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SYNGOPSI

w

In the past ten years the wuse of natural~draft cooling
towers in Europe and North America has increased. These
hyperboloids of revolution have incdreased in size from 115 ftr.
(35 m) in 1914 to 495 ft. (151 m) in 1979 with 656 ft. (200 m)
contemplated for the near future.

Following the catastrophic collapse of three of the eight
towers in Ferrybridge, England, in 1965 (5), an intensified
research was initiated to understand the behavior of this type
of shell and to find answers to these spectacular structural
fatlures. Further 1interest and need for mwore and better
understanding of the structural begavior of hyperbolic
natural-draft cooling towers became urgent after the failure of
the cooling tower in 1973 at Ardeer, Scotland, some eight years
after construction. This structural tragedy at Ardeer inspired
research in the effects of geometry imperfections in cooling
towers especially. Most of the experimental work has beea on
small elastic models and very little information is available
on the results of physical testing of concrete models.
Consequently, there appears to be a gap between theoretical and
true behavior of these giant concrete structures.

The work described herein, is on the testing procedure,
behavior, and effects of imperfections on the response of a
reinforced concrete cooling tower model sub jected to

axisymmetric loading (vacuum).
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The shell is nominally 0.5 in. (13 mm) thick, 12 ft. (3.65
m) high, and 9.33 ft. (2.84 m), 6 ft. (1.82 m), and 6.45 ft.

(1.96 m) in diameter at the base,throat,and top,respectively.



CHAPTER I

INTRODUCTION

Hyperbolic, natural-draft cooling towers are probably the
largest reinforced concrete thin-shell structures being built
today. Because of the growing need for electric power ia the
industrialized societies, the use of taller and larger cooling
towers with higher c¢ooling capacities has become <continually
necessary to dissipate large quantities of heat 1in power
stations. Since 1914 the size of <these towers has 1increased
from 115 ft. (35 m) to 495 ft. (15!l m) in 1979 and towers as
high as 656 ft. (200 m) are being considered for the near
future.

The basic reason for wusing the hyperbolic shape for
cooling towers 1is that it is highly efficient in producing a
natural draft of air compared +to the <cylindrical or <conical
shapes. Besides, the hyperbolic shape provides much greater
structural streangth due to the double curvature of the shell.

The principal fuunction of a cooling tower 1is to cool and
reuse large qu#ntities of water., The general operational system
can be summarized as followes: hot water is pumped to a certain
height and then through a piping system it reaches nozzels
which splash it over a system called filling or stacking. the
function of the filling or stacking is to scatter the water
into films or droplets which will provide a larger surface area
for the <cooling air and hot water to contact. The air, which

enters into the base o©of the tower, 1is forced upward Dby
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atmospheric pressure difference or the so-called chimney
effect. The rising air passes through the droplets or films of
hot water and cools them by evaporation and convection. The
cooled water is then collected in a pond at the bottom of the
tower and is ready to be returned into the condenser system for
use.

Even though natural-draft «cooling towers consist of
several structural units, the shell part {(hyperboloid of
revolution) remains in the center of attention and demands most
of the work and analysis in design and construction.

As a result, and due to collapse of three cooling towers
at Ferrybridge, England, and one at Ardeer, Scotland,
researchers have become more concerned about the true behavior
of these giant reinforced concrete structures. Unfortunately,
most of the work is analytical and very few buckling
experiments have been carried out on concrete or micro-concrete
models subject to axisymmetric or asymmetric locads. Even the
experimental results available are mostly for metal or plastic
models.

The experiment reported here is on a simple, non-offset,
and repaired micro-concrete hyperboloid of revolution. The
goals of this study are to obtain some experimental evidance on
the ©buckling behavior of this type of concrete shell and the
effects of geometry imperfections wuander axisymmetric pressure

(vacuum).,



CHAPTER 11

REVIEW OF LITERATURE

Although hyperbolic natural-draft cooling towers are
probably the largest reianforced thin-shell structures being
built today, there has been very little <experimental research
on the behavior and stability of this type of shell (2).
Perhaps, the most extensive experimental study of model <cooling
towers has been carried out by Der and Fidler (13). Their
electroformed copper and PVC (Polyvinyl Chloride) models were
subjected to  wind loading in a compressed air tumnel. All the
models failed by a snap-through of the  wupper rim with little
noticeable progressive deflection prior to buckling.

In Reference 4, Billington and Harris review tests used ¢to
investigate the buckling of roof shells and shell walls. They
categorize hyperbolic cooling towers as shell walls where the
primary loads causing buckling are horizontal and transient
(wind or seismic).

Even though, wind loadings are the @goveruning design
criteria for Thyperboliec natural-draft <c¢ooling towers, there
seems to be a lack of experimental evidence regarding the
stability of concrete shells for this type of loadings. Most of
the pertinent tests of this mnature have been conducted on
plastic or metal models (13). Nevertheless, Abel and Gould in
their ©paper (2) identify three methods for the stability

analysis of large concrete hyperboloids subject to wind



loadings based on axisymmetry (15,29). In References 14 and 15,
Ewing gives a complete analytical treatment of cooling tower
stability. He uses a linearized theory to analyze hyperboloids
of constant thickness without stiffening rings or flexible
supports both under axisymmetric pressures and non-axisymmetric
wind loads. His conclusion is that the theoretical axisymmetric
buckling pressures are smaller thén the peak wind pressure
associated with bifurcation of the same hyperboloid. Langhaar
and Miller (22) also reached the same conclusion for fixed-free
cylinders subjected to both axisymmetric and asymmetric radial
pressures.

Veronda and Weingarten (33) have written computer programs
for linear buckling and linear and nonlinear prebuckling
analysis of Thyperboloidal shells wusing the finite element
method. Cole, Abel, and Billington (7,8) have also developed a
finite-element computer program to study the problems
encountered in design when cosidering stability. In Reference 8
the authors describe in their work those parameters which are
characteristic of actual <cooling towers Lto estimate the
bifurcation buckling loads.

However, it should be mentioned that neither of the three
methods given in Reference 2 has been accepted or wused
universally by designers and researchers who differ on such
matters as local buckling wversus global stability treatment,
bifurcation analyses versus limit-point analyes, reduced shell
theories versus full shell theories, and axisymmetric analyses

versus non-axisymmetric analyses.
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Be that as it may, Abel and Gould (2) say that for routine
design purposes bifurcation <calculatieons with approximate
methods based on axisymmetry can supply reasonable =estimates
for buckling pressure of hyperboloids subject to wind loading.

In two vrecent studies (19,23), a reinforced <concrete
cooling tower built in Port Gibson, Miss., USA subjected to
wind loading 1s investigated in detail. The 1investigators
believe that failure of a reinforced concrete cooling tower
would not be initiated by buckling but rather by rapid
propagation of cracks in the tensile zone followed by temporary

.
stiffening and, finally, by yielding of the reinforcement. For
that matter, the tensile strength of concrete is considered to
be of critical importance in the safety of the shell against
collapse. In Reference 23, Mang, et al., conclude that results
based on an equivalent axisymmetric pressure are on the unsafe
side of «corresponding results for the actual wind load. It is
also believed in both studies that linear-elastic
non-axisymmetric ‘analysis is an appropriate tool for the design
of cooling towers subject to wind loads.

Since the collapse of the 350 ft. high Ardeer <cooling
tower in Scotland, more research and study has been conducted
in order to gailn better knowledge of the effects of
imperfections in the geometry of reinforced concrete cooling
towers.

In Reference 11, Croll, Kaleli, and Kemp analyze a cooling

tower model with axisymmetric geometry imperfections

represented as a series of piecewise —continuous second-order
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rotationally symmetric shells of the same general form as that
of the perfect shell. Their analysis yields hoop forces due to
imperfections and meridional bending moments. This analysis 1is
based on the assumption that flexural failure due to the
imperfection generated meridional moments will not precipitate
collapse, but that the shell has sufficient ductility to emnable
a redistribution from bending to membrane action to occur. It
is also stated that variations 1in the elevation of the
imperfection are found to have a significant influence on the
stress changes. :

Croll and Kemp have two approaches to examine changes in
hoop tensions that occur 1in an axisymmetric meridionally
imperfect shell. The first approach (10) is the same as that
given 1in Reference 1l and a finite difference discretisation is
used to solve the appropriate equations for shell ‘bending. In
the second approach (12, however, a normal pressure
distribution is chosen to simulate the geometric imperfection
so that it is statically equivalent to the out-of-balance
forces that would be present when it 1is considered that the
membrane stresses of the perfect shell act on the geometrically
imperfect shell.

Mungan (26) tested several shell models made of a <cold
epoxy vresin and hardner to determine the primary buckling
stresses of nearly perfect hyperboloidal-type shells and he
concluded that buckling depends primarily on the local

imperfections, wall thickness, and the stress state acting in



the model. He also reached the <conclusion that buckling is
always 1initiated at a point with an imperfection resulting from
a readuced thickness. Mungan in a later study (25) shows that
the buckling behavior of shells can be improved by ‘placing
stiffening rings in the models.

In a recent paper (24) Mungan states that model tests
showed that buckling always Dbegan locally. According to him
cooling tower shells buckle locally in presence of even slight
imperfections and the influence of 1initial imperfections 1is
more than the influence of boundary <conditions on local
buckling. He emphasizes that in the buckling design of
reinforced concrete cooling tower shells local buckling has ¢to
be prevented everywhere within a certain safety margin in order
to fulfill global or overall stability of the shell. This 1s
the idea behind what he calls the Buckling Stress States (BSS)
approach developed by him,

The ©preceding approach, which is recommended by the
International Association for Shell and Spatial Structures
(IASS), is critisized by Abel, et al. (1). They question the
applicabiltity of the approach to actual cooling tower design
and list three problems associated with it: (1) factoring of
boundary-condition sensitivity into the approach in an
uncertain way; {(2) lacking a way ¢to include the 1important
influence of concrete cracking; and (3) applying a safety
factor of five to both wind and dead load and in turnm creating

an unrealistic stress condition.
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Gupta and Al-Dabbagh have also studied the effects of
ﬁeridional imperfections in cooling towers. In Reference 3 they
asgume that the meridional shape of imperfection is a
combination of two straight lines. Later Gupta, et al. (18)
assumed a general shape which would have the straight line or
circular configuration as two extremes.

Furthermore, they state that: (a) hoop stresses are
increased as a result of imperfections; (b) meridional moment
plays an important role in the safety of the tower; and (c)
imperfection stresses should be <considered in the design of
cooling towers.

On the other hand, there are those who believe that shells
of negative Gaussian curvature, hyperboloids of revolution,
under axisymmetric loadings are not significantly sensitive to
geometric imperfectiomns (21,33).

In Reference 6, the results of the first test of the shell
under consideratiom here are discussed. The failure is reported
to be similar to that of a spherical concrete shell. The author
states that this type of failure has never been reported for
hyperbolic shells before. The geometry and thickness
imperfections are considered to have produced additional
stresses and momen;s. The author also states that the structure
responded unsymmetrically and the failure mode was initiated by
some mechanism other than by exceeding material limits.

Yet there is no <eclear and Ffull wunderstanding of the

behavior of <cooling towers in the real world. Consequently,
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more research and effort should be directed in this area
considering the effects o0f such factors as the true shell
geometry, realistic support conditions, gravity and thermal

loadings, orthotropic materials, and wvariations of wind

pressure,
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CHAPTER IIL

SHELL TEST ARRANGEMENTS

The shell wunder <consideration here has been designed,
erected, and tested once previously. The model 1is 12 ft. (3.85
m) high with throat radius of 36 in. (0.91 m),base radius of 356
in. (l1.42 m),and nominal thickness of 0.5 in. (13 mm). The
uniform thickness of 0.5 in. was not however accomplished very
accurately during <constructionm and wvarious thicknesses were
recorded which will be 1looked at later. Fig. 1 shows the
geometry of the shell in more detail.

In References 6,16,30, a complete, detailed, and pictorial
descriptiaon of design and construction of support facilities,
assembling of reinforcing wires, form work, model materials,
and comnstruction sequence of the shell modell is given. The
results of the first buckling ¢test are also discussed 1in
Reference 6,

The hole which occured in the shell as a result of the
first experimental test (6) was patched up and later strain
gages were mounted on the inside and outside of this patched
region. The properties of the patching mix and reinforcing
steel are given in Table 1. Table 2 displays the results of the

cylinder tests.

STRAIN AND DISPLACEMENT INSTRUMENTATION

Temperature compensated electrical resistance foil strain
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gages were used., These were two element rectangular rosettes
with a gage length of 0.125 in. (3.18 mm). The gages were
positioned to be parallel to the circumferential direction
(even-numbered gages) and meridional direction {(odd-numbered
gages).

Dial gages mounted on a portable beam (6),which could be
moved ¢to various circumfereantial locations, were used to record
deflection measurements. These had a least reading of 0.001 1in.
(0.0254 mm) and travel of 2 in. (50 mm).

Locations for strain, defléction, geometry, and thickness
measurements are shown 1in Fig. 2 and 3. More information on

. these items can be found in References 6, 16, and 17.

LOADING EQUIPMENT AND TESTING PROCEDURE

The loading equipment =essentially consisted of a high
vacuum, high capacity pump and three or four lower capacity
accessory pumps; lines and fittings; and a mercury manometer.
The high capacity pump had a shut off valve which permitted a
co;stant prassure (vacuum) to be maintained.

The testing procedure was:

1. Initialize strain and dial gage data;

2. Apply load to desired level and maintain;

3. Record strain data and dial data;

4. Repeat steps 2 and 3 until the final load level;

5. Move the portable beam to the next location and repeat

steps l-4.
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The main difficulty encountered during testing was the
leakage of air from the top and bottom cover plates. Hence,
more bracing was fastened to the plates to decrease their
movement due to suction. The joints and connections were also
sealed ;ith different commercial <c¢ompounds (silicon rubber,
liquid nail, resin) where silicon rubber proved the most

efficient and air-tight.
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CHAPTER 1V

TEST RESULTS AND ANALYSIS

SHELL GEOMETRY

After the first testing of the shell (6), measurements of
deviation from ideal geometry were taken at 132 locations. The
deviation values shown in Table 3 represent the differences
from the 1ideal shell horizontal radius to the outer surface at
the locations indicated in Figs. 2 and 3.

It is attemted here to 1improve thé deviation data by
considering the actual thickness values given in Reference 6
and shown in Table 4. Sample calculations are given in Appendix
C for two throat locations with geometrical description shown
in Fig. 4. Table 5 gives the complete list of the improved data
of deviation from ideal mid-surface geometry with the maximum
deviations in the radii being +3.2%, -2.7%.

The percent deviation 1in a vertical distance along a
meridian expressed as the.slcpe S is found from:

s = (2A/H)100

where

JAN =Arij- /2 (Drg g o+

VT )
H = gage length of 24 in. (60.96 cm)

= center line radial deviation at the center of the

r:;
1]
vertical gage length

A

r. .,é&r. . = center line radial deviation at
i=-1,] i+l, ]

the ends of the vertical gage length



16

i = gage number from 1-11

j = line number from A-L, i.e., from 1-12
The maximum wvalues of S for each vertical line are also
presented in Table 5. The overall maximum values of § are about
+ 2.652;

The data in Table 5 is used to plot circumferential
deviation profiles from ideal shell middle surface geometry at
all eleven dial gage locations, Figs. 5-15. These display the
out-of-roundness of the shell. Notice that they generally
follow the same oval pattern.

Hence, the geometry of the model shell is not as accurate
as encountered in practice today. Notwithstanding, as
geometrical scale becomes smaller (a scale factor of 30 for
this model), the <chance of achieving corresponding tolerances

becomes smaller too,i1f the model is to represent the prototype.

SHELL THICKNESS

As mentioned previously the shell wvariad widely in
thickness particularly in the first 1ift (locations of the
three lifts are shown in Fig. 2). The reason for this included
lack of experience and difficulties encountered during casting
of the shell,e.g., form bulging and seperation, etc. (6).

In order to have a better picture of the thickness
variation, a thickness conto;r map of the shell is shown in

Fig. 16 with contour intervals of 0.1 in. (2.54 mm). It can be

seen from the map that lift one shows great thickness variation
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while 1ifts 2 and 3 show less variation and better uniformity.
The percent deviation from mean values of thickness at each
elevation for lifts 2 and 3 are given in Table 6. It 1is
observed that the largest deviations from the mean are +82% and
-60%. Corresponding deviations for Mungan's large plastic
models (26) are +26% and =-22% as given in Table 7. Thickness
deviations on a concrete model of a cylindrical shell reported
by Harris, et al. (28) are +46%, =-24%.

Geometry and thickness imperfections produce additional

forces and moments which will be discussed later.

STRUCTURAL RESPONSE AND FAILURE

After a loang aand cumbersome buckling test the shell
finally failed at a pressure (vacuum) of 3.7 Psi (25.53 KPa).
This is about 20% greater than the pressure of 3.1 Psi (21.4
KPa) that caused failure in the first test (6). The load that
commenced failure is slightly more than half that predicted
using the method of Reference 17. The method of Reference 20
using a grid analogy and considering linear wmaterial response
gave a buckling load of 3.2 Psi (22 KPa).

Strain versus load curves up to the failure load of 3.7
Psi (25.53 KPa) are presented 1in Figs. 17-24. The overall
response 1s linear and no indication of buckling 1is observed.
Fig. 24 shows the <curves for the patched region which is the
failure region of the first test. These plots do not show any
sudden jump of ¢the strain and are generally linear up to the

failure pressure. Also shown in the figures are the theoretical
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curves based on membrane theory amended by meridional
imperfection. These are plotted usiang the following equations:

Eg = (Ng -n Ny )/t B

Eﬁ = (Nﬁ} - NS )/t EC

where

Poisson's ratio, p,and Young's modulus of concrete,
E,, are 0.16 and 3.62 x 106 Psi (24.9 GPa), respectively
(6).

In calculating the membrane forces Nﬁ and Na it

was assumed that the shell carried 5/9 of the load from the top
plate (l6). In addition the method given by Gupta and
Al-Dabbagh (18) was followed in order to include the effects of
measured surface geometry imperfections which caused additional
hoop force and meridienal bending moment. This process is
demonstrated in Appendix C through sample «calculations at the
throat on vertical line H.

The load-strain curves show good agresement between average
(membrane) values and theoretical values. For example, at 4 ft.
(1.22 m) below the throat, Fig. 22, the deviation between the
average and theoretical curves becomes very small while at the
base, Fig. 25, this deviation 1is almost zero.

Evidently the structural failure did ot iniﬁiate by
exceeding material limits ©because the maximum negative strain

6

recorded --169 x 10 in./in.,Fig. 21-- 1is equivalent to a

concrete compressive stress of about 690 Psi (4.76 MPa).
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Values of the experimental forces and bending moments at

the locations of the strain gages,including the patched reéion,
are given in Table 8 for the failure load of 3.7 Psi (25.53
KPa). The equations and sample calculations for computing these
forces and moments are presented in Appendix C. From Table 8 it
can be observed that,

1. The patched region does not have the largest forces and
moments .

2. The forces at the three throat locations (90 degree
apart circumferentialy) are not equal; hence the
structural response is unsymmetrical.

3. At all locations except that just below the top ring
N@ predominates.

4. At the base and top of the shell Me and MQ
are significant, respectively. |

Figure 25 displays the experimental and theoretical plots

for the compressive suppert <column loads. The curves are
plotted from the equations:

Experimental, P = 1/2 (E; + Ec )Es A
1 2

Theoretical , P = 4/9T[r2q

In which,

€. and ¢ are the recorded strains faz the
1 2
column; ]
o 6 ;
E is the modulus of elasticity of steel, 29 x 10 Psi

8

(200 GPa);
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A 1s the cross sectional area of the column given in Table

1

r is the radius of the top plate;

In plotting the theoretical «curve it was assumed that the
column carried 4/9 of the top cover load (16).

Deflection profiles along the twelve meridional lines,A-L,
are displayed in Figs. 26-34. Local perturbations can be
noticed on lines B, E, and L which might suggest development of
cracks or failure on or close to these lines. However, neither
cracks nor failure occured at these locations. The failure
location of the first buckling test (patched region) appears to
act as an inflection point because line G has outward
displacement while 1line H moved inward. Deflection 1in the
region of the hole seems to be the: largest along 1line J. Also
the direction of of the deflection curve is the same as the
failure - inward. The two deflection profiles for line F
--Figs. 28 and 29-- are for loads of 2.8 Psi (19.3 KPa) and 3.7
Psi (25.53 KPa), respectively. Notice that Fig. 29 is ©plotted
up to the failure pressure of 3.7 Psi. Although the data for
the two plots were taken at different times the resemblance 1is
very good.

The circumferential plots of the displacements for all
elev;n dial gage locations are presented in Figs. 35-45 for a
load of 2.8 Psi (19.3 KPa). This same oval pattern was obtained
for wvirtually all of the load stages. This deflectioan pattern

is not associated with buckling but is probably caused by the
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shell imperfections, particularly the o;t-of—roundness. It 1is
interesting and worthwhile to mention that these
circumferential deflection profiles essentially have the same
pattern as the geometry deviation profiles, Figs. 5-15.

It was desired to find a function of 8 (circumferential
angle from 0-2 ) expressed as a series that would fit the
circumferential deviation plots and pass through all twelve
data points,i.e., A-L. For that matter a number of different

functions were tried as given below

N .
e = A, Boa{nef8]) sesesevspusemsvsmsmsnrpas (1)
N
e= A cos(ne) 4 B % @ ® & 5 5 8 & B " 8 & & §F & & & s 8 & 8 9 & & @ (2)
N
e = [ A cos{nB) + Bn sin(n8)] ...... (3)
h=°
where
e = theoretical circumferential deviation ( + inward)
An’ B = coefficients in the series

The first two functions did not give any acceptable results;
however, the third function with N=6 fitted the deviation plots
perfectly and passed through all twelve data points. A computer
program with least square method was used to evaluate the
coefficients An and Bn. Using this series the deviations
were calculated at the throat, 4 ft. (1.22 m) below the throat,
and 7 ft. (2.13 m) below the throat at ten degree intervals

with plots shown in Figs. 8, 12, and 15, respectively. the

values of the coefficients for these locations are presented in
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Table 9.

Now the question in mind is: would the deflectian function
found wusing the given series for circumferential deviation as a
basis fit the experimental deflection curves? To find that out,
first, the deflection function is derived as follows:

From Reference 31 the differential equation for the deflection
curve for a thin bar with circular center line is

dzw/ds2 b W T = mMIET et (&)
where w is the radial deflection ( + inward)
and ds2 = r2d82
Hence

dlw/de? + w = P PUL mimssesiweninLELan LB
The moment is given by

wogrh (8 4 W) ssrevepcneniminimsnsesamavinswanswarn KBJ
Neglect w in equations 5 and 6 by assuming that at low loads it
is small compared to the imperfection, e, and has secondary

effects.

Therefore,

au/de? = -ur?/EI
and M = grhe
where
g = uniform external pressure (vacuum)
r = radius of the ring
h = width of the ring

&
€= :E:[ An cos(n®) + Bn sin(n8e)]

h=zo
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or
1
e = A+ hZ[ A  cos(a8) + B_ sin(ne)]
= |
2 2 £
d°w/de“= -KAO -KﬂZ[Arl cos(n8) + Bn sin(nd)]
=|

K = qroh/EL

&
dw/de = -KAOG -Ké;;l/n [An sin{n®) =~ Bn cos{nB)] + C

1

1
2
w = -1/2 KA_O + K§::1iu2 (A cos(n@) + B_ sian(ne)] +

Nn=|
€18 + Cy

From the boundary condition w(8=0) = w(8=2T7)

C,= KTa
o

1

The relationship between radial displacement (w) and tangential
displacement (v) is given by (27)
dv,de"w=0.|--|-o---. ----- I T T T S S R S R T S (7)

Therefore,

3

'3
v =-1/6 KAOG +K§z:l/n IAn sin(n8) - Bn cos{n6)] +

2
19 + C28 + C3

and v(e=0) = v(8=2T)

{72 €

Hence

2
C2= -1/3 KT Ao

w = qr h/BI{(-1/3 T2 +Te - 1/2 e¥)a_ +

"
zz:l/nz [An cos(nB) + By sin(ne)])

The above deflection function is plotted at the throat, 4
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ft. (1.22 m) below the throat, and 7 ft. (2.13 m) below the
throat as shown in Figs. 38, 42, and 45, respectively. Notice
that the theoretical deflection plots do not £it the
experimental curves very well and show almost kind of a
circular deflection pattern.

The shell failed explosively at a vacuum pressure of 3.7
Psi (25.53 KPa) 1in a similar manper to the first test (6) but
at a differeat location. The failure region is shown in Figs.
46 - 49. Figs. 48 and 49 present drawings of the hole when
viewed from outside and inside the shell, respectively. The
hole is kind of oval in shape with its long axis in the
circumferential direction and centered on line J, 12.5 in.
(31.75 cm) above the base. Unlike the failure region of the
first test there were a good number of c¢racks surrouanding the
hole. Fig. 49 displays a vertical crack which propagated into
lift 2. The wire reiaforcing, which had some concrete attached
to, was basicly bent with one broken wire. Hence the wires
provided much more support in restraining the <concrete as
opposed to the first test where the wires provided almost no
support and remained essentially straight.

Although this type of failure was wunexpected one should
have foreseen the occurance of 1local buckling due to the
presence of imperfections and absence of deformation control
(24).

In Reference 6 it is stated that in the first test the
shell failed in a manner quite similar to unreinforced concrate

spherical caps. The writer beleives that this is not quite true
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for the secoand test. First, the failed region is not quite like
‘those shown in References 6 and 32. Secondly, the reinfo;cement
provided support in retaining the concrete which resulted in
the failed area being about double in size that of the first
test.

The shell was analyzed at the 1location of 'the hole to
determine a critical ©pressure associated with possible local
buckling using Mungan's Buckling Strass State approach with

modifiaed equations presented in Reference L7. These ara

J. O o o7
° Oy 4 0.20 ((—2y2, (20,2

0.80 ( + = ]
Cﬂa Cﬂb fjé Cﬂb
in which ° ° ° °
O’Q s = Na /e 5 O'B = - Na /e
Cp = % B¢ » Og = Q4 Eg
a )
and the geometry buckliig paramaters Q8 ; Q@ are
given by
Qe) Kee o
. ! (e/a)?3
2,3/4 -
Qg (1-p%) Keo 7o
where KGS’ KG@’ Fe, and Fg are buckling

coefficients which depend on the geometry, boundary conditioas,
and imperfections of the shell considered. The 1iastantaneous
tangent modulus, ET' is given by one of the two ET values

associated with strain 1a the <circumferential or 1in the

meridional direction. For the linear results ET is raplaced

by Eg, Young's modulus of concrete.
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The results of these calculations are presented in Table
10 in which one would notice that buckling pressure associated
with the meridional direction strain is more critical but only
by a slight percentage. For the first_ test the calculated
critical pressure was minimum at the 1location of ¢the hole.
However, a comparison between these results and those of Table
6 of Reference 6 show that this 1is not true for the second
test. In other words there are locations in the shell with
thinner wall thicknesses which have smaller critical loads than
the hole of the second test. It should be noted however that
the actual average thickness in the failed area is not known.
the average thickness was estimated from values measured at the
edge of the hole. One can also see in Table !0 that both 1linear
and non-linear analyses gave results considerably larger than

the actual failure pressure.
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CHAPTER V

CONCLUSIONS

The shell tested and analyzed in this investigation was
the first micro-concrete model cooling tower shell built using
double-walled forms and a pump mix. The results reported here
are for the second test conducted on the model, i.e., the model
had been tested ¢to failure in the first test and later
repaired.,

Improvements ian the testing procedure made.it possible to
obtain more complete aund consistent data. However, some
problems regarding air leakage were still encountered durinag
testing which were eventually taken care of by using commercial
sealing compounds.

The second failure reported here occured in 1lift one on
line J at a vacuum pressure of 3.7 Psi (25.53 KPa). This type
of failure could be due to imperfections, the out-of-roundness
of the shell, and small amount of reinforcing. It was also
noticed that the shell behaved unsymmetrically under
axisymmetric pressure (vacuum) which could have been caused by
the geometry imperfections. Furthermore the experimental
failure load was much lower than the theoretical ones.

Thickness imperfections produced additional moments and
stresses which were taken into account in the analysis. As it
was shown, the thickness variation was especially large in the

first life.
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Circumferential plots of deviation and displacement sﬁowed
that radial displacement generally followed the same oval
pattern of the deviation. Since the load carrying mechanism of
a cooling tower wunder axisymmetric pressure is dominated by
ring action (23) a series was <chosen that would fit the
circumferential deviation curves,

Although this model is not similar to ©prototype cooling
towers in loading procedure, support conditions, geometry and
thickness accuracy, and_although it is not intended that the
results reported here be used to deduce prototype behavior, one

.
could utilize the results of this model to verify general
methods of analysis.

At the present time both the outer forms and the inner
forms are being repaired for the future models. The repairs
include

1. more bracing in order to stop bulging of the forms;

2., gurface finishing in order to accomplish smoother

surface and better uniform curvature;
The overall objective is to impfove the thickness and geometry
imperfections in the future models.

It is recommended that for the future work the effects of

wind loading alone and/or in combination with vacuum pressure

be tested and analyzed. Furthermore, the models should have
more realistic boundary conditions and less geometry
imperfections so that direct similitude extrapolation to

prototype shells is possible.
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Table 1. Properties of the Patching Mix,

Steel Reinforcing, and Support Column

Micro-Concrete for Patching __Support Column

Sieve Analysis of Kaw River Sand, HP 10 x 42

Percent Retained : A=12 .4in.2(80 cm? )
No. 16 = 0 E=29 x 10%Psi(200GPa)
No. 30 = 17
No. 50 = 78
No. 100 = 98
No. 200 = 99

Fineness Modulus = 2,92

Quantities Per cu. ft., Mix

Cement (Type I) 30.76 1b (136.88 N)

Sand 76.92 1b (342.29 N)

Water 15.38 1b ( 68.44 N)

HEC 400 0.069 1b( 0.31 N)

Unit Weight 123.05 1b/cu. fet. (19.25 KN/m3)
Slump 0.00

Cylinder Strength, f'c = 4547 Psi (31.37 MPa)

Reinforcing Steel

Diameter = 0.105 in. (2.7 mm)

Average Yield Stress = 81.9 Ksi (564 MPa)

6

Average Modulus of Elasticity, E_=29.8 x 10 Psi (206 GPa)

40 wires per ruling direction evenly spaced (80 wires total)

Nominal Steel Ratio = 0,35 %
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Table 8. Experimental Forces and Bending Moments at The

Location of Strain Gages at Max. Load of 3.7 Psi, Shell No.l

He N¢ .Me Mﬁ

lb/in. l1b/in. lb-in./in. lb=-in./in.
Location (KN/m) (KN/m) (N-m/m) (N-m/m)
Top of Shell 103.5 152 .4 -1.6 136 .5
Just Below (18.1) (26.7) (=7 ol ?} (607.4)
Ring, Line H
Throat. ‘104.2 41.8 -7-9 —331
Line H (-18.2) (-7.3) {=35.2J (-13.8)
4 ft. Below =-125.8 30.1 -123.1 15.2
Throat ,Line H(-22.0) (5.3) (-547.8) (67.6)
Base, Line H -180.8 55.0 -124.5 -27.4

(-31.7) (=9.6) (-554.0) (-121.9)
Throat, -221.9 14.8 2.3 -4.8
Line E (-38.9) (-2.6) (10.2) (=21.4)
Throat, -277 .4 -118.2 23.1 8.5
Line B (-48.6) (=20.7) (102.8) (37.8)
Patched -192.6 66 .2 -22.6 =27 .4
Region (-33.7) (11.6) (-100.6) (=121.9)
Tensile hoop force is positive and positive moment causes

tension

in the outer layer of the shell.
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Table 9. Values of The Coefficients for The Deviation

£
Function, e = E [An caos(n@) + B sin(ne)|
h=

4ft .Below Throat 7ft .Below Throat

Coefficient Throat ___Gage No. 8 Gage No. 11
Al -0.2479 0.1979 0.2646
A -0.2863 -0.2421 -0.1664
A, ~-0.6325 -0.5758 -0.1025
A, 0.2242 0.1542 0.1275
A, 0.0392 -0.1092 -0.0458
Ag -0.0554 0.0754 0.1714
Ag -0.0062 -0.0304 -0.0017
B, 0.2870 0.0392 -0.3019
B, -0.1833 -0.3580 -0.2526
B3 0.1217 0.0583 0.0800
B, -0.1198 -0.1992 -0.1342
B -0.0103 | 0.0392 0.0069
B 0.0409 0.1838 0.1782
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Refer to Fig. 2 for meridional locations.

Fig. 3. Circumferential Locations for Thickness,
Geometry and Displacement Data, Shell No. 1

43



44

inward = +£§r1__
1J

outward = -Ar., .
i3
défq//r_:;;;ij = measured outer surface
| radial deviation

AL

-—"1j (decrease)

"Theo. / 2
2
Theo.

s

tQtyy (increase)
pa
+ ..
Avr;s = Ory,  + L]
e Lij 2

Fig. 4. Geometrical Representation of Deviation
Considering Actual Thicknesses



a5

\ s o
\\ A Z o
B Mo / -
\—-""—-—-

—i 0.5 in. (12.7mm)

Fig. 5. Deviation Profile from Ideal Geometry for Level
No. 1 of Shell No. 1, inches



46

NS
\
E// N7
(
k
!
I h\
\ \
[) \ + Lf \
\ \
\ ] \‘
\ \\ ! \
\ \
\ \
G \\ At ‘\
\\ \\ // )
N
\r\\.
B8

— 0.5 in. (12.7mm)
Figs B.

Deviation Profile from Ideal Geometry for Level
No. 2 of Shell No. 1, inches



47

-—N
- \
T N\
r G \\
Il _,.-—-—"“—'--._.\
e <X
N\
~
/,V \\ N
\
! \ [
& | \
\ \\
] ! Q
! \
\ \
\ N\
D \ + J \l
\\ \
\ / |
\ k / \
\ |
\ |
C \ at \
\ \
\
L g // ’)
\ // /’
™ /’
\\ //
\\ -—_—______/
N e = =
p——t 0.5 in. (12.7mm)
Fig. 7.

Deviation Profile from Ideal Geometry for Level
No. 3 of Shell No. 1, inches



—-——— Measured ——t 0.5 in. (12.7rm)

Fig. B.

Theoretical

Deviation Profile from Ideal Geometry for Level
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Fig. 15.
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Deviation Profile from Ideal Geometry for Level
No. 11 of Shell No. 1, inches
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Fig. 17. Strain Versus Load at Line H, Top of Shell - Just Below Ring
Beam, Shell No. 1, Tested on 19 Feb., 1982, 1 psi = 6.89 KPa
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Fig. 18. Strain Versus Load at Line H, Top of Shell - Just Below Ring
Beam, Shell No. 1, Tested on 19 Feb., 1982, 1 psi = 6.89 KPa
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Fig. 23. Strain Versus Load at Base, Line H, Shell No. 1,

Tested on 19 Feb., 1982, 1 psi = 6.89 KPa
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Fig. 38.
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Deflection Profile for Level No. 4 (Throat) of Shell No. 1
at 2.8 psi (19.3 KPa), Tested in Jan.-Feb., 1982
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Fig. 41. Deflection Profile for Level No. 7 of Shell No.
at 2.8 psi (19.3 KPa), Tested in Jan.-Feb., 1982
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Fig. 42. Deflection Profile for Level No. 8 of Shell No.
at 2.8 psi (19.3 KPa), Tested in Jan.-Feb., 1982
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Fig. 43. Deflection Profile for Level No. 9 of Shell No.
at 2.8 psi (19.3 KPa), Tested in Jan.-Feb., 1982
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Fig. 45. Deflection Profile for Level No. 11 of Shell No.
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Fig. 47.

Failed Region From Inside, Shell No. 1,
Test No. 2
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Fig. 49.

1

Broken wire

Inside View of Hole, Shell No. 1,
Test No. 2, 1 in. = 25.4mm
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Appendix C

Sample Calculations
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{a)

Sample Calculations for the Improved Deviation Pata Considering

Actual Thicknesses:

Actual center line radial deviation from ideal geometry is:

= L
where
Arlij = Measured deviation of outer surface, Table 3
Atij = Thickness deviation from 0.5 in. (13 mm), Table 4
i = Gage number from 1-11
j = Line number from A-L, i.e., from 1-12

At throat, Line A:

Ar = -0.83 (outward)

141

Atél = 0.60 - 0.50 = +0.10 (increase)

Ar -0.83 + 0.10/2 = -0.78

41

At throat, Line D:

&rl44 = +0.62 (inward)
.f_\.t44 =0.76 - 0.5 = +0.26 (increase)
Ar&h = 0.62 + 0.26/2

= 0.75
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(b)

Tmperfection:

At throat, Line H:

g = 1.0 psi (6.9 kPa)
a= RT = 36 in. (0,91 m)
HT = 108 in. (2.74 m)

Rp = 56 in. (1.42 m)
RTOp = 38.7 in. (0.98 m)
t = 0.396 in.

n=0.16

c

¢ = 90°

Uniform external pressure:

52

Sample Calculations for Membrane Theory Amended by Meridional

(10.06 mm) - Notice that this number is not that shown

in Table 4 (.49}. It is the number
measured right next to strain gage.

E = 3.62 x 106 psi (24.9 GPa)

Py = By = 0
PN = —q
N =0 &> =
96 3o 0

H
po_ T __36wios 90.64 in (2.30 m)

RBE-RTZ V(56) °-(36) 2
_a212 _ 2 2
R, = 2y = =(36)7(90.68)" _ 558,21 in. (5.8 m)
¢ (aZSin2¢~bZCO52¢)3/2 f(36)2]3/2
a* (36) 2
- ' = 36 in. (0.91 m)

Ra (azsinz(i)—bzéosr“fb);5 [(36)2]%
Tan¢ w08 g B‘// Zr%?' (ko <90 (=) }

dr —a v r*-a 90 < ¢ <180 (z-)



__90.64 £38.7)% _
TanchDp S T /// = -6.86

q)Top

Pl

g

_=(1) (36)* /6.329

H]

¢18.75% - (35)2

= -81.70° or brop = 180 = 81.70 = 98.29°
2 2
1+ =14+ G8°  _ g 158
b2 (90.64)2
1 & L = 7467

kzsin2¢T - 1 1.158 Sin2(98.29) - 1

1
= = 6,329
throst 1 158 gin®on) -3
2
-qa® _ % )
2b (L +1D) [z zt]

2(90.64) (L + 6.329) L6-329 - 7.467]

2.79 1b/in. (0.49 kN/m) due to suction

R
9]
->— N, - Rg
R 8]
b ¢
36
~T398.71 (2.79) - 36(1)

-35,56 1lb/in. (-6.23 kN/m) due to suction

Load carried by shell from top cover

5 2
[—
27 By B =5 TR q

PI

il

op
q
g- EE%E—— =-§ x-% (1) (38.7) = 10.75 1b/in. (1.88 kN/m)
]
o Rop® 387 x 1007
Rg Sin®¢ 36 x 1

- 11.56 1b/in. (-2.02 kN/m) due to load at top of shell
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]
¢ = Top’  _ 38.7 x 10.75
@7 L sim?y 22821 x 1
¢
Ng = -1.82 1b/in. (-.32 kN/m) due to load at top of shell

N¢(tota1) = 2,79 - 11.56 = -8.77 1b/in. (-1.54 kN/m)

Due to imperfection:

Ne = +ne(2 Dd) k R N, /H
¢ Plus sign is due to positive

imperfection inward
My / (2HK) ¥

+m¢(2 Dd) N¢

Circular imperfection:

[1-2cCos k e-k + Cos 2k e_2k

]

w| Jro

e
m, = [2 Sin i'ehk - Sin 2k e_Zk]

¢

WIIN

Straight Line imperfection:

ng = 1 - (Cos oK + Sin 2K) e 2K
m¢ =1 - (Cos 2k - Sin 2k) e_zk
k = (__3__,)% = 0.3486
R2¢t?
F = 2 -z
4
where
R = horizontal radius = 36 in. (0.91 m)
t = thickness at Line H = 0.396 in. (10.06 mm)
H = height of imperfection (spacing) = 24 in. (60.96 cm)

Cos k = -0.49706

Cos 2k = -0.50587
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Sin k = +0.86772

Sin 2k

]

-0.86261
e = 0.12356

= 0.015268

Circular: ng = 1.0666, m¢ = Q.2177
Straight Line: ng = 1.0209, my = 0.9946

D (i1) = AT g5 - (!Lrij +Ari+2, j)/2

where
By = imperfection out of round from the perfect shape in
the radial direction

Ar,, = Ar... + % At

ij 11ij ij

where Ar and Atij are obtained from Tables 3 and 4, respectively.

1ij

Dd(48) = Ar (Ar, , + Ar68)/2

58 ~ 48

1

Argg = Arjg5e + % Atgg

= 0.45 + % (0.32 - 0.5) = 0.36

Ar48 = (0.13 + % (0.49 - 0.5) = 0.125
Ar68 = 0.31 + % (0.61 - 0.5) = 0.365
Dd(48) = 0.115
Circular:
N@ = +1.0666 ¥ 2 x 0.115 x 0.3486 x 36 (-8.77)/24

N

0 -1.125 1b/in. 0.20 kN/m) due to imperfection

]
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Ne(total) = -35.56 - 1.82 -1.125 = -38.5 1b/in. (-6.74 kN/m)

M

¢

M

)
Straight Line:

s

N, = =1.08 1b/in. (0.19 kN/m) due to imperfection

0

N@(total) = =-35,56 ~ 1.82 -1.08 =-38.46 1b/in. (-6.74 kN/m)

¢ = (N - uNy)/tE,

= [-8.77 - 0.16 (-38.5) ] /(0.396) (3.62 x 10%)

b = -1.82 x 107 in./in.

e = (Ne - UNqJ)/tEC

= [-38.5 - 0.16 (-8.77)]1/(0.396) (3.62 x 106)

€. = -25,88 x 10‘6 in./in.

(c) Equations and Sample Calculationsfor Experimental Forces and

Bending Moments at Maximum Load of 3.7 Psi (25.53kPa).

= E (Eie + “Ei¢)/(l - uz)

2
i F ue0¢)/(l - u)

] 2 —
g =t (ooe Uie)/6

= +0.2177 x 2 x 0.115 (-8.77)/2 x 24 x 0.3486

= —0.026 1b-in./in. ¢0.116 N-m/m)

= +1.0209 % 2 x 0.115 x 0.3486 x 36 (-8.77)/24

M, = 40.9946 x 2 x 0.115 (-8.77)/2 x 24 x 0.3486

= -0.12 1b-in./in. ¢0.534 N-m/m)



Similarly

= E (g4 + BTl (1 = 1)

2
EC(E0¢ +HE_g) /(1 - 1)

(c Yy t/2

it I

t?(c_, - 0,..)/6

o ig

In which,

At

g -

£ -

stress

strain from strain gage data

inner face of the shell

outer face of the shell

membrane force, tension is positive

bending moment, positive moment causes tension in the

outer layer of the shell

patched region:

0.715 in. (18.16 mm)

3.62 x 10%[(-49x10 ®)+0.16(76x10 ®)]1/{1-(0.16)%]
= -~136.9 Psi (-944.6 kPa)
= 3.62 x 10°[(-108x10  ®)+0.16(~1x10"®)1/[1-(0.16) %]

= -401.8 Psi (-2.8 MPa)

(-136.9 - 401.8) (0.715)/2

-192.6 1b/in. (-33.7 kN/m)
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=
I

g = (

=
I

Q
|

Q
1

@]
|

8] =

o

=2
1

(

6

=
[l

=
It

¢ (

M

0.715)% (-401.8 + 136.9)/6

22.6 lb-in./in. (-100.6 N-m/m)

= 3.62x10°% [76x10 °+0.16(-49x10 °)]/[1-(0.16)?]
= 253.2 Psi (1.7 MPa)

= 3.62 x 10 ° [(-1x10 ®)40.16(-108x10 °)/[1-(0.16)?]

-67.9 Psi (~468.5 kPa)
253.2 - 67.9) (0.715)/2
6.2 1b/in. (11.6 kN/m)
0.715)% (-67.9 - 253.2)/6

27.4 1b=in./in. (-121.9 N-m/m)
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a = R, - throat radius

b - shell geometry parameter

e - shell radial imperfection(inward positive)(also denoted D, )

Ec - Young's modulus of concrete

ET - Tangent modulus

Fe, F@ - experimental correction factors depending an
the shape of the cooling tower shell

f'c - concrete uniaxial compressive strength

H - distance between three dial zages,24 in. (0.61 m)

Hp - vertical distance from the throat to the base

i - gage number from 1-11

j - line number from 1-12 (A-L)

K, K - parameters

KGS’ KG¢ - factors depending on ghape and boundary
conditions of the cooling tower shell

M - bending moment

my = nondimensionalized meridional moment coefficient

Ne, N@ - membrane forces

ng nondimensionalized hoop force coefficient

P - applied axial load

PS’ P@’ PN load components per unit area of
middle surface

q - uniform external pressure

q - buckling pressure

cr

Qg QQ - geometry buckling parameters
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Notation {(continued)

R - horizontal radius

r — horizontal radius

RB - base radius

RTop - top radius

S - deviation expressed as slope

w - horizontal displacement (inward positive)

t - shell thickness

Z - vertical coordinate
# - meridiomal direction
8 - circumferential direction

O- = stress

i- strain
& = net vadial devistion of the shell surface(inward positive)
ZCX " - center line radial deviation from ideal geometry
1j
(inward positive)

H- Poisson's ratio
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ABSTRACT

Hyperbolic natural-draft cooling towers are probably the
largest reinforced concrete thin-shell structures. Due to
increasing need for electric power the use of taller and larger
cooling towers with higher <cooling capacities has become
necessary. However, there has been little experimental research
on the behavior and stability of this type of shells.

The experiment carried ouf here was to give some evidence
on the buckling behavior of this type of shell and observe the
effects of geometry and thickness imperfections under
axisymmetric ©pressure (vacuum). The model cooling tower under
consideration was 12 ft. (3.65 m) high, 9.33 ft. FZ.SA m) in
diameter ‘at the base, and had a nominal thickness of 0.5 in.
(13 mm).

The model failed explosively at a vacuum pressure of 3.7
Psi (25.53 KPa) and about 1 ft. (30.5 cm) above the base on
line J. Both the unusual failure mode and unsymmetrical
response of the model could be attributed to imperfections, the

out-of-roundness of the shell, and small amount of reinforecing.



