating structure that is one of the effective factors in determining
dynamic response of a structure (Fang et al. 1999, Hajjar 2002, Li et al. 2002). Specific ways in
which energy is dissipated in vibration are dependent upon the physical mechanisms active in the
structure. Availability of different damping factors causes a higher degree of complication for
evaluating seismic responses of hybrid systems. On the one hand, the available design regulations
do not present analytic methods for determining structural systems damping and on the other hand,
damping matrix of these structures is non-classical. Also, the nonlinear software is not able to
analyze these structures precisely. For dynamic analysis of these structures by using the available
software, an equivalent modal damping ratio must be generalized to the whole structure. One
general method for determining the damping of these structures is such that two structures are
modeled as two separate systems, each of them considered with its damping ratio, and the
interaction between the two systems is ignored, so that the damping ratios of primary and
secondary structures were proposed 5% and 2%, respectively (Papageorgiou and Gantes 2005,
Johnson 2004, Zona et al. 2008). This method introduced many errors and is very different from
the real behavior of the structure. In the field of determining equivalent damping, Lee et al. (2004)
performed some studies by direct solution and without using time history analysis by substituting
Multi Degrees of Freedom (MDOF) structure by adding dampers to Single Degree of Freedom
(SDOF) structure. In the field of complex eigen-vectors, Villaverde (2008) presented one method
for using complex modes of an irregular building by maximum response. In this method, motion
equations are reviewed in the state-space and their modal specifications are evaluated in spectral
analysis method. Kim et al. (1999) presented a solution method to solve the eigenvalue problem
raised in the dynamic analysis of non-classically damped structural systems. This method was



Equivalent modal damping ratios for non-classically damped hybrid steel concrete buildings 385

obtained by applying the modified Newton-Raphson technique and the orthonormal condition of
the eigenvectors. Xu (2004) presented a general formulation for computing rigorous explicit
damping matrices for multiply connected, non-classically damped, coupled systems.
Papagiannopoulos and Beskos (2006) investigated on the simple modal damping identification
model. This model works in the frequency domain and provides time-invariant modal damping
ratios of building structures under seismic excitations in terms of modal participation factors and
the roof-to-basement transfer function. The performance of the model was assessed through a
small, yet indicative, number of numerical examples involving steel plane and space frames under
seismic excitations and on the basis of a number of criteria an ideal identification model should
satisfy. The proposed model, in spite of its simplicity, gives very good results for low-amplitude
seismic excitations resulting in linear elastic structural behavior (with damping) even for cases of
closely spaced modes, local modes, and very small or large amounts of damping. A simple modal
damping identification model was developed by Papagiannopoulos and Beskos (2009) for non-
classically damped linear buildings subjected to earthquakes. The assumption is made that the
modulus of the transfer function of non-classically damped structure matches the one of the
classically damped structure in a discrete manner, i.e., at the resonant frequencies of that function
modulus.

Huang et al. (1996) reviewed a series of MDOF irregular structures in a different method in
which the reinforced concrete part had a lower degrees of freedom and metal part had higher
degrees of freedom. In the method presented by these researchers, in the first stage, regular
damping ratio of the whole building must have been obtained by trial and error method, and then
the whole building was modeled by a 2-DOF system and modal damping ratio was calculated by
predictive approximate method with the assumption that the normalized damping matrix is
diametric. Papageorgiou and Gantes (2010) proposed equivalent modal damping ratio in their
research for steel-concrete hybrid structures. The performed assumptions by these researchers
were the same as the Huang et al. method (1996), being even more accurate. In their method, the
system response was defined according to the features of the two parts by special frequency ratio
and the ratio of the secondary to primary structure weight. Papageorgiou and Gantes (2010)
proposed improved decoupling criteria for the seismic analysis of inelastic primary-secondary
systems. In their method, each part is modeled as a 1-DOF system, and the maximum responses of
coupled and decoupled inelastic dynamic analyses are compared over a wide range of dynamic
characteristics and strength levels of the two parts. They presented the results in the form of error
levels between the two alternative analysis procedures. Papageorgiou and Gantes (2011), proposed
a methodology for dynamic analysis of hybrid buildings that makes use of semi- empirically
obtained equivalent uniform damping ratios, and its efficacy was tested in actual structures. In
their method, equivalent damping ratios that appropriately represent the dynamic response
corresponding to the actual damping distribution were extracted through an error minimization
procedure for a wide range of dynamic characteristics of the 2-DOF structure. In their research, the
effect of transitional storey has not been considered in steel and concrete hybrid structures. As a
matter of fact, the effect of transitional storey has been considered in none of the studies in the
field of reviewing hybrid structures damping, so far. Since there is transitional storey(s) in design
and construction of many hybrid buildings, using recent numerical methods causes the association
of the performed analysis results with errors in comparison with their real behavior. In the
proposed method in this study, the existence of transitional storey(s) has also been considered for
calculation of equivalent modal damping ratios for non-classically damped hybrid steel-concrete
buildings. In the proposed method, hybrid buildings are considered to have three structural systems
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Fig. 2 Equivalent 3-DOF structure

of reinforced concrete, composite steel and concrete (transitional storey) and steel system.
Transitional storey(s) has also been modeled by another SDOF system. The modal damping ratios
proposed in this study can be used for the analyses and designing of structures in available
commercial and research software such as SAP2000 and Opensees. Using the proposed methods
and obtained graphs for determining modal damping ratios in dynamic analysis and nonlinear
analysis of hybrid buildings has more care in comparison with the methods presented so far and
the obtained response is closer to the structure’s real behavior.

2. Hybrid structures modeling with transitional storey

There are two general methods for dynamic analyzing of concrete and steel hybrid structures
with non-classical damping. The first method is the direct solution which includes structural
dynamic procedures (Clough and Penzien 1993, Chopra 1995) and integration (Adhikari and
Wagner 2004, Cortes 2009). Using direct method requires the calculation of stiffness, mass and
damping matrices. The calculation of stiffness and damping matrices in direct method is
complicated and becomes even more complicated as the degrees of freedom of the structure
increase. Hence, using direct method is very time-consuming and hard and it is also impossible for
the structures with higher degrees of freedom. The second method is devoting an equivalent
damping to the whole structure and using the available software.

In the method proposed in this study, concrete, steel and transitional stories are appropriately
substituted with 3-DOF structure as presented in Fig. 2 in order to form a hybrid structure.

In the next step, eigenvalues of each primary, transitional and secondary structure are obtained.
Eigenvalues of each part include the first mode related frequency values (w;'), mass (M;') and
modal stiffness (Ki'). i can be related either to the primary structure, secondary structure or
transitional stories. In the numerical method investigated in this study, p indicates the primary
structure (concrete part), s presents the secondary structure (steel part) and t presents the
transitional stories.
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3. The proposed method for determining modal damping

The procedure of this investigation is based on the elastic analysis. The proposed method is
restricted to the case that the structure remains elastic, thus the stiffness matrices employed here
are the ones computed by the elastic properties of the structure. Cases of elastoplastic deformations
and added damping devices escape the scope of this work. The main MDOF structure is assumed
to have separate Rayleigh damping at each section. This is to say that damping ratio is proportional
to stiffness and mass in each degree of freedom. So, each part of the equivalent 3 degrees of
freedom has two types of damping C* and C;" (damping proportional to stiffness and mass). Mass
M and stiffness K matrices are calculated for each of the three parts of primary structure,
transitional stories and secondary structure. Each of them shows the matrix forming the related
part of the overall structure. A Matlab code was developed in order to calculate the equivalent
modal damping ratios and to depict the graphs.

The structure’s overall stiffness matrix is comprised of the stiffness of primary structure,
transitional storey and secondary structure. Stiffness matrix of hybrid structure is obtained from
the Eq. (1).

k +k -k, 0

K=K*+K“+K*=| —k  k+k -k (1)
0 -k k

s

The overall mass matrix of structure is obtained from mass matrix of each one of the three parts
forming the structure is calculated from the Eq. (2).

m 0 0
M=M*+M+M* = 0 m O 2
0 0 m

S

Modal frequencies of w;, w, and w3 are obtained by classic analysis method for 3-DOF
structure (Papageorgiou and Gantes 2010, Chopra 1995).
Primary structure’s damping matrixX is calculated from Eq. (3-1).

Cp = ao'pMp + alijp (3'1)
_ 2XEpXwXw3 )

aO,p - (IJ1+(JJ3 (3 2)
_ _2X%p -

al,p - wqtws (3 3)

Transitional storey’s damping matrix is obtained from Eq. (4-1).

Ct = ag M" + ay K" + ay Ktm! 'Kt (4-1)

Qo = 2% & XWX W XWX (W1 +wy+w3) (4 2)
ot (w1 tw)x (w1 +w3)x(wz+w3)

a _2xEx (i w1 Xwy+ w1 Xwz+ w3 +w; Xws +w))
1,6t —

(4-3)

(w1+wz)X(w1+w3z)X (W +w3)
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;= 2 (4-4)

a (w1t w2)x(w1+w3)x (w2 +w3)

Steel secondary structure’s damping matrix is obtained from Eq. (5-1).

CS = aojsMs + aLSKS (5‘1)
_ 2XEgXwXw3 _

Qos = T ogtws (5-2)
_2x& _

ais = 0 tws (5-3)

where, & presents the damping ratios each part.

Finally, damping matrix of hybrid structure would be the summation of 3 base matrices as in
Eq. (6) that its ratios are from mass proportionality and stiffness of the overall damping matrix of
3-DOF structure.

C=Y;C', i=pts (6)

Special frequencies’ ratio R,, and weight ratio R,, are defined as in Eq. (7) in order to specify
the system response according to the features of three constituents.

Ws Mg

Wt M;
s p =X p o

) mil i w2
Wp My

2t R =t
ws' m2 <

()

In this stage, a time history analysis is applied for equivalent 3-DOF structure according to Eq.
(8) in order to obtain the equivalent modal damping ratio and its error.

Ry =

M{j} + C{y} + K{y} = —Mr%, (8)

In the Eq. (8), {y} is relative displacement vector of MDOF structure, X, is excitation
1

acceleration and r is equal to]1]. The obtained results are equal to the overall acceleration and
1

displacement in each level. Energy balance equation is defined by multiplying matrix transpose
{y}in Eq. (8), as follows

LGOI MG+ 5 BT K ) = () TMrig—{(3)T ¢y} )

Eq. (8) is reviewed in the state-space. The state-space method is based on transforming the N
second-order coupled equations into a set of 2N first-order coupled equations (Newland 1989,
Foss 1958). Equations of dynamic system motion can be recast as

Au(t) + Bu(t) = F(t) (10-1)

where A,B € R®™® are the system matrices, F(t) € R®™ the force vector and ue R™ is the
response vector in the state-space. The parameters of the equation 10-1 are obtained from Eq. (10-
2).

=l ol e=lo, Silro-{o 0-fo) 102

In the equation above, Oy is the N x N null matrix.
The advantage of this approach is that the system matrices in the state-space retain symmetry as
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in the configuration space. It should be noted that these solution procedures have exact equivalents
in nature.
New eigenvalues are obtained from Eq. (11).

B®; = —s;Ad;, i =1,2,3,/4,5,6 (11)

In Eq. (11), s; presents eigenvalues and ®; presents special vectors of complex numbers.
Finally, modal damping ratio is calculated from Eq. (12).
_ —Re(sp) . _

fl |Si| ll - 11213 (12)

The obtained modal damping ratios are depicted in Figs. 3 to 17 for the first, second and third
modes according to the previous equations in the proposed method. Colored contours represent
damping ratio of hybrid structure in the three main modes. These graphs can be used in
determining damping ratios of the hybrid buildings with transitional storey(s). In the first
assumption in drawing the graphs, the equivalent damping is equal to 5% for the primary structure
and equal to 7% for transitional storey, while for the third structure is considered equal to 2%. Eq.
(7) is used in calculating frequency and mass ratios. R,,, and Ry, ratios are shown in top of graphs.
Modal damping ratios of the three modes over the (Rn:-Rw1) plane are resulted.
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Fig. 3 The obtained modal damping ratio for R;,,= 0.2 and Ry,= 1
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Fig. 4 The obtained modal damping ratio for R;,,= 0.2 and R,= 2
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Fig. 11 The obtained modal damping ratio for R,,= 0.6 and R,,= 3
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Fig. 14 The obtained modal damping ratio for R,,= 0.8 and R,,= 3
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Fig. 15 The obtained modal damping ratio for Ry,= 1 and R,,= 1
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Fig. 17 The obtained modal damping ratio for R,,= 1 and R,,= 3

The proposed numerical method and graphs are a relatively precise method, because all of the
modal quantities such as modal mass, M;, and modal eigenvalues, ®@; are obtained from real
eigenvalues analysis (Papageorgiou and Gantes 2005).

4. Calculating the error in harmonic response

The most widely used approximation method in the dynamic analysis of structures with non-
classical damping has always been the uncoupled mode superposition method. Clearly, the
approximation made in this method is valid if modal coupling can be approximately ignored. It
was concluded that under harmonic loading in these structures, the major error introduced by the
decoupling approximation depends on transformed damping matrix, natural frequencies and etc. In
the recent years, several studies have been presented investigating the conditions under which off-
diagonal terms of the transformed damping matrix may be ignored. The configuration of each sub-
structure is totally different with other ones, so calculating response of each substructure and its
corresponding error is necessary for sake of precise analysis.

In the exact methods complex eigensolution is avoided. When the structure excitation is
harmonic in Eq. (8), the receptance matrix [a] can be written as

[a] = [[K] — w?[M] +i[C]]™* (13)

where o is the excitation frequency and i is the unit imaginary number. Obviously, for small
ordered systems harmonic response of a system can directly be obtained by using the above
equation and the definition of receptance matrix given in Eq. (14).

(@} = [al {F(O)} (14)

In exact method the damping matrix for the complete system is constructed by directly
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Fig. 18 Harmonic accelerations considered, (2) in resonance with the first mode of the 3-DOF structure
and (b) hybrid harmonic motion

assembling the damping matrices for three structures. The stiffness and mass matrices of the
combined structures are assembled from corresponding matrices for the three systems. The portion
of these matrices associated with the common DOFs at the interface between two system included
contributions from both systems (Chopra 2005). Using the exact method for dynamic analyzing of
non-classically damped buildings is so much complicate and impossible. Exact methods have two
primary disadvantages: they require significant numerical effort to determine the eigen-solutions,
and little physical insight is afforded by methods that are purely numerical. Depending on the
order of the system, the cost of complex matrix inversion will be much higher compared to that of
complex mode superposition. Also, the best solution is to use approximation methods (Adhikari
2000, 0 zgiiven 2002). Shahruz (1990) concluded that if the off-diagonal elements of damping
matrix are smaller than diagonal elements, then the approximate solution is close to the exact
solution. Shahruz and Langari (1992) in their investigations concluded that if the off-diagonal
elements of damping matrix are sufficiently small and if the approximately decoupled systems are
reasonably damped, then the approximate and exact results are close to each other. Park et al.
(1992) concluded that the location of the excitation frequency with respect to the natural
frequencies is the most important parameter for modal coupling. Duncan and Taylor (1979) have
shown that significant errors occur, when dynamic analysis of a non-proportionally damped
system is based on a truncated set of modes, as it is commonly performed in modeling continuous
systems.

In the approximation method, the equivalent 3-DOF oscillator is separated into its three modes
that each of them is stimulated again by X, according to Eq. (15).

G; + 28w + wiq; = —Ti%g (15)
In the Eq. (15), T; is modal participate factor. The response of Eqg. (8) is obtained from Eq. (16).

y'=dq (16)

The final response is the overall displacement in each storey so that the equation {y'} = {3/} +
{r}x, is established (Papageorgiou and Gantes 2010, Foss 1958, 0 zgliven 2002). Error value in
each level of the overall acceleration and displacement responses is obtained from Eq. (17).
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For assessment of errors, acceleration is selected to be harmonic in resonance with the first
mode of the 3-DOF structure, as shown in Eq. (18-1) and Fig. 18(a). Moreover, a hybrid motion is
created by adding three separate motions, each in resonance with one mode of the structure, and

scaling the final motion to have again amplitude as in Eq. (18-2) and Fig. 18(b).

a, = sinw;t (18-1)
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a, = sinwqt + sin w,t + sin wst (18-2)

Error plots in displacements of hybrid harmonic excitation are shown for primary structure,
transitional storey and secondary structure in Figs. 19-33.
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10 10
5 5
0 0
-5 -5
-10 -10
0.2 04 0.6 0.8 1 0.2 04 0.6 0.8 1
le Rm1
Fig. 26 Error in harmonic excitation, for R;,=0.6 , R,,=2
Primary Rm2=0.6‘ Rw2=3 Transition Rm2=0.6. Rw2=3 Secondary Rm2=0.6‘ RW2=3

Fig. 27 Error in harmonic excitation, for R;,,=0.6, R,,=3
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Fig. 28 Error in harmonic excitation, for R;,=0.8 , R,,=1
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Fig. 29 Error in harmonic excitation, for R;,=0.8 , R,,=2
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Fig. 30 Error in harmonic excitation, for R;,=0.8 , R,,=3
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Fig. 31 Error in harmonic excitation, for R,,=1, Ryp=1

Primary Rm2=1. Rw2=2 Transition Rm2=1, sz=2 Secondary Rm2=1. RW2=2

0.2 04 0.6 08 1 0.2 04 0.6 0.8 1

R R

'm1 'm1

Fig. 32 Error in harmonic excitation, for R,,=1 , Ryp=2
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Primary R =1,R ;=3 Transition Rm2=1, Rw2=3 Secondary Rm2=1, R, ,=3

m2

0.2 04 06 08 1 0.2 04 0.6 0.8 1

3 Ront

Fig. 33 Error in harmonic excitation, for R;,=1, Ry,»=3

Table 1 Cross section for members of building

Story  Structure System Columns (cm) Beams (cm)
1-2  primary RC 60%60, p=0.022 40x60, ps=0.012, p’=0.009
3-4  primary RC 50x50, p=0.0197 40%50, ps=0.00682, p s==0.0051
5 transition  composite  50%50, p=0.0197+BOX 30%30x0.1 IPE 300
6-7-8 secondary steel BOX 30x30x0.1 IPE 300
9-10 secondary steel BOX 25x25x0.08 IPE270

Table 2 Modal characteristics of building

Mode Period(s) Modal Participate Factor (%) Frequency (rad/s)
1 1.395 58.739 4.504
2 0.612 22.9821 10.267
3 0.352 5.12 17.85
4 0.207 4.0791 30.354
5 0.161 2.538 39.026
6 0.12 1.8312 52.36
7 0.099 1.57 63.466
8 0.074 1.3398 84.908
9 0.061 1.043 103.003

10 0.05 0.7643 125.664

5. Validation and the application of the proposed method for seismic analysis

In the method proposed in this study, the effect of transitional storey has also been considered
for determining modal damping in hybrid structures. Therefore, reviewing structure’s dynamic
behavior by the proposed method is closer to the behavior of the real structure. A ten-storey
building was analyzed for validity of the proposed method and modal damping ratios were
calculated both by the proposed method by Papageorgiou and Gantes (2010) and the proposed
method in this study and also fixed ratios 2% and 5%. Properties of this building are shown in
Table 1.

Transitional storey’s columns also have compound section of its upper storey’s steel section
and lower storey’s concrete section. Modal participate ratio and period of designed structure are
shown in Table 2.

For time history analysis of the designed structure, three earthquake records (Bam, Elcentro
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Fig. 34 Response spectrum of the selected records for time history analysis
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and Kobe) were selected. Fig. 34 shows the response spectrums of these earthquakes.
The values of Rm;, Rw;, Rm, and Rw, were calculated equal to 0.38, 0.77, 0.81 and 2.93,
respectively. Modal damping ratios were obtained 6.61%, 2.64% and 3.56% for the first, second
and third modes, respectively.

0.2

Fig. 35 Comparison of the obtained damping effect from the proposed method and other methods in
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Fig. 35 shows the maximum response of the structure calculated according to the obtained
damping from the proposed method and graphs, the presented relation by Papageorgiou and
Gantes (2010), constant damping ratios 2 and 5 percent and also exact method.

In order to apply equivalent damping ratio proposed by Papageorgiou and Gantes (2010), the
transitional story was considered as a part of reinforced concrete structure. The stiffness of
transitional storey is much more than both primary structure and secondary one. Also the
interaction between transitional storey and other sub-structures causes that the response of
transitional storey influences on response of other parts. Accordingly, the damping ratio of 7% has
a great influence on response of whole structure, thus the case of overall damping ratio equals to
5% overestimates the exact behavior of structure.

It can be observed that, proposed method in this study is closer to the real response of the
structure and has more care and credit than recent methods. Therefore, it is suggested that the
proposed graphs in this study can be used in calculating modal damping ratios for analysis of
hybrid buildings with transitional storey.

6. Conclusions

Different applications and conditions of the structures necessitate using concrete and steel
hybrid systems in some cases. One or more transitional storey is used in hybrid structures for
better transition of lateral and gravity forces. The available design regulations have not presented a
method for determining the damping of these structural systems which can cause some problems
in designing these structures. Also, the existence of different damping has made it more
complicated to assess the seismic response of hybrid structures in earthquakes. Several studies
have been conducted in recent years about damping of these structures and some methods have
been proposed to determine the damping of hybrid structures. The effect of transitional storey has
not been considered in any of studies and it makes a big difference between the response of the
analyzed structure and the real response. In this paper a method was proposed for determining
equivalent modal damping ratio of hybrid buildings by considering the effect of the transitional
storey and some graphs were also extracted. Error in harmonic loadings in nonlinear dynamic
analysis of hybrid structures was obtained. Validation of the proposed method with exact method
and also the former methods showed the high accuracy of the proposed method.
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