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Earthquake Analysis for the System of
RC Building with a Steel Tower
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Abstract:A steel tower topping an RC building comprises a non-proportional damping structural sys-
tem with different damping ratios. To compare the results from the non-proportional damping model
and the equivalent damping model.the structural system was calculated with the two damping mod-
els during earthquake respectively, using earthquake time history analysis computer program devel-
oped by the authors. Differences in the calculated results of inner forces and displacements using
the two damping models were observed. It is found that if the equivalent damping model is used in
design, the consequence will be unsafe for the steel tower and too safe for the RC building at the
same time.
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The damping ratios of RC buildings and steel

tower are 0. 05 and 0. 01 respectively, so a steel tower

topping an RC building comprises a non-proportional

damping system [ 1 , 2 ]. Due to the difficulty of dynamic

analysis for non-proportional damping systems[3-5] ,

these systems are usually simplified as proportional

damping ones with equivalent damping ratio. The

equivalent damping ratio takes a value more than 0.01

and less than 0. 05.

To compare the results calculated using the non-

proportional damping model and the equivalent damp-

ing model is the main aim of this paper. First, a di-

rect dynamic analysis method for the systems with

non-proportional damping is presented. Second, an

example of an RC building with a steel tower atop it

during earthquake is calculated by using the method

with non-proportional damping model and the equiva-

lent proportional damping model. Then, the calculat-

ed results of the two models are compared and some

differences are found.

1 Damping matrix of non-proportional
damping system

Suppose the system is made up of n substruc-

tures. The damping property is in accordance with

Rayleigh's supposition for each of the substructures.

That is

where [ Ci ] , [ Mi ] and [ Ki ] are the damping, mass

and stiffness matrixes of the ith substructure respec-

tively ;αi and βi are the Rayleigh's coefficients of the

ith substructure.

The mass, stiffness and damping matrixes of the

global structure are
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The formulas for the structures with materials of
two different damping properties, that is n = 2, are
given below in brevity. Let the first kind of material
be the one occupying the major part of the structure,
the other one be the second. So the damping matrix of
the whole structure can be seen as the one made up of
the first kind of material, but some changes must be
made for the part of structure made up of the second
kind of material.

we get

2 Direct integral algorithm

Some modal superposition methods[3,4] have

been put foward for the systems with nonproportional

damping. The accuracy of the results using these

methods depends on the number of the modals used

for superposition and on the number of the iterations.

In this paper the direct integral method[6] is used.

The equation of dynamic equilibrium of the con-

stant acceleration direct integration method is

where { Δr} and { ΔP } are the increments of dis-

placement and load vectors respectively; and

are the velocity and acceleration vectors respec-

tively.
Substituting Eq. (5) into Eq. (6) gives

To avoid the need to evaluate the term 2β[K]

the transformation[7]

is used. Eq. (7) can therefore be written as

where

When {Δx} has been determined, the increment
of nodal displacement is as follows

Hence, the increments of velocity and displacement

go as

[ M2 ] and [ K 2 ] need not be formed and saved
in memory when the computation is implemented. The
element mass and stiffness matrixes are multiplied by
element velocity vector of the material with the second
damping properties, then the result is added to the
right side of Eq. ( 9 ) . From this point, we can see
that the fewer the elements with the second damping
property compared with the total elements of the struc-
ture, the more efficient the integral algorithm.

For the structures with only one damping property
material, Eqs. (7) and (9) become

They are the same as the equations used in
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DRAIN-2D[7].
The algorithm above has been realized in the

computer program DAS ( Dynamic Analysis of Struc-
tures) devloped by the authors.

3 Example
A three-dimensional structural system of a 10 sto-

rey RC frame with a steel tower atop it is considered,
as depicted in Fig. 1 and Fig. 2. The total height of
the RC building is 37. 82 m; the inter-storey height is
4. 88 m for the first floor and 3. 66 m for the others.
The geometric scheme of the frame, the material char-
acteristics and mass values at each floor level are the
same as those in Ref. [ 8 ] , but unlike Ref. [ 8 ] ,
there is no RC wall in the structure. The steel tower is
divided into seven segments. The elevation, stiffness
and mass at the top of each segments is listed in
Tab.1.

Two different damping cases are examined in this

Fig. 1 Structural layout of the 10-storey RC frame
with a steel tower atop it

Fig. 2 Elevation of the example

Tab. 1 Property of the steel tower
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paper. One case is the real damping system (0 . 05
damping ratio for RC building and 0. 01 for steel tow-
er) , the other is the equivalent damping system
(0.03 for the whole system). The two cases are sub-
jected to the N-S component of the 1940 El-Centro
earthquake ground motion scaled to 0. 07 g, in X di-
rection ( Fig. 3 ) .

The example is analyzed using the computer pro-
gram DAS.

Fig. 3 Roof plan of the example

For the purpose of illustration, the time history of
relative horizontal displacement at the top of the steel
tower and the roof of the RC frame are shown in Figs.
4—9.

From Fig. 4 and Fig. 5 , we can see that the max-
imum displacement response at the top of the steel
tower calculated with real damping is greater than that
calculated with equivalent damping. But the maxi-
mum displacement at the roof of the RC frame is just
on the contrary. The same result is observed by com-
paring Fig. 6 with Fig. 7. The relative displacement
responses between the top of the steel tower and the
roof of the RC frame for the two damping cases are
plotted in Fig. 8.

From Fig. 4—Fig. 8 , we can see that the relative
displacement responses calculated with equivalent
damping are significantly smaller than those obtained
with real damping model. This is also true for the re-
lative acceleration responses between the top of the
steel tower and the roof of the RC frame shown in
Fig. 9.

Fig. 4 Horizontal displacement at the top
of the steel tower in X direction
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Fig. 5 Horizontal displacement at the roof
of the RC frame in X direction

Fig. 6 Horizontal displacements at the top of the
steel tower and the roof of the RC frame
with real damping in X direction

Fig. 7 Horizontal displacements at the top of the
steel tower and the roof of the RC frame
with equivalent damping in X direction

Fig. 8 Relative displacements between the top
of the steel tower and the roof of the
RC frame in X direction

Fig. 9 Relative accelerations between the top
of the steel tower and the roof of the
RC frame in X direction

These results suggest that the equivalent damping
model cannot simulate the true situation where the
structural parts with less damping ratio have greater
response, while the structural parts with greater
damping ratio have smaller response.

Tab. 2 shows the maximum displacement respon-
ses at the top of the steel tower, the roof of the RC
frame, and the difference between them. We can see
that the displacement response of the steel tower cal-
culated by using real damping model is greater than
that calculated by using equivalent damping model.
This indicates that the whiplash effect of non-propor-
tional damping systems is greater than that of equiva-
lent damping systems. It seems that the lower damp-
ing ratio of the steel tower is accounted for the greater
whiplash effect.

Therefore, if equivalent damping ratio is used in
design, the result will be unsafe for the steel tower
atop the RC building.

Tab. 2 Maximum displacement response

Fig. 10 and Fig. 11 show the acceleration respon-
ses of the structures at the top of the steel tower and
the roof of the RC frame. Fig. 10 and Fig. 11 are ob-
tained by using the real damping model and equivalent
damping model, respectively. The maximum value is
9. 177 m/s2 for the real damping model, and 8. 494
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m/s2 for the equivalent damping model. The former is
1.08 times of the later. If the acceleration vector com-
position is used in X and Y directions, the value is
1.12. This means that if the equivalent damping mod-
el is used in design, the earthquake motion at the
steel tower will be less than the real situation by 12%.
So the non-proportional damping model should be
used for these structures.

Fig. 10 Acceleration responses at the top of the steel
tower and the roof of the RC frame in X
direction with real damping model

Fig. 11 Acceleration responses at the top of the steel
tower and the roof of the RC frame in X
direction with equivalent damping model

4 Conclusions

Our analysis indicates that the equivalent damp-
ing model cannot simulate the structural system of an
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RC building with a steel tower atop it with acceptable
accuracy. Instead,the non-proportional damping mod-
el should be used for this structural system. The result
by the equivalent damping model would be unsafe for
the steel tower and too safe for the RC building at the
same time. If there is no suitable software with non-
proportional damping model for design, the inner
force and displacement of the steel tower atop RC
building should be amplified based on the calculated
results obtained by using general structural software.
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