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Abstract

Inelastic nonlinear behavior of a hyperbolic cooling tower under wind loading is studied using
a finite element program developed on a Cray Y-MP. Convergence studies for the elastic and inelas-
tic analyses are performed using three mesh models. It is shown that the mesh convergence plays
an important role in accurately predicting the inelastic behavior of a cooling tower. Even though
the cooling tower resists the applied forces through membrane stresses, it is found that the bending
stresses play an important role in the failure and behavior of the cooling tower. The present analy-
sis gives a shape factor of 1.48, which indicates a significant redistribution of meridional stresses.
It is further evidenced by the distribution of meridional reinforcement yielding which reaches up
to 30° from the windward meridian. The present practice of using elastic analysis for calculating
the design stresses appears to be at least safe and conservative. A more comprehensive study
should lead to conclusions that would allow use of a higher-than-one shape factor, thus requiring
less meridional reinforcement than the present design method does.
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1. Introduction

Hyperbolic cooling towers are shells of double
curvature that resist the applied forces primarily
through inplane membrane stresses. These shells
can be more than 150 m high and may be only
20~23 c¢m thick for most of the height. In current
design practice for hyperbolic cooling towers, ¥
stresses due to design loads from elastic analysis
are used to design reinforcement in concrete she-
lls based on pointwise limit state behavior.819 A
possible justification for the practice - elastic
analysis and pointwise limit design - can be found
from the lower bound theorem of plasticity accor-
ding to which the design load gives a lower bound
on the true ultimate when the design is perfor-
med using stresses that are in a state of equilib-
rium and do not violate an appropriate yield or
failure criterion, The linear elastic analysis indeed
provides an equilibrium state of stresses, and the
same type of design procedure is used in other
reinforced concrete structures also.” However,
the reinforced concrete is not an elastic-perfectly
plastic material as in the theorem. The validity
of the present practice has been established th-
rough many years of analysis, testing, and expe-
rience for other types of structures, such as rein-
forced concrete frames. Unlike other structures,
there is little experimental evidence, with respect
to reinforced concrete shells or hyperbolic cooling
towers. Therefore, in recent years, the ultimate
behavior of the hyperbolic cooling tower has been
studied analytically with the help of the nonlinear
finite element method 018819

The reinforcement is provided in the meridional
and the circumferential directions. In the circum-
ferential direction, the calculated elastic stresses
are relatively small and do not require much rein-
forcement, and for the most part of shell the rein-
forcement is governed by minimum reinforcement
of 0.35 percent.*¥ In the meridional direction, the
reinforcement is determined hy the meridional st-
resses along the windward meridian under the
design load combination - dead load and wind
load (0.9D+ 1.3W)." The elastic analysis shows
that the meridional tensile stresses diminish away
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from the windward meridian. In case of the beam
bending, the vielding of extreme fibers does not
mean a failure. A redistribution of stresses leads
to an ultimate load higher than the yield load.
Such a redistribution may also occur in hyperbolic
cooling towers that would allow vielding to spre-
ad beyond the windward meridian. By comparing
the ultimate wind loads obtained from the elastic
analysis and the nonlinear inelastic analysis, it has
been shown that a useful redistribution of stresses
occurs in hyperbolic cooling towers.!M*”

The same cooling tower, the one designed for
the Grand Gulf Nuclear Power Station, was stu-
died by Mang et al, "% Milford and Schnobrich™*
“ and Gupta and Maestrini®! using nonlinear fi-
nite element analysis computer programs. Gupta
and Maestrini’V have compared the results from
the three studies that vary considerably. These
variations can be attributed to the differences in
the models used by the three teams: the type
of finite element, the mesh size, the crack model,
the tension-stiffening effect, concrete compression
behavior, and the geometric nonlinearity. Gupta
and Maestrini'” reported significantly higher
shape factors (redistribution of stresses) than did
Mang et al**'” and Milford and Schnobrich.!**
Gupta and Maestrini suggested that the higher
value may be attributed to the crack direction
change feature with the related geometric matrix.
Mang et al did not inciude the crack direction
change feature, and Milford and Schnobrich inclu-
ded it without the associated geometric matrix.

The model that Gupta and Maestrini used did
not include the effect of bending on the cracking
of concrete and yielding of steel because the coo-
ling tower is expected to resist the applied forces
primarily through the membrane stresses. Howe-
ver, as we will see later in this paper, the circum-
ferential bending plays an important role in the
redistribution of meridional membrane stresses.
Therefore, in the present study, we are using a
model that accounts for the effect of bending on
the cracking of concrete and yielding of steel.

None of the three teams performed a compre-
hensive convergence study on the finite element
mesh size which may have an important effect
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on the results. Nonlinear finite element analyses
are computationally quite intensive (the Gupta-
Maestrini computer runs consumed over 30 hours
of CPU:on a mainframe IBM 3081). Performance
of several analyses using successively refined fi-
nite element meshes would be practically impossi-
ble using the conventional mainframe computers,
such as the IBM 3081. In the present study a
reinforced concrete shell finite element computer
program is developed on a Cray Y-MP supercom-
puter at the North Carolina Supercomputing Cen-
ter, North Carolina, USA. The use of the super-
computer made it possible to perform a mesh con-
vergence -study that shows a significant effect of
the mesh size on the computed response of the
cooling tower.

1.1 Geometry and loading
The copling tower designed for the Grand Gulf
Nuclear Power Station, Port Gibson, Mississippi,®
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Fig. 1. Geometry and wall profile of the Grand
Guif Cooling Tower
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is used in this study. The equation of the shell
meridian is presented by the following equation.”

R? o
a—z - F: 1 8)]
where

R is the radius of the middle surface of the
shell at an elavation z in meter,

a=36.30 m
b=86.05m, above throat, z=2z—120.0>, and
b=9598 m, below throat, z=z— 120.0<0.

The same tower has been used by other inves-
tigators like Mang et al,"*'" Milford and Schnob-
rich®® and Gupta and Maestrini®? The actual
tower suffered a tornado accident before comple-
tion and was later repaired and compieted.” Fea-
tures included in the repaired towers are not con-
sidered here. We obtained the information about
the geometry of the tower (including the thickness
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variation) and the reinforcement distribution dire-
ctly from the original design drawings® (see Fig.
1 and 2). This information is similar to that provi-
ded by the previous investigators, but is more de-
tailed. The material properties used in the present
study are similar to those for the previous studies.
(16,19.21)

The wind loading recommended in the ACI-
ASCE Committee 334 report® has been used. The
circumferential variation of the loading is based
on the coefficient given in Table 4.4.I(b) of the
report. The vertical wind pressure distribution gi-
ven in the report is identical to that specified in
the ANSI/ASCE 7-88© The table in the ACI-
ASCE report gives the wind pressure coefficients
at 13 angles along the circumference of the tower.
The values of the coefficients for the intermediate
locations are calculated by linear interpolation.
The reference wind speed Vg of 145 km/h (90
mph) for a 100-year return period has been used.
It appears that the previous investigators did not
account for the column height in calculating the
wind load and assumed that the base of the shell
is at the ground level which is not true. In con-
sultation with the people on the original design
team, it is assumed in the present study that the
base of the shell is 9m above the ground.

1.2 Method of analysis

As stated above a finite element computer prog-
ram for reinforced concrete shells is developed
on the Cray Y-MP supercomputer. The present
computer program is a comprehensively revised
version of the program developed by Akbar and
Gupta® that was used in the Gupta and Maestrini
01 study. In addition to the supercomputing vector
algorithms that were added, the present computer
program discretized the 4-node superparametric
shell elements into several concrete and steel lay-
ers to account for the effect of bending on the
cracking of concrete and vielding of steel.%*¥ As
did the original Akbar-Gupta program, the present
computer program includes the rotating crack mo-
del proposed by Gupta and Akbar.® Appropriate
selective integration schemes are used to avoid
shear locking behavior before cracking of concrete

42 and after cracking.” The original computer

program sets the transverse shear modulus paral-
lel to a crack in concrete equal to zero. This parti-
cular feature introduces numerical instability in
the solution. Further, as discussed by Min and
Gupta,” it is known™ and reasonable to assume
that the transverse shear part of the deformation
remains small relative to the bending deformation
even after the concrete cracks. Therefore, in the
present program the same unreduced transverse
shear modulus is used before and after cracking.
The present computer program also has an added
feature of the shear retention factor for inplane
shear parallel to the cracks. Even though the
shear retention factor should not have any effect
in a converged solution by definition,”” it has
been pointed out by many researchers*!® that
including the factor improves the numerical stabi-
lity of the solution process. However, in the pre-
sent study we were not experienced any nu-
merical instabilities possibly due to the computer
program in use®? includes the algorithm for the
crack change® and the solution is driven by the
displacement increment. Therefore, for the cooling
tower study presented here the factor is taken
to be zero. The variable convergence tolerance,
1%, 0.1% and 0.01% were used to see the effect
of the criterion on the ultimate behavior. As the
tolerance is getting finer the number of iteration
is increased markedly, but has little effect on the
overall bahavior of the load-deflection curves. The
convergence tolerance was taken to be 1% of the
maximum residual nodal forces at any load step.

The biaxial behavior of uncracked concrete and
the uniaxial behavior of the cracked element are
assumed to be linear elastic in compression and
in tension. Reinforcing steel is assumed as an ela-
stic-perfectly plastic material in tension and in
compression, and is treated as an equivalent unia-
xial material which can be smeared into the pro-
per place in concrete layers. The effects of large
deformation and tension-stiffening are not consi-
dered. The tension-stiffening would somewhat in-
crease the cracked concrete stiffness,"® but will
not expect to affect the calculation of the ultimate
load. The solution is driven by displacement inc-
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rement (applied at the throat of the cooling tower)
that can capture not only the ascending portion
of the load-deflection curve, but also the descen-
ding portion of the behavior, which possess better
stability when the solution reaches near the ulti-
mate. The stiffness matrix is updated at each
iteration to minimize the problems associated with
abrupt changes in stiffness properties. The finite
element program is verified by nonlinear analysis
on several example problems and by comiparison
with experimental results.?V

2. Convergence Study

2.1 Finite element model

Only one half of the cooling tower needs to
be analyzed because of the symmetry of the wind
load about the windward meridian and the axi-
symmetry of the cooling tower geometry. Three
models summarized in Table 1 are considered to
study the mesh convergence. The half-circumfere-
nce of the tower in the three models is discretized
into 12, 24 and 36 elements {each element cover-
ing 15, 7.5 and 3.75 degrees), and the height of
the tower into 12, 18 and 36 elements, respecti-
vely. Fig. 3 shows the cooling tower finite element
models, 12X12 mesh, 24X18 mesh and 36X36
mesh, respectively. In the present study and in
the study by the other investigators?’6'® the shell
is assurmhed to be hinged on a rigid foundation.
Even though the actual tower is supported on se-
veral inclined columns, this assumption is not li-
kely to change the overall behavior of the shell

2.2 Elastic analysis
To show the convergence among the three

]
i
A
@ (b) ©
Fig. 3. Finite element models for the cooling to-
wer

(a) 12X 12 mesh (b) 24X18 mesh
(c) 36X 36 mesh

mesh models, we first obtain the results from the
elastic analysis by applying wind load and dead
load separately. From the viewpoint of the present
study the meridional stresses are most significant.
Therefore, only meridional stresses from the three
models will be compared. The meridional varia-
tion of the meridional stresses due to dead and
wind loads from the three mesh models is shown
in Fig. 4(a).

The stresses in each element are calculated at
five points: at four points of the 2X2 Gaussian
quadrature, plus at one point of the 1X1 Gaussian
quadrature. For each tolumn of elements in the
present models, we can study the stress variation
along three meridians, two meridians going th-
rough the 2X2 guadrature points, and one going
through the 1X1 quadrature point. To study the
convergence, the stresses are plotted in Fig 4(a)
along a 2X2 guadrature meridian closest to the
windward meridian. For the three models, the th-
ree meridians are at 3.17°, 1.58° and 1.06°, respe-

Table 1. Parameters of the finite element models

Model 12X 12 24X18 36X 36
Number of elements in circumferential direction 12 24 36
Number of elements in meridional direction 12 18 36
Tota: number of elements 144 432 1,296
Number of nodes 169 475 1,369
Number of degrees of freedom 743 2,201 6,551
Semi-bandwidth 70 130 190
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Fig. 4. (a) Vertical distribution of the meridional st-

ress due to dead and wind loads at 3.17°,
1.58° and 1.06° from the windward meri-
dian; {b} Circumferential distribution of the
mericdional stress due to wind foad at 15.5
m, 17.7m and 18.0m from the bottom
of the shell, respectively- Elastic analysis

ctively. Since the meridional stresses caused by
the wind load are varying circumferentially, the
location of the meridian at where the highest
wind-induced stresses are inspected introduces an
additional parameter in the convergence study.
The figure shows that the meridional stresses due
to wind load along the inspection meridian in the
24X 18 mesh and the 36X36 mesh models
quite close. For the dead load, on the other hand,
both the applied forces and the stresses are axi-

dare

symmetric. Therefore, the circumferential location
of the inspection meridian does not play a role.
As such, even the 12X 12 mesh model gives meri-
dional stresses that are in good agreement with
those given by the 24X 18 and the 36> 36 mesh
models.

..64_4

Table 2. Comparison of horizontal throat displace-
ment and ultimate wind load factor obtai-
ned by elastic analysis

Horizontal throat{ Ultimate wind

load factor

displacement -elastic analysis
12X 12 mesh 6.65 cm L77 (6.6%)*
24X 18 mesh 6.81 cm 1.68 (1.2%)
36X 36 mesh 6.78 ¢m 1.66

*Ratio increased from wind load factor 1.66.

The circumferential variation of meridional st-
resses due to wind load from the three mesh mo-
dels is shown in Fig. 4(b). It is not possible to
pick up the stresses at the same height in the
three models. However, it can be observed from
Fig. 4 (a) that the variation in the meridian stres-
ses among the three heights, 155 m, 17.7m and
18.0 m, for the three models, respectively, is negli-
gible. Again, the curves for the 24X 18 mesh ma-
tch very closely with those of the 36X36 mesh.

Table 2 shows a comparison of the horizontal
throat displacement under the wind load only.
The table also shows the ultimate wind load fac-
tors (Aw) given by: Awc=(A. f-—-NPWNY, where
A is steel area. f, is vield stress of steel, N."
1s the meridional stress resultants due to dead
load, and N.* is the meridional stress resultants
due to wind load. The horizontal throat displace-
ments due to wind load are very similar from
the three models. The wind load factor is only
slightly higher for the 12X 12 and 24 X 18 meshes
than that for the 36>36 mesh. From the elastic
analysis point of view, we can conclude that the
24 <18 mesh gives stresses that are practically
converged and that the 12X 12 mesh gives results
that are acceptable.

2.3 Inelastic analysis - Multi-layer model

The bending element (“multi-layer model™) is
divided into ten concrete layers and four steel
layers. The concrete cross-section area is nat re-
duced to compensate for the presence of the rein-
forcing steel. For the inelastic analysis with the
multi-layer model we use the same models: 12X
12 mesh, 24X 18 mesh and 36X 36 mesh models.
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models

Fig. 5 shows a comparison of load-deflection cur-
ves obtained by the inelastic analysis with the
multi-layer 12X12, 24X 18 and 36X 36 mesh mo-
dels. It also shows the positions for the initial
concrete cracks and the initial reinforcement
yieldings for three models. The diamond symbol
at the end of the curve for the 36X 36 mesh model
indicates the last converged step for the model.

For the 12X12 mesh and the 24X 18 mesh mo-
dels, the analyses are stopped after the models
gained relatively large horizontal throat displace-
ments without an apparent failure. The slope of
load-deflection curves toward the end is quite
small as compared to the slope at the early stages
of the loading. That means the shell may continue
to deform without resisting much more load.
Thus, the cooling tower must be close to failure.
Further, the present model does not consider the
effect of large deformations. Therefore, it is con-
sidered prudent to not go beyond the present 2.
7~3 m (9~10 ft) throat displacement. The 36X 36
mesh model reaches the ultimate wind load factor
246 with the horizontal throat displacement 1.98
m (6.5 ft). We should use the 36X 36 mesh model
to evaluate the ultimate load. We may use the
24X 18 mesh model for an approximate analysis.
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3. Behavior of cooling tower

3.1 Crack and yield patterns

Fig. 6 and 7 give the progressive development

of cracks on the inside surface and the outside
surface concrete layers, respectively. In Figures
8 and 9, the progressive yield patterns on the
outer and the inner circumferential reinforcement
layers are shown, respectively, and Fig. 10 and
11 give the yield patterns on the wmr and the
inner meridional re‘mﬂ»memem layers, respecti-
vely.
The cracks formed in the elements close to the
windward meridian arg relatively herizontal, and
in those away from the windward’ meridian, the
cracks become progressively inclined (about 45°
with respect to meridional direction). Slightly inc-
lined cracks in the windward row of elements are
necessary for transferring shear from the wind-
ward meridian direction to the circumferential di-
rection. The cracks in this area (at circumferential
angles less than 45° and below the throat of the
shell) are mainly membrane through: cracks. Bey-
ond the 45° circumferential anglé and above the
throat of the shell, on the other hand, the cracks
are formed mainly due to the bending deforma-
tions. We can observe a practically horizontal se-
ries of cracks in the 17th strip of elements in
the crack patterns for the 36X 36 mesh model (at
1.98 m throat displacement). These horizontal cra-
cks lead to the nonconvergende in this model.
These cracks cause a loss of capahi}iff in the shell
to redistribute the meridional stresses in the cir-
cumferential direction.

The yield patterns indicate also a similar com-
bination of membrane and bending deformations
in the cooling tower. For the two circumferential
reinforcement layers, the different yield regions
indicate that the shell primarily deforms in ben-
ding in the circumferential direction, On the other
hand, for the meridional reinforcement layers in
Figures 10 and 11, the yield regions are very si-
milar, which indicates that the meridional defor-
mation is predominately membrane. In two meri-
dional reinforcement layers, the yielding zones are
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formed in horizontal strips. The formation of strip-
like yielding zones is attributed to the uneven
design reinforcement quantity.?” The failure mode
for the hyperbolic cooling tower under the wind
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Fig. 8. Yield patterns on the outer circumferential
reinforcement layer at throat displacement
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1.98 m

loading can be viewed as a membrane meridional
failure precipitated by the loss of circumferential
bending capacity.

4. Comparison with other results

There are four sets of analyses for the same
Grand Gulf Cooling Tower: Mang et al,'é'” Mil-
ford and Schnobrich,"*?® Gupta and Maestrini,
and the present study. As discussed earlier, the
ultimate load reported by Gupta and Maestrini
is based on a numerical instability which is not
related to the actual failure mode. Therefore, their
results are not compared here. There is a small
variation in the cracking strength of concrete used
in each study, 32.5 kg/cm® in Mang et al and the
present study and 306 kg/cm’ in Milford and
Schnobrich. This minor difference in the cracking
strength is not likely to affect the results noticea-
bly.

The ultimate wind load factor predicted by the
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Table 3. Comparison of the shape factors from various nonlinear analyses for Grand Gulf Cooling To-

wer
Variables
Geometric Tension Concrete cracking | Crack direction Shape
nonlinerity stiffening strength change factor
X X Full 1.0
Mang et al.Us1” X Full 0.95
X Full 117
X 20% Full X* 1.38
Miiford & 20% Full | X~ 145
Schnobrich®%# X 5% Full X* 115
X 10% Half X 0.89
Present study Full j X 148

+ A geometric matrix is not included.

elastic analysis performed by the three teams is ted to various computational and material factors.
1.66, 1.52 and 1.66 for Mang et al, Milford-Schno- As discussed earlier, for the present study, we
brich and the present study, respectively. There adopt the original design data from Zurn Indust-
are differences in the three sets of analys is rela- ries,™ which is slightly different from that used
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by others. We also consider the height of the sup-
porting columns to calculate the wind load.

As introduced by Gupta and Maestrini/'V we
are also going to use the ‘shape factor’ for the
purpose of comparison. The shape factor is the
ratio of the ultimate wind load given by a nonli-
near analysis and thal obtained from an elastic
analysis. A shape factor of unity means that there
is no useful redistribution of meridional stresses.
The shape factors from the three sets of analyses
along with various variables are summarized in
Table 3. Gupta and Akbar® have shown that the
absence of the crack direction change feature can
result in underestimating the ultimate load even
in an element. Mang et al’®'” do not include this
feature. Milford and Schnobrich™*" on the other
hand, include the feature, but do not include a
geometric matrix® which is needed to ‘drive’ the
crack direction change beyond reinforcement
vielding.

The displacement increment drive used in the

— 68 —

present study gives a computational algorithm that
is much more stable than does the load increment
drive because the displacement increment drive
can predict not only the load-deflection curves
with positive slopes but also those with negative
slopes. Mang et al and Milford and Schnobrich
appear to use the monotonic load increment drive
for their algorithmn, which is more susceptible to
numerical instabilities when the analysis approa-
ches the ultimate load. Therefore, they may unde-
restimate the ultimate loads.

The results reported by Mang et al and Mil-
ford-Schnobrich have included and excluded the
effect of tension-stiffening and the geometric non-
linearity. The present study does not include the
effects of tension-stiffening and large deforma-
tions. Mang et al seemed to have a relatively weak
tension-stiffening effect. This may be the reason
why the ultimate strength is reduced by only 5%
when they remove the tension-stiffening. On the
other hand, Milford and Schnobrich found that
the tension-stiffening has a more pronounced ef-
fect. When they reduced the tension-stiffening fa-
ctor from 20% to 5%, the ultimate strength is re-
duced by 17%. Both Mang et al and Milford-Sch-
nobrich found some effect of geometric nonlinea-
rity. Milford and Schnobrich reported 5% of dec-
rease in the ultimate load when the geometric
nonlinearity is included. Mang et al have a greater
decrease of 15%. It appears that Mang et al per-
formed a limited mesh convergence study (only
for elastic analysis) and that Milford and Schnob-
rich did not perform any. As is apparent from
the present study, the mesh convergence plays
an important role in accurately predicting the ine-
lastic behavior of a cooling tower.

We believe that the other teams found the ten-
sion-stiffening and the concrete cracking strength
to be relatively important parameters in the beha-
vior and the ultimate strength of the tower be-
cause of the absence of the crack direction change
feature or of the related geometric matrix. As
shown by Min and Gupta,*" the reduced cracking
strength changes the stiffness of the tower in the
initial stage of the loading, but has practically no
effect on the ultimate strength. Similarly, we be-
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lieve that adding tension-stiffening would some-
what increase the cracked concrete stiffness, but
will not increase the ultimate strength. On the
other hand, the reduction in the ultimate strength
due to geometric nonlinearity observed by the two
teams in the range of 5~15% appears to be rea-
sonable. As stated earlier, the present study does
not include the effect of the geometric nonlinea-
rity; therefore, our shape factor should be approp-
riately reduced to account for the particular effect.

5. Conclusions

The ultimate behavior of the Grand Gulf Coo-
ling Tower under wind loading has been exami-
ned by inelastic finite element analysis consisting
of a 4-node superparametric membrane-bending
shell element. It is found that the failure of coo-
ling tower occurs by the yielding of meridional
reinforcement when the meridional stresses can
no longer redistribute because of the yielding of
circumferential reinforcement in bending. Even
though a cooling tower resists the applied forces
primarily through membrane stresses, the failure
is a mixed membrane and bending one.

Elastic and inelastic analyses are performed to
study mesh convergence using three progressively
refined models, 12X 12, 24X 18 and 36X 36. The
elastic analysis shows that the 24X 18 mesh model
gives results that are quite close to those from
the 36X 36 mesh model, and that the results from
the 1212 mesh model are acceptable. In the ine-
lastic analysis, only the 36X 36 mesh medel is able
to predict the failure. Although the 24X18 mesh
model does not predict the failure, the load-deflec-
tion curve from the model is quite close to that
from the 36X36mesh model. The 12X12 mesh
model generally exhibits a behavior similar to that
exhibited by the two refined models. However,
the 12X 12 mesh model is relatively stiff and does
not predict the failure.

The inelastic analysis predicts an ultimate wind
load factor of 2.46 for a multi-layer 36X36 mesh
model. In terms of shape factor, the present analy-
sis gives a shape factor of 148, which indicates
a significant redistribution of meridional stresses.
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When we compare the results obtained by Mang
et al"® Milford and Schnobrich,”” and in the pre-
sent study, our shape factor of 1.48 is higher than
those given by the other teams. There are various
factors to explain to why the present study gives
a higher shape factor. As we show in the present
study, the mesh convergence plays an important
role in accurately predicting the inelastic behavior
of a cooling tower. It appears that the other teams
did not perform any or performed a limited mesh
convergence study. The other teams did not inc-
lude the crack direction change feature or the re-
lated geometric matrix and also used the monoto-
nic force increment drive. Both may result in un-
derestimating the ultimate.load: Both Mang et al
and Milford and Schnobrich found some effect of
geometric nonlinearity in the range of 5-15% re-
duction when they included the effect. The pre-
sent study does not include the effect of the geo-
metric nonlinearity. Therefore, our shape factor
should be appropriatelyv reduced to account for
this effect.

The present inelastic analyses show that the
results obtained from the elastic analysis are con-
servative and safe because the elastic = analysis
cannot account for the redistribution of strésses
circumferentially that we see in the inelastic
analysis. We may not be able to reduce the rein-
forcement in the direct proportion of the 1.48
shape factor. However, we can make the design
more realistic by making use of the information
obtained from an analysis of the type used in the
present study. As supercomputers -are becoming
widely available, and as the cost of performing
nonlinear analysis is coming down, it may be
economically practical to perform an analysis of
the type used in the present study in the actual
design stage of a tower.
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