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8. Conclusions

By means of isolation of the bridge girder from the
supports, the seismic forces can be greatly reduced in
large continuous girder bridges susceptible to dynamic
actions. The isolation is achieved by hydraulic dampers
(other types of dampers may also be stable), which are
located at the bridge bearings.

In the case of the proposed Arachthos Bridge project,
the seismic forces in the ¥shaped high piers with
heights of up to 80 m could be reduced by about 50% as
compared to the bridge without dampers. Thenaximum
dynamic deflection of the pier heads transverse to the
bridge axis could even be reduced by 75%. The maxi-
mum transverse and longitudinal sliding movements on
the bearings due to the earthquake shaking were calcu-
lated as 40 cm and 24 cm, respectiely, which are
within the allowable limits.

Because of the nonlinear characteristics of the damp-
ers with an almost rectangular hysteretic loop under the
seismic action, extensive nonlinear dynamic analyses
were carried out for the optimization of the dampers and
for the calculation of the seismic design forces and defor-
mations. It is obvious that seismic dampers do not only
protect a bridge from large seismic forces but also result

in a very economical solution, as modifications in the
structural system of a bridge might be much more ex-
pensive than the installation of dampers. In the case of
Arachthos, it was required that the bridge behaves elas-
tically under the design earthquake, a requirement
which is hard to fulfil with conventional design options.
It must be added that the design response spectrum had
very high spectral accelerations at low frequencies,
which made the installation of dampers even more ad-
vantageous.

Instead of the winning bridge design, whose earth-
quake design is described in this papethe owner de-
cided to go for a more conventional bridge with a less
challenging and aesthktic design
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¢ In 3 codes, the application of additional eccentricity is
stipulated.
¢ In 13 codes, it is stated that dynamic analysis and cal-
culation should be applied.
e In 10 codes, it is stated that additional eccentricities
should be increased providing that some certain condi-
tions are fulfilled and in extreme cases it is stated that
dynamic analysis and calculation should be utilized.
Generally the way of solution is; to increase the eccen-
tricities then to repeat the lateral load analysis when pa-
rameters related with torsional irregularity exceed cer-
tain values and if there exists further increase of those
parameters dynamic analysis should be applied. The
same solution is also adopted in Turkish Earthquake
Code, which came into operation on January 1st 1998
(Ozmen, 2001).

2. Method of Analysis

In seismic analysis of the sample structure examined
in this study; equivalent earthquake force method and
mode superposition method are used. In both methods
the floor masses are applied to the shifted story mass
centers. Structure is analyzed under the assumption of
the rigid diaphragm behavior of floor slabs. The spec-
trum diagram, which will be used in seismic analysis of
the system, soil characteristics and earthquake zone pa-
rameters, are taken from Turkish Earthquake Code. In
structural analysis, SAP2000 Structural Analysis Pro-
gram is used. The torsional coefficients which are de-
fined by Turkish Earthquake Code are calculated accord-
ing to the equivalent earthquake force method then us-
ing the results obtained from that analysis additional ec-
centricities are given to the story mass centers and seis-
mic analysis is repeated. As a result, the seismic analysis
of the building is performed by; a) Equivalent earth-
quake force method at shifted mass center, b) Equivalent
earthquake force method at shifted mass center with
given additional eccentricity, ¢) Mode superposition
method at shifted mass center.

3. Sample Structure

Because of the fact that the most serious torsional ir-
regularities are seen on buildings having irregularity
about the rigidity distribution, the sample structure is
chosen geometrically regular. In this building the tor-
sional irregularity is obtained by especially the assembly
of shear walls closed to end edges i.e. the irregularity is
obtained due to non-uniform rigidity distribution of ver-
tical elements within the structure. What is aimed by
choosing this sample is to emphasize that rather than the
geometric characteristic of the building the load carrying
system can also cause serious torsional effects. Consist-
ing of 1 basement story, 1 ground story and 13 normal
stories the building is a 15-story reinforced concrete
structure. It has 28.50x19.00=541.50 m? living area
which is rectangular in plan. At normal stories on 3 sides,
projections having 1.5 m and 2 m span lengths are
formed. Structural system of the building is formed with
rectangular columns, polygon shaped shear walls and

beams. The structural system is totally symmetrical in y
direction but not in x direction. Total height of the build-
ing is 53.50m. Structural system is modeled as high duc-
tility moment resisting frame system. Building is in the
2nd degree earthquake zone and Z2 local site class is as-
sumed. Material types used in the project are C25 and
S420. Floor plans a longitudinal section of the building
are given in Figs. 1 and 2.

4. Classification of Buildings Having Torsional
Irregularity

Buildings having torsional irregularity can be divided
into 4 classes.
1. Buildings having geometrical irregularity.
2. Buildings havingirregularity about rigidity distribution.
3. Buildings having irregularity about both geometry
and rigidity distribution.
4. Buildings having hidden torsional irregularity.

5. Typical Buildings That Are Not Expected to Have
Torsional Irregularity

A part of the results obtained from the studies done
on buildings in this group are of expected type. However
itis interesting to obtain some unexpected results. Some
of the results are summarized below.

1. In general buildings that are symmetrical about both
geometry and rigidity distribution have no torsional ir-
regularity.

2. Buildings having shear walls especially on edges be-
have more regular about torsional irregularity.

3. In some buildings which are symmetrical about both
geometry and rigidity distribution the torsional irregu-
larity coefficients may approach to a limit value of 1.20.
4. Itis concluded that for the torsional irregularity point
of view the rigidity distribution is a more important fac-
tor than geometry.

6. Geometrically Irregular Buildings

Following results are obtained at the end of analyses
performed on buildings belonging to this group.
1. Torsional irregularities of buildings having only geo-
metric irregularity are not at very high levels. Even for
buildings, which are unfavorable about torsion, torsional
irregularity coefficients are at about 1.4.
2. In that type of buildings, small increases on sectional
dimensions of elements along weak axes result in con-
siderable decrease in torsional irregularity.
3. In unsymmetrical buildings, torsional irregularity co-
efficients stay at acceptable levels if there is no big irreg-
ularity about rigidity.

7. Irregular Buildings About Rigidity Distribution

At the end of analyses performed on buildings having
rigidity irregularity following results are obtained.
1. In buildings having rigidity irregularity, the torsional
can be at very high levels.
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2. Even for buildings, which are unfavorable about tor-
sion, the torsional irregularity coefficients stay below 2,
which is the limiting value for the application of equiva-
lent earthquake force given in Turkish Earthquake Code.
So it can be clearly understood that it is nearly impossi-
ble to reach that value in structural applications.

3. Torsional irregularity can mostly be removed in this
kind of buildings with arrangements done on load carry-
ing elements along the weak axes of the structure.

4. The most effective way of decreasing the torsional ir-
regularity is to locate the shear walls along the weak axes.
5. Increasing beam and/or column cross sectional areas
can also be helpful for decreasing torsional irregularity
in weak axes.

6. Even at the buildings having high amount of torsional
irregularity, modeling difficulties may not be seen. It is
brought forward that precautions in codes torsional ir-
regularities need some change
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Fig. 1. Normal story formwork plan of the sample structure.

8. Irregularities in Geometry and Rigidity

The results obtained from studies done investigations
on buildings in these groups are parallel to behavior oc-
curred in "buildings having rigidity irregularity”. The re-
sults are summarized below.

1. Torsional irregularity can be at high levels.

2. The torsional irregularity coefficients stay below the
limiting value of 2.00 even at the buildings, which are un-
favorable about torsion.

3. The torsional irregularity can mostly be removed
with arrangements done on structural elements along
weak axes of structure.

4. The most effective solution for decreasing the tor-
sional irregularity is to locate the shear walls along the
weak axes.

5. Even at the buildings having high amount of torsional
irregularities, modeling difficulties may not be seen.

The behavior type of this type of building is parallel with
irregular buildings only in aspect of rigidity distribution.
Hence, it can be concluded torsional irregularity depends
on almost only unbalanced rigidity distribution in the plan.

9. Hidden Torsional Irregularities

Following results are obtained at the end of analyses
performed on building belonging to this group.
1. Torsional irregularity can also occur in the buildings
having regular geometrical shape and regular rigidity.
2. The reason for torsional irregularity in this type of
buildings is lack of rigidity on the edge axes.
3. Rigidity of edge axes must be increased in order to re-
move torsional irregularities.
4. In certain cases, torsional irregularity can be lowered
or totally removed as a result of decrease in shear wall
rigidity at the central zone (Ozmen, 2001).
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Fig. 2. Longitudinal section of the sample structure along x direction.

10. Analysis Results

As aresult of analyses equivalent seismic load method
and mode superposition method, torsional irregularity
coefficient which are calculating according to relative and
absolute story drifts are shown in Table 1 and Table 2.

Although it is geometrically symmetric, there occurs
torsional irregularity in the building, because the rigidity
distribution of the structural system is irregular. At the
end of calculation, torsional irregularity coefficient for
the building has been found as max 75=1.529. It has been
seen that the torsional irregularity is increases when the
shear walls taking part on the sample building are lo-
cated to outer axes. With the aid of this examination it
can be concluded that torsional irregularity may be on
very high levels on buildings, which are irregular from
the viewpoint of rigidity distribution.

All these results clearly exposes the need of giving im-
portance on the selection process of structural system.
Structural systems begins to come out at the architec-
tural plan phase. Often various architectural reasons do
not allow modeling of the desired structural system.

However with some changes and additions that will
not affect architectural made by the engineer on the
forming phase of the structural system, torsional irregu-
larity can be reduced to minimum levels. In the sample
structure locating structural walls to symmetric axes
where rigidity distribution is dense will be a precaution
which will fairly decrease the degree of torsional irregu-
larity.

On this kind of buildings, in order to reduce the de-
gree of torsional irregularity, shear walls, even at a lim-
ited number and on a limited dimension have to be lo-
cated to weak axes.
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Table 1. Torsional irregularity coefficients calculated with equivalent seismic load method.

X+0.05 X-0.05 Y+0.05
=
é Relative Absolute Relative Absolute Relative Absolute
Nbi bi 1bi Nbi Nbi Nbi

1 1.385 1.385 1.529 1.529 1.170 1.170
2 1.362 1.370 1.499 1.509 1.159 1.162
B 1.326 1.351 1.460 1.489 1.146 1.155
4 1.311 1.339 1.443 1.474 1.138 1.150
5 1.297 1.328 1.427 1.462 1.131 1.145
6 1.286 1.319 1.416 1.452 1.125 1.140
7 1.276 1.312 1.405 1.444 1.120 1.137
8 1.276 1.306 1.404 1.438 1.116 1.133
9 1.267 1.301 1.395 1.433 1.111 1.130
10 1.260 1.297 1.387 1.428 1.106 1.127
11 1.251 1.293 1.377 1.423 1.100 1.124
12 1.248 1.289 1.375 1.419 1.096 1.122
13 1.234 1.285 1.359 1.415 1.090 1.119
14 1.219 1.281 1.343 1.411 1.084 1.116
15 1.196 1.277 1.317 1.406 1.078 1.114

Table 2. Torsional irregularity coefficients calculated with mode superposition method.

X+0.05 X-0.05 Y+0.05
5
= Relative Absolute Relative Absolute Relative Absolute
Nbi Nbi Nbi Nbi Nbi Nbi

1 1.411 1.411 1.491 1.491 1.223 1.223
2 1.385 1.394 1.465 1.474 1.222 1.222
3 1.346 1.374 1.427 1.455 1.218 1.220
4 1.327 1.359 1.407 1.440 1.223 1.217
5 1.308 1.347 1.388 1.427 1.225 1.219
6 1.294 1.336 1.372 1.416 1.226 1.220
7 1.282 1.327 1.359 1.407 1.223 1.221
8 1.279 1.320 1.356 1.400 1.219 1.220
9 1.269 1314 1.345 1.393 1.211 1.219
10 1.261 1.309 1.338 1.388 1.201 1.217
11 1.251 1.304 1.329 1.383 1.189 1.214
12 1.247 1.299 1.327 1.378 1.177 1.211
13 1.231 1.295 1.312 1.374 1.163 1.207
14 1.213 1.290 1.294 1.370 1.150 1.203
15 1.185 1.285 1.266 1.365 1.138 1.199

As a result of analyses explained in the above para-
graph and the result of researches made on this subject,
it has been determined that only on the geometrically ir-
regular buildings torsional irregularity is not on high-
levels. Begin on very high-levels of torsional irregularity
for buildings having H, L, T and Y shapes on the plans, is
related with the rigidity distribution of the structural
system. At the end of the little dimension increases on
the structural elements on the weak axes of these kind of
buildings, torsional irregularity can be removed on a
large scale.

Obtaining max 77»=1.529 in the examined building and
in the frame of made researches even on inconvenient
buildings from the viewpoint of torsibility, n» torsional
irregularity coefficients remained under value 2.0 which
has been determined as limiting value for applying
equivalent load seismic method in Turkish Earthquake
Code. On the application, meeting boundary value ap-
pears to be an impossible subject.

In the y direction, the building which is entirely sym-
metrical in the vertical direction, results in torsional ir-
regularity coefficient n»=1.170. Also with the dynamic
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analyze, it is resulted in 775=1.226. The values nearly be-
come with the boundary value, shown in Turkish Earth-
quake Code for the obtaining the irregularity of the
buildings, show that the irregularity coefficient is not re-
alistic. It can be evaluated that considering the earth-
quake effects of 5% additional eccentricities results in
the torsional irregularity coefficient of the y direction be-
comes nearly to 1.20 where the building is entirely sym-
metrical in the vertical direction.

Additional eccentricities had been found 8.12% with
the aid of calculated torsional irregularity and then the
analysis reviewed with the new eccentricity. The analyze
show that additional eccentricity make frame end forces
1.4% much bigger in columns and beams, 2-4% much
bigger in shear walls than with the 5% eccentricity. Mod-
eling difficulties hadn't been encountered after these an-
alyze results. For this reason, reviewing the analysis with
the additional eccentricity, which is located as a precau-
tion for the torsional irregularity in Turkish Earthquake
Code, cause suspicion whether it is necessary or not.

The comparison between the frame end forces calcu-
lated by Superposition of Modes Method under dynamic
analyze and Equivalent Load Method has given following
results.
¢ The modal analyze results are much more inconven-
ientin the beam far away from the zone where buildings
rigidity dense. However equivalent seismic loads results
are much more inconvenient in the beam in zone where
rigidity is dense.
¢ The equivalent earthquake loads results in columns
close to axis passing through buildings mass center are;
frame end forces in earthquake direction much more in-
convenient whereas in the column far away from these
axes the frame end forces in modal analyze results is in-
convenient.
¢ The equivalent earthquake loads results in structural
walls near to the mass center are; frame end forces in
earthquake direction much more inconvenient whereas
in the shear walls far away from mass center the frame
end forces in modal analyze results is inconvenient.

The important result is, frame end forces and modal
analyze results occurred by the orthogonal to the earth-
quake direction are much bigger than the equivalent
earthquake load results. This situation is explained as
that the torsional irregularity resulting from earthquake
loads identified more realistically by dynamic analyze.
Although the major frame end forces are much bigger
than the minor frame end forces, there hadn't been ob-
served any effect for modeling.

The maximum irregularity coefficient is found
n=1.529 when the absolute displacements are used.
However the reason of the equality of this value and tor-
sional irregularity coefficients which are calculated by

the relative displacements is that the maximum value oc-
curs in the basement floor. However, using the absolute
orrelative displacements in order to find out irregularity
coefficient, does not affect the results. (2n floor
n5=1.509; relative 75,=1.499).

11. Conclusions

Torsional irregularity can occur in the buildings that
have regular geometrical shape and regular rigidity dis-
tribution. The reason of this irregularity which is called
hidden torsional irregularity, is due to lack of rigidity
along the extern axes. In certain cases, torsional irregu-
larity can be lowered or totally removed as a result of de-
crease shear wall rigidity at central zone.

As a conclusion torsional irregularity is more related
to the rigidity distribution than the geometrical plan of
the building. For this reason, determination of the load
carrying system of a structure is the most important is-
sue at the planning stage of the project. Itis essential that
shear wall locations and cross-sectional areas must be
properly selected, and the shear walls must be symmet-
ricalin the planin order to prevent torsional irregularity.
Today, availability of the computer software makes the
solutions more precise. The important issue at this sub-
ject is whether the load carrying system is appropriate
to the behavior manner of the structure or not. However,
it must not be forgotten that the behavior of the struc-
ture does not work always as expected. It should be
known that planning and design stage is not composed
only of structural analyze and sectional calculations.
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Dynamic response property of cooling tower structures
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ABSTRACT

ARTICLE INFO

Reinforced concrete (R/C) cooling tower structures have been used for cooling down
the hot water produced by power or chemical plants. These structures are designed to
prevent against the failure under a self-weight and a wind loading, as well as an earth-
quake loading. In this paper, the numerical scheme under parallel processing is intro-
duced and the dynamic evaluation of the cooling tower under an earthquake loading is
examined. In numerical analyses, the cooling tower is assumed to have two types of
conventional column system, i.e,, V-column and I-column systems. Both R/C shell por-
tion and column system are modeled by use of solid elements. From the numerical anal-
yses, the higher stress concentrations are arisen between the junctions of R/C shelland
columns for I-column than those for V-column. Also, it is concluded that the additional
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reinforcements should be placed around the junction considering the seismic effects.

1. Introduction

Reinforced concrete (R/C) cooling tower structures
have been used for cooling down the hot water produced
by power or chemical plants. These structures are de-
signed to prevent against the failure under a self-weight
and a wind loading, as well as an earthquake loading. To
grow up the economy of developing countries, these
structures may be built around the strong seismic re-
gions due to supply the electric energy. Therefore, engi-
neers must examine the safety of a cooling tower under
earthquake loading. However, these structures are con-
structed with a large surface of R/C shell and columns
and the numerical analyses are laborious and difficult
based on the conventional numerical analyses.

To overcome these problems, several numerical
schemes have been proposed combining the axisymmet-
ric analyses or modal analyses (Hara and Gould, 2002;
Langetal., 2003). However, it is difficult to represent the
local behavior of these structures by such numerical
scheme. Although the finite element method (FEM) is
one of the useful schemes, there must be a numerical ef-
fort to apply FEM to such problems, especially under a
dynamic loading.

In this paper, the numerical scheme under parallel
processing is introduced (Adeli and Soegiarso, 1999)

and the dynamic evaluation of the cooling tower under
an earthquake loading is performed. The parallel pro-
cessing to compute the behavior of the cooling tower
structure was proposed by Hara and the numerical effi-
ciency was presented (Hara, 2004a). In this paper, the
cooling tower is assumed to have two types of conven-
tional column system, i.e., V-column and I-column sys-
tems. Examples of the column supported cooling towers
are shown in Fig. 1.

In numerical analyses, R/C shell portion and column
system are modeled by use of solid elements because the
smooth combination of the deformations and the
stresses between columns and R/C shell portion. Also,
the EBE approach to the huge R/C structures is applied.
Then the deformation characteristics of R/C shell with
supporting columns are examined.

2. Numerical Scheme
2.1. Definition of the solid element

The 20 noded solid elements are adopted to model
both shell and column portions. R/C shell elements are

composed of the concrete and the reinforcing materials.
To define the concrete nonlinearity, Drucker-Prager
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yield criterion and Madrid parabola is used to trace the
nonlinear stress strain relation of concrete. Also, the
maximum principal tensile crack criterion is used to de-
fine the occurrence of the initial cracks. Tension stiffen-
ing and the stress degradation after cracks of concrete
are adopted. In addition, reinforcing steels are modeled
as the equivalent sheet with stiffness only of bar direc-
tion. The detailed definition is represented in the previ-
ous paper (Hara, 1988; Hara, 20044a; Hara, 2006).

V-column

I-column

Fig. 1. Cooling tower column systems.

2.2. Dynamic response analysis

During the time increment, the dynamic equilibrium
equation is represented as follows:

MAJ + CAy + KAy = —MIAy,, (1)

where M is the mass matrix, C is the damping matrix, K
is the stiffness matrix. Ay, Ay and Aj are the response
displacement, the response velocity and the response ac-
celeration vector, respectively. Ay, is the ground motion
acceleration and A denotes the increment. In this analy-
sis, Raileigh damping is adopted to define the damping
matrix. To solve Eq. (1), the Newmark method is adopted
in this paper. Then, the dynamic equiliburium equation
systems, Eq. (1), is transformed as follows:

Ky=f, (2)

where

= M c
K= 7ac + Yo + K and

f=—MIAjy + M (% + s—ly;) +ofZ+ (i— 1)ayat} (3)
are the effective stiffness matrix and the modified load
vectors, respectively.

In this paper, the dynamic response is evaluated with
a time step of At=0.001sec. The damping factor is consid-
ered 3% proportional to the mass by Rayleigh damping.
The convergence rule of equation of motion is defined by
Newton-Raphson method

2.3. EBE procedure

To solve the dynamic response of structure, element-
by-element (EBE) solution techniques (Hughes et al,
1983) are applied to Eq. (2). Each term of Eq. (2) is as-
sembled by each element equilibrium equations. Then
the equation is solved by use of the conjugate gradient
method (Adeli and Soegiarso, 1999). PC cluster is ap-
plied to solve Eq. (2). In this analysis, PC cluster is com-
posed of eight personal computers and a switching hub
to connect each other. The data communication of each
computer is governed by MPI.

In conjugate gradient scheme, the solution vector
Yi+1 and the gradient vector 7, ; are represented as fol-
lows:

Vievr =Yk — AP » i1 = T — KDy, (4)
where
T T
_ Tk"k _ _ Tk+1Tk+1
A = 77— » Pk+1 =Tk + Brs1Pr » Prs1 =7 —-(5)
P Kpi T Tk

In Eq. (5), Kpy is calculated by element by element.
Therefore, these are easy to parallelize.

3. Numerical Model

Fig. 2 shows the numerical models of the R/C cooling
tower. The model is a half of R/C shell considering the
symmetry of the configuration, the loading and support-
ing conditions. Both models are divided into 32 elements
in hoop direction and into 30 elements in meridional di-
rection. The height is about 175 m. The thickness of the
shell changes 105 cm at the lintel through 20 cm at the
top. In R/C shell structure, reinforcements are doubly
placed in both hoop and meridional direction. The rein-
forcing ratio is 0.2%. On the other hand, reinforcements
are placed 2% in the columns. R/C hyperbolic shell is
supported on the 16 columns. Each column has 90 cm
square cross section and 9.17 m length. In I-column
model, the supporting columns are placed equidistance.
In V-column model, the supporting columns are placed
equidistance and the adjacent top of the columns are
connected. Each column is divided into four elements to
represent the flexural deformation of the columns. The
material properties are shown in Table 1. The geometric
properties are shown in the previous papers in detail
(Hara, 2004a; Hara, 2006).

4. Dynamic Response of Cooling Tower with Column
4.1. Deformation behavior of R/C cooling tower shell

To evaluate the basic dynamic response properties of
R/C cooling tower, the step load of 0.1g (g: gravity accel-
eration 980 cm/s?) is applied. From the numerical anal-
ysis, the natural frequencies of the shell response with I-
columns are 1.05 Hz and 2.70 Hz from the lintel and the
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top response, respectively. They show different re-
sponses. In the case of the shell without columns, the nat-
ural frequency of this model shows 3.5 Hz (Hara, 2004b).

In the case of the shell with V-columns shows the nat-
ural frequency of 2.66 Hz. The amplitudes of the dis-
placements on both lintel and the top are different. But
the natural frequencies of them are the same.
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Fig. 2. Numerical models.

Table 1. Material properties.

Concrete
Elastic Modulus 34 GPa
Poisson’s Ratio 0.167
Density 0.0023 kg/cm3
Compressive Strength 36 MPa
Tensile Strength 2.7 MPa
Reinforcing steel

Elastic Modulus 206 GPa
Tangent Modulus 2.1 GPa
Yield Stress 500 MPa

Figs. 3 and 4 show the deformation patterns of R/C
cooling tower with I-columns and V-columns, respec-
tively. The deformation of the shell with I-column repre-
sents the kink at the connection between the shell and
the columns and the shell shows the rigid body rotation.
On the other hand, the response of R/C cooling tower
with V-column deforms like as the cantilevered column.

4.2. R/C cooling tower under harmonic loading

Figs. 5 and 6 show the responses of the cooling tower
with I-columns and V-columns under the harmonic load-
ing, respectively. The dotted and the solid line denote the
response at the top and the lintel, respectively. In this
analysis, the intensity of the load is 0.1g.

Fig. 4. Deformation under step load (V-column).

Frequencies of an external harmonic load are 1.05 Hz
for the shell with I-columns and 2.66 Hz for the shell with
V-columns, respectively. Fig. 5 shows the resonance re-
sponse of the structure. In the case of I-columns, the
large deformation is detected around the conjunction
between the lintel and columns. Fig. 6 does not show the
resonance response of the structure within 3 seconds.
The cooling tower shell with V-columns shows the same
deformation mode as that shown under step loading.

4.3. Effectiveness of parallel computing

Fig. 7 shows the relation between the numbers of pro-
cessors and computing time. The calculation example is
the response of the shell with I-columns under step load-
ing. The greater the numbers of processors is, the fewer
the computation time. However, these relations are not
proportional because the computation time includes the
process of the message passing.

5. Conclusions

This paper presented the numerical analysis of R/C
cooling tower with column support under dynamic load-
ing. To apply the general finite element to solve the huge
R/C structure, the parallel computing technique is
adopted.
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From the numerical investigations, following conclu-
sions are obtained.
e R/C cooling tower with I-column supports under dy-
namic loading shows local deformation around the junc-
tion between the lintel and columns but shows small de-
formation or distortion on the shell.
e R/C cooling tower with V-column supports under dy-
namic loading shows the cantilever type global defor-
mation but the deformation is small.
e Total structural responses of the shell with support-
ing columns are different from the conventional pin-sup-
ported ideal shell (Hara, 2004b). Therefore, the precise
total analyses must be considered.
e The numerical scheme presented here will be applica-
ble to the practical one such as the earthquake response
of the structure or the response of the dynamic wind
loading considering the local deviations such as support-
ing columns and the hole on the shell surface.
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