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Synopsis

The size of hyperboloids of reveclution of reinforced concrete used fot
natural-draft cooling towers has increased from 115 ft. (35m) in 1914 to
495 ft. (151 m) in 1979 with a height of 656 ft. (200 m) or more under consid-
eration for the near future. With the advent of high strength concrete, pre-
casting techniques for certain elements, and innovative construction techniques,
elemental wall thicknesses as small as 2.5 in (0.06 m) are anticipated with
5.5 to 6.5 in (0.14-0.16 m) currently being used.

Due to these trends and following the collapse of three 370 ft. (113 m)
towers on November 1, 1?65 during high winds, a considerable interest in
determining the buckling behavior of such thin walled shells under the load-
ings normally encountered has developed.

An extensive body of knowledge exists concerning the buckling analysis
of such shells under loadings (4,9)* as well as studies on small elastic
models (4,9,17). However, no information has appeared on physical testing of
concrete models.

The work described, herein, is on the design and comstruction of support
facilities for the testing of micro-concrete hyperboloids of revolution. These
shells were proportioned to exhibit buckling prior to general cocllapse under
loadings which include uniform and non-uniform lateral pressure and axial load.

The shells are 0.5 in (13 mm) thick, 12 ft. (3.65 m) high, and 9.33 ft.
(2.84 m) in diameter at the base. These are proportioned within the range of
those used in practice and the elastic models reported in References 9 and 17.

A fairly simple system for monitoring surface displacements under the
action of either surface loads or axial compression and for measuring initial

surface imperfections is also described.

Parenthesis refer to items listed in Bibliography.



Chapter I

Introduction

Natural-draft hyperboloids of revolution cooling towers of reinforced
concrete have increased in size from 115 ft. (35 m) in 1914 to 495 ft. (151 m)
in 1979 with a height of 656 ft (200 m) or more under consideration for the
near future. Currently elemental wall thicknesses of 5.5 in (0.14 m) to 6.5 in.
(0.16 m) are being used, however, with the advent of high-strength concrete,
precasting techniques for certain elements, and innovativelconstruction tech-
niques wall thickness as small as 2.5 in. (0.06 m) are anticipated.

Due to these trends and following the collapse of three 370 ft (113 m)
cooling towers at Ferrybridge, England in 1965 during high winds (6), numerous
analytical studies on determining the buckling behavior of such thin walled
shells under loadings have been presented (7,8,9,15,21,22,23) as well as
studies on experimental elastic models (4,11,17). Tentative design recom-
mendations have resulted from these studies (1,13).

A summary of results of these studies is presented by Cole, et. al. (9)
in terms of pertinent shell parameters. These geometry parameters are dis-
plaved in Table 1 along with those from more recent studies (17,23). Further,
motivation for the numerous studies, including the present, are given by

1. Better understanding of buckling behavior and the primary

factors affecting it. In addition to the buckling loads,
careful experiments yield the behavior of the shell just
prior to, at, and after buckling and accentuate the main
parameters affecting this behavior.

2. To obtain better inputs for computations. Mathematical

models employed in large multi-purpose computer programs
can closely simulate real shell structures, but the simu-

lation depends on the appropriate structural model, input



of the correct boundary conditions, imperfections, and load 3
applications. These inputs can be provided by appropriate
nondestructive tests,

3., To obtain correlation factors between amalysis and test

and for the material effects. Test results still differ
considerably from predictions even when large programs

are employed. These differences are partly due to the
inaccuracies of inputs, to incomplete simulation, or to
variations in buckling behavior or the mathematical model
and the shells tested. These variables can be lumped into
a correlation factor. The advantage of such a factor is
the overall correlation it provides for the designer, but
its weakness is that it is completely reliable only for the
shells tested.

In all of the model studies listed, the shells were made of an elastic,
homogeneous material. No information has appeared in the literature, to
date, describing tests on concrete shell models. This fact and the novel
idea of the formwork construction for the model shells distinguish the
current study from others. It is felt that the influences of cracking,
composite action and non-linear material properties on shell stress dis-
tributions and buckling behavior may be significant.

The design and construction of support facilities for micro-concrete
model shells, hyperboloids of revolution are presented. A total of eight
models with varying support conditioms, thickness, loading conditions and
reinforcement configurations are to be constructed and tested in the future.

Based on previous studies as described in Chapter II Review of Litera-
ture the shell model was proportioned such that failure would be initiated
by buckling. The final dimensions selected using buckling equations developed

by membrane theory in Chapter III Theoretical BackgrOund-Shell Model were a
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overall shell height, H=12 ft (3.65 m); shell throat radius, a=3 ft. (0.91 m);
shell thi;kness, h=0.25 to 0.5 in (6.5-13 mm); and shell geometry parameter,
b=7.55 ft (2.30 m). |
Details of construction of the formwork, special loading arrange-

ments, and special instrumentations are given in Chapter IV Design of

Equipment.



Chapter II

Review of Literature

There is little available information in the literature on the behavior
of concrete shells, hyperboloids of revolutions. Hyperboloids of elastic,
isotropic material subjected to wind loads and gravity loads are analyzed
with respect to buckling in References 15 and 20. A recent summary of
work in the area of buckling of hyparbolgids is given in Reference 9.

Experimental studies have been primarily on small elastic models
(4,11,17) or by numerical methods (7,8,21,22). To cite a few of these,

Der and Fidler (1l1l) have carried out an extensive series of tests in a
compressed air wind tunnel and have investigated such factors as cornice
rings, vertical and horizontal cracking, and the grouping of several towers.
Chan and Firman (7,8) used a geometrically nonlinear finite element analysis
with an incremental load procedure during their study of hyperboloidal model
towers. The asymptote of the ﬁonlinear load-deflection curve is the critical
value of the nonaxisymmetric wind pressure. Finally, Yeh (22) has used
quadrilateral finite elements to study the geometrically nonlinear dynamic
response of a prototype hyperboloid tower. Using a fixed form of wind time-
history and varying the amplitude of the pressure, he was able to determine
the pressure magnitude which causes the displacement to become unbounded at
some time during the response. These studies generally have shown that the
predicted buckling loads are in poor agreement with those measured experi-
mentally. Further, the models were not proportioned such that failure was
initiated by buckling.

The usual proportions used in design are such that buckling need not
be considered, and this perhaps is one reason so few concrete thin shells
have been tested. Also there are very few theoretical analyses available

for predicting buckling in concrete shells. However, with the use of high-



strength concrete and better fabrication procedures the trend is toward
larger thinner shells with a correspondingly greater propensity towards

failure by buckling.



Chapter III

Theoretical Background-Shell Model

L, Shell Geometry
A hyperboloid of revolution is a surface with three planes of
symmetry, such that plane sections parallel to either of two planes of
symmetry are hyperbolas. When a hyperbola is rotated about its real axis
a hyperboloid of one sheet results. Being a surface of revolution a circular
cross sections is characteristic.
Standard notion for pertinant shell geometric parameters is shown
in Fig, 1 for a typical shell (18,20). If its symmetry axes are taken
as X,Y, and Z axes, the hyperboloid cf one sheet can be given the equation

(18)

~

2 2
X Y Z- _
—'§+-—§—————l. (1)

Substituting r2 = X2 + Yz-into (1) we obtain

r2 22
_2..._2—-_-1’ (2)
a b
or,
2
r=a/1+ EE , (3)
b

in which r is the horizontal radius, z is the vertical coordinate, a is the

throat radius and aHT
b = —— " ‘ (4)

In the above, RB is the base radius, and HT is the vertical distance from

the throat to the base.

Using coordinate @ the principal radii are (18, 20)
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The most striking property of the hyperboloid of one sheet is that it
contains two sets of straight (ruling) lines. No two lines of either set
are coplanar, and each line of each set intersects each line of the other.
Through each point of the surface passes one line of each set, and the two
lines passing through each point determine the tangent plane at that point.
Considering the intersection with the shell of a plane tangent to the

shell surface at the throat (Z=0 and X=a) the equation of these ruling

lines, from equation (1) is

Yol s

—— ——= ()

a2 b

H

(6)

(7)

(8)



or,

Y=+22

ol

The slope of each line as viewed in the Y-Z or r-Z plane is

dY __ a
Tan Gr iz fv-

To obtain a pattern of circumferential holes at different levels
through which a ruling line will pass consider the plan view of a shell
shown in Fig. 2. To construct a ruling line on the shell surface going
from the base (r=RB) to some level above the throat, e.g. lines A-1l or
B-2, the line is visualized as passing originally through points A-1' or
B-2'. The final hole alignment is yielded by rotating the upper circle
through an angle 4.

The length of the ruling line may be obtained from

R N A R 2

and the angle ¢ from

2

~

cos o =

£ f?Rg - 3)2 (r2 -a”)
T

>
RB

for Z < 0.

The angle o and v may be easily determined from Fig. 2 to be

a
COSQ'.=?R; s
and,
v = 2(8 - a)

2. Membrane Theory

(%)

(10)

(1L

(12)

(13)

(14)

For the shells considered here, two simplifications are often admissible:

(1) the membrane stress theory and (2) a simplified bending theory. The

principle guide for the choice of a theory is the successful long-term

structural behavior of the type of thin shell and its scale. Very simplified

theories have proved successful for dome roofs under gravity loading and

circular cylindrical walls under internal pressure (20).
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Analysis is commonly based on the following assumptions:

L. The material is homogenous, isotropic, and linearly elastic;
Although none of these assumptions is correct for concrete,
tests have indicatgd that under working loads, the concrete
thin shell behaves very nearly as if they were.

2. The system behaves according to the small-deflection theory;
requires that deflections under load be small enough so that
changes in geometry do not alter the static equilibrium. The
measure of validity for this theory is that the radial dis-
placements of the shell be small compared with its thickness.

3. The thickness of a thin shell is denoted by h and is always
considered small in comparison with its radius of curvature r.

4. The in=-plane forces are distributed uniformly over the thick-
ness. They are often expressed as stress éesultants, defined
as forces per unit length on the middle surface. A stress
resultant divided by h yields a stress. Membrane stress

resultants are denoted by N Ny and N, = N_, and can

XY X

be cbtained solely from equations of equilibrium, See

X!

Fig. 1.

The membrane theory is based upon the assumption of no bending or
transverse shear in the shell; only in-plane forces are considered. 1In
many thin shells this provides a reasonable basis for design except at the
boundaries where the shell is supported or stiffened. This is due to
local restraints existing at the boundaries, or because the edge member
cannot supply the reactions reéuired by the membrane theory. The sub-
stantial bending that can occur at the boundaries is usually evaluated
by an approximate bending theory in which the effects of edge loads and edge

displacements on both stress resultants and bending moments are considered.
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The differential equations of equilibrium of a shell of revolution

based on membrane theory are well known (18) and given by

EFB = (:
aN aN
1l "¢s cot@ 1 8 -
R o T2 R Ygo TReingos "0 o
] 8 8
or,
aﬂe ]
ET R@ + NB@ RG cos @ + EE'CNGG Re sin@) + Pe R@ Re sin @ . (15)
ZFG = 0:
aN oN
1 "9 oeotl .. 1 P8 _
X, 30T R MgV tyroimgoe TP -0 -
@ 8 g
o 3 Nag
) (hGResinﬂ) - NBRG cos@ + T RQ + PGRGRBSlnw =0 . (16)
IF = 0:
n
N N
§2-+ ig'_ Pn =4 ¥
@ )
or,
NGRS + Ne 0'— PnRGRB =0 |, (17)

where PQ’ Pe, and Pn are the load components per unit area of middle

surface.

Self Weight
The components of the dead load are given by
Pe =0, PG = g sin @, Pn = -g cos @ , (18)
for shells of constant thickness, in which g is the dead weight per unit
N@e = Ne@ = 0, and all

terms involving derivatives with respect to 6 wvanish. Inserting these and

area of the surface. Due to symmetry of the loads,

the components of (18) into Equations (16) and (17) the following equations

of equilibrium will be obtained
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IF = 0:
n
N N
[} 8
—+—=-gcos @ ,
R@ Ra
'Re
Ne-—RBLE—gRe cos @ . (19)
ZFQ =0
d
Ea-(NGRB gin@) - NGRG cos@ + PGRG sin} = 0 ,
5 .
N, = 22/ a? 42 LEED ) - £(eT (20)
6" 4 (a2+b2-a2el i

wnere the parameter £ is determined from

- bl2
£ = 1+ Y cos@ , (21)
and, %
£ = 25+ 1 TTE (22)
1-£

Uniform External Pressure

Similar to the dead load for shells of constant thickness, the components
of uniform external pressure are given by
Pg =Py =10, P =-q. (23)
Due to symmetry of the loads, NGG = Neﬁ = (0, and all terms involv-
ing derivatives with respect to 9 vanish. Inserting these and the com—

ponents of (23) into Equations (16) and (17) the following equations of

equilibrium will be obtained

IF =0
n
.,__N@+_b.1.§-=_
R R !
? ) R
!
N0 = -qu NG - Ryq . (24)

T =
I 2 0

ga (NéRe‘sinG) - NBRQj cos @ =0 ,

_-qa® /T

N = T o (B s (25)
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where, b2
(‘:=
a2 sinzﬁ - b2c032¢

; (26)

Vertical Load at Top of Shell

The components due to a total downward axial load applied uniformly

along the circumference, Z“RTOPP’ at the top of the shell are given by

P, =P, = Pn =0 . (27)

1) 8

Due to the downward axial load Ng = 0, and NQCG) is independent with

8

respect to 6. Using these relationships and summing forces with respect

to n and Z, the following equations of eqﬁilibrium will be obtained

IF_ = 0:
n
RGNG < RGNG =0
-Re
Ne =z NG (28)
@
IF, = 0 |
P(szTOP) - (NG sing)(2nr) =0 ,
¥ ~PRrop (29)
g rsing '
Wind Load

Membrane stress resultants for wind loading are not easily computed since
the load is not axisymmetrical. Critical for design, the meridional stress
resultant must be considered.

Expressions for other membrane forces, notably due to wind loads may be

found in References 18 and 20.

3 Shell Stresses and Buckling Loads
Numerous methods are available for estimating the load at which local

buckling in the shell will commence (4,7,8,9,13,15,17). Although non-
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linear load~displacement response is considered these all assume linear

material response as stated previously.

Recommended by the I.A.5.S. Working Group (13), the stability criterion
against local buckling using only the membrane stresses will be used. The
membrane solution determined from Equations (18) - (29) are assumed to be
calculated with sufficient accuracy, as an initial trial, for the case of
symmetrically-applied loads. Future work will include evaluation of these
stresses using a suitable bending theory.

The stability criterium against local buckling may be represented by

oY a, oo n2 " 2
0.8 [—Ge +——°@:] + 0.2 [F’e . (9 ]} =1 , (30)
a6 of of
o o o 0

EN

in which,
and,
To account for the non-linear stress-strain response of concrete the stability

criterium has been modified using the Tangent Modulus buckling concept where

Young's Modulus, E, is replaced by a tangent modulus, E

T.
The geometry buckling parameters Qe and Q@ are given by (17)
{Qe} 1 [2]4/3 ,{Kse Fe}
2
_e:g(a (l_vz]s,fa a KG@ Fﬁ . (31)
in which v is Poisson's Ratio; KGG’ KGG are factors depending on the shape

and boundary conditions of the cooling tower shell obtained using bifurcation

theory; and F Fﬁ are experimental correction factors depending on the

e!
shape of the cooling tower shell. These factors are given for a wide range
of shell geometry parameters by Almannai and Mungan (4,13).

In the development of the buckling formulas an applied axial load is

assumed to be present due to the top plate incorporated for loading the
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shell during testing. This load is related to the lateral pressure (internal

suction) by P = 1/2 AqRTOP’ 0 <Ax < 1.0.

The formula for the pressure at which buckling commences is given by

2q _f'| =Ng Ng 42
I +/1+{ =) |, (320)
cr £ € €
o L 0 o
when NB dominates, and
2q _f' |=Mq Mg |2
g = Cr ¢ cr 1+ cr , (32b)
cr € E £
o o o]

when Ng dominates.
In the zbove, f; and Eo are the concrete uniaxial compressive strength
and associated strain, respectively.

The term acr is given by

P Ez(s-m + /95?2 + 8sT + 9T2] , (33)
cr 2 2
S + T
where,
S = N—- i T = -Z-I— ,
Q Y
and,
R, 2
1 |2E B AR
M= 5 7 + =3 , (34)
hsin“g |2bKS/T :
- M, 1
N = Re R + h] : (35)
@
2 a2
The term ¢ is given by Eq. (26) and k= =1 + = -
b

The formula for 9er is to be applied for various values of Z to obtain
a minimum value. Altermatively, based on experience or observation the

calculation is made at the location that the surface has buckled previously.

Buckling Load

A micro-concrete specimen with ultimate compressive strength f; = 4,000 psi
© (27.6 MPa) and associated strain g, = 0.002 in/in (m/m) was assumed for estimat-

ing buckling loads and associated stresses for the proposed shell model. A
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typical unit weight for concrete of 150 lb/ft3 (23.8 k N/m3) was also assumed.

Presented in Table 2 are results for the proposed shells of three thick-
ness - 0.5 in (13 mm), 0.375 in (10 mm) and 0.25 in (6 mm). These were deter-

mined directly from Egs. (30) to (35). The force X ‘dominates in all cases,

8
implying a type of ring buckling. Further, the self-weight forces are quite
low compared to those due to lateral pressure and axial load at buckling. Hence,
these were neglected in the development of the buckling formulas previbusly.

The results of the calculations are presented in each case for locations
in the shell at the throat, one-third the way from the throat to the base,
and at the base. It is seen that the loads wvary approximately as the square of
the wall thickness.

It is also seen that the lowest loads are associated with the membrane
stress state at the base. Described previously, the membrane solution is not
sufficiently accurate at this location due to the base restraint, assumed to
be fixed or stiffened by a ring beem.

Based on observations reported on tests of elastic models as well as
analytical results indicate the buckled region to be somewhat below the throat.
Taking the load results for the region Z=36 in (91 cm) the stresses in
each shell due to dead load g, pressure q, and axial load P were calculated

and are presented in Table 3.
These results indicate the following:
1. Due to self-weight, g, the stresses are independent of
shell thickness and also are very small in comparison to
the stresses due to the other loads.
2. The total stresses associated with the buckling loads vary

almost in direct proportion to the shell thickness.
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Chapter IV

Design of Equipment

1. Shell Model

The model which is shown in Fig. 1 was proportioned such that failure

will be initiated by buckling and with the following considerationms.

1. It is estimated that the wall thickness must be 0.25 in (6.5 mm)
to 0.50 in (13 mm) as not to preclude steel placement with
sufficient cover and adequate steel ratio.

2. Based on previous studies the remaining dimensions should
give proportions within the range of values shown in Table 1.

The dimensions selected yield the following

H a a _
o 4.0 , - 72 to 144 , e 0.397

or B=12 ft (3.65 m), overall shell height; a=3 ft (0.91 m) shell throat
radius; h=0.25 to 0.5 in (6.5-13 mm), shell thickness; and b=7.55 ft.
(2.30 m), shell geometry parameter. It can be seen that these values
correspond well with References (7,8,11,15) and (22) as listed in Table
1, hence correlation of results would be expected.

The top plate shown in Fig. 16 rests on a steel column (HP 10x45) and
seals the top of the shell so that a uniform load may be applied by suction.
Based on plate bending theory (20) the column will take approximately 447%
of the total load and the total axial load taken by the shell wall is

| O.SGWR%OP q. Thus, the load per unit length of shell wall is

P = 0.28 Rynq (36)

or, A = 0.56.
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2 Model Material

Micro~Concrete

Due to the very thin walls, 0.25 in to 0.5 in (6.5-13 mm), of the
models it is necessary to use a concretious material called micro-concrete.

It is not possible to model concrete by merely scaling the individual com-
ponents, e.g., cement, coarse and fine aggregates, and admixtures according
to laws of similitude (19). Limitations on the selection of model concrete,
i.e., micro=-concrete, are not imposed as long as the overall physical
properties of the model material such aslthe uniaxial stress strain curve
and the failure envelope are similar to prototype concrete. Further, it
does not matter how these properties are obtained. Designed in a similar
manner as concrete in any prototype structure which will display the desired
properties at the desired time after casting, the model concrete uses Type

I or Type III cement, a water~-cement ratio of 0.3-0.6 and a maximum aggregate
size determined by similitude and the thickness and reinforcement spacing in
the model.

To prevent the necessity of high water/cement ratios to obtain workable
mixes the finer particles are limited to less than 107% passing the U.S. No. 100
sieve in model concrete mixes. In addition, an increase in aggregate fine-
ness decreases the strength of model concrete. The constant ratio of paste
to aggregate provides inadequate paste to cover the larger surface area caused
by the finer aggregates leading to weaker model concrete.

Additional characteristics of micro-concrete and different methods for mix

designs are described in References 3, 5, 16, and 19.

Reinforcement

Most deformed bar reinforcement used in prototype structures have a well
defined vield point and a relatively long yield plateau. The most commonly

used high strength steel, ASTM A432 bars, can be expected to have a nominal
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yield strength of 60,000 psi and the sharp yield stress-strain curve. The
exceptions are the high strength ASTM A431 bars which have a typically rounded
stress-strain curve and a nominal yield strength of 73,000 psi.

Model reinforcement_must have the same shape of stress-strain curve as
the prototype reinforcement even if non-unity stress and strain are used.

The steel must meet the following requirements (5)

15 Stress-strain curve similar to that of prototype, including

an appropriate amount of ductility.

2, Desired yield strength

3. Proper bond characteristics.

The reinforcing steel wire to be used here has a diameter of (0.106 in
(2.5 mm) and is cold-drawn. It has been annealed to obtained uniaxial stress-
strain properties similar to ASTM A432, Grade 60 reinforcing steel. The wire
is smooth and no attempt to roughen it is being made as the bond stresses are
anticipated to be quite low and rarely predominate in this type of concrete
structure.

The method of reinforcing these shell models is by placing the steel
wire in a two-way mesh along the ruling line in the center of the shell wall.
The steel ratios used vary from 0.3% to 0.97% at the throat which gives a wire
spacing for the one-half inch thick shell varying from 5.6 in (142 mm) to
1.9 in (48 mm). The number of wires used in each direction varies from 40
to 120, corresponding to the ratios, respectively in each direction.

A material scale factor of unity between the model and the prototype was

used in the designs of the materials used in comstructing the shells.

3s Formwork & Construction
The double-walled form for the models is constructed by placing fiber-
glass on wires laid out along the shell ruling lines. The 0.08 in (2.0 mm)

thick fiberglass material, C-Flex, is a unidirectional fiberglass reinforcement
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that is manufactured in long 12 in (0.30 m) wide planks. C-Flex contains
rigid rods of pultruded glass reinforced plastic (GRP) on 1/2 in (13 mm)
centers which give it a self-supporting nature when spanning an open frame-
work. The rods impact high strength qualities to the structure in the
direction which they run due to a very high glass/resin ratio, The spacings
between the rigid rods are filled with unsaturated strands of continuous
fiberglass coverings, which when saturated become excellent unidirectional
reinforcements also. A light fiberglass cloth holds the material and gives
C-Flex the ability to bias, which enables it to follow the exact contours of
most surfaces and to conform to compound curved shapes.

Sixty wires for each form are supported on a frame shown in Fig. 3.
These wires are threaded at each end and connected with hexnuts, so that a
tensile force may be applied to the wires,

Two steel rings made of 4 x 3 x 1/4 in. angles for the top ring and
5 % 3 x 1/4 in angles for the bottom ring were used for the wire supports.
These are supported on a steel HP 10 x 42 column and the floor. The bottom
ring encloses a plywood platform and is about 15 in (0.38 m) above the floor
to allow access underneath and easy form removal. See also Fig. 4. Fig. 5
shows in more detail the top and bottom rings with the hole patterns indicated
for the form wires. These were located based on the geometry of Fig. 2 and
Eq. (12), which gave 6=77.898°. Hole patterns for the shell reinforcing
wires, a maximum of 120 wires in each ruling line direction, were found
in a similar manner and provided on the rings. The holes are 0.125 in
(3.2 mm) diameter to accomodate the No. 12 (0.106 in dia.) wires.

In the construction of the forms the following sequence was followed:

1. Place form wires and tighten as shown in Fig. 6. Due to the

ductile nature of the wire, continual monitoring of the wire is
necessary to avoid excessive sagging of the fiberglass panels.

2. Precut 54 fiberglass panels for the inner (outer) form to a
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length of 60.97 in (61.09 in) for the bottom and middle levels,

Twenty additional panels of length 41.62 in (41.70 in) is also
required for the top level. Further, an angle of inclinationm,

n= 13.66° (i3.79°) was cut on each ends of the panel to allow
butting of the panels during the construction process. Initially
the fiberglass panels GRP ribs were placed in the diréction of

the form wires and based on the length and angle of inclination
calculated, the precut panels discontinued at each 1ift point.
However, due to sagging by selfweight and to provide a stiffer
structural network, the panels were later placed in opposition to
the form wires at the calculated angle of inclination, n = 13.66°
(13.70°). This revision and having the precut panels at the
desired lengths and angle of inclination expedited further
construction of the formwork.

Attach the precut panels to the lattice work of form wires by
stitching, Fig. 7. It was found from practice that z minimum

of five stitches per row was required in securing the panel to
avoid a scalloping effect when the panel cured from the application
of resin. Further, all seams must be secured.

Apply a low-shrink resin to the assembled mold. It is recommended
that a low shrinkage polyester (Marble Casting) resin be used for
saturating C-Flex planking. As it cures, general purpose laminat-
ing resin can shrink considerably and cause distortion if used

on the C-Flex layer. The use of marble casting resin eliminates
this possibility of distortion. Since most resin are air-inhibited;
i.e., the surface of the resin that is in contact with the air
will not cure completely and remains tacky, a wax solution was
added to the laminating resin during the final coat application

to seal the surface of the resin from the air and allow for a com=-
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plete cure. To provide adequate working time 8 cubic centimeters
of catalyst was used per 946.36 cubic centimeters (1 quart) of
resin, The use of paint brushes was found best in applying the
resin along the curved surface. It is important to note here
that once the material is saturated no more resin is required.
All the excess will do is add weight, cause the laminate to be
brittle, and to shrink excessively. Fig. 8 shows the completed
form.

After hardening reinforcing ribs of 1/4 in. (6.5 mm) plywood,
shown in Fig. 9, are placed along its connecting edges and interior.
Label and cut form into prescribed panels, Fig. 10 and 11. A

typical panel in detail is shown in Fig. 12.

The sequence for the model construction is the following:

1.

2.

Assemble inner form.

Assemble reinforcing wires. These include those in a reinforced
concrete beam at the top of the shell,.Fig. 13. Note that the
shell wires are threaded at the top and attached to the top ring
with nuts. However, they are simply bent at the bottom ring
shown in Fig. 13. Actually they are threaded at the bottom also
(despite the Fig.).

Assemble first 1lift of outer form. Spacer pieces made of aluminum
tubing 1/2 in (13 mm) long are placed at the four corners to
assure proper spacing between forms.

Fill lower lift with pumped concrete.

Repeat steps 3 and 4 for the other lifts.

After curing, remove all forms, and install top plywood cover

over the shell.
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4. Concrete Pump

Selection of the pump to place the micro-concrete in the forms was based
on one which could handle high viscous, high abrasive méterial without the
inducement of air during the pumping action. Further, & minimum pump
speed of 5 GPM at a differential pressure of 10 psi was required.

The Moyno Pump selected is a progressing cavity pump. The pumping
action is created by the single helical rotor rolling eccentrically in the
double threaded helix of the stator. As the rotor turns, the cavities
progress from the suction to the discharge. As one cavity diminishes, the
opposing cavity increases at exactly the same rate, thus the sum of the two
discharges is a constant volume. At a differential pressure of 0 psi the
pump speed is rated 6 GPM and 4 GPM at a differential pressure of 80 psi,
well within the specification requirements.

A hopper with total capackty of 6 ft3 (0.17 m3) was constructed of
0.375 in (9.5 mm) plate metal and ﬁlaced on the pump. Figure 14 shows

the pump and hopper in detail.

3. Loading System

It is intended to test the models under the action of dead and either
surface loadsror axial compression. Application of multiple point loads
is usually done by a level (whiffletree) system which automatically dis-
tributes the loads to the various points according to the geometry of the
system. The effects of friction must be accounted for.

One of the problems of the rod and lever system is the difficulty of
accommodating large changes in geometry without changing the distribution
of loads.

The loading arrangement for elastic models of plates and shells are
often dead weights hung from strings; in contrast to the hydraulically

actuated whiffletree. The load from each string is distributed on the model
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surface by a pad or tripod. The weights are easily controlled for the small
values of load being applied to these models, with unloading and loading done
by raising and lowering a platform which picks up the weights as it is raised.

Uniform loads for shell models are usually applied by an air pressure or
vacuum system. Loads are applied normal to the model surface. The vacuum
system employeﬁ utilizes the platform (Fig. 15) as one surface and the top
plate (Fig. 16) comprising the other. The joint between the plate and shell
surface is a particular problem, since the plate seal must restrained with-
out at the same time restraining the model edge. To combat this problem a
rubber inner tube will be used for the plate seal. The uniform load is
applied through suction using a Welch Duo-Seal Vacuum Pump with a flow
rate of 5.6 cubic feet per minute and maximum vacuum of 0.8 psi absolute.
Four evacuation points are located around the platform.

One advantage of this method is that problems of localized bending
associated with concentrated loads are eliminated. ’

The third loading method already mentioned and commonly used is to
apply a pressurized membrane to the shell surface which reacts against the
load frame. A disadvantage of this system also is that the loading membrane
may stiffen the shell edges.

The support frame will also be designed to accommodate mechanical or
hydraulic jacks with fittings at the load end and load cells at the reaction

end for models loaded in axial compression.

6. Instrumentation

The response at low loads obtained from strain data will be used to
monitor the structure and make comparisons with predicted internal tractionms.
The location of strain rosettes are shown in Fig. 17. Locations 1,2,15,16
have three element electric-resistance strain rosettes (paper-backed,

gage length = 0.32 in) while the other gage locations shown have 2-element
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rosettes (paper-backed, gage length = 0.64 in). In addition to these,

pairs of gages are spaced around the perimeter of the shell at the throat
90° apart (gages 17-22).

The location of the gages were selected to monitor strain response
in a buckled area as buckling commences. It is expected that this method
will give a fairly sensitive indication of the buckling load based on
previous studies.

Finally, to determine the amount of load taken from the top plate,
calculated to be 447%, strain gages (single element) are mounted on the
support column.

Dial gages are also employed to monitor lateral shell movement as well
as measure initial surface imperfections. These are mounted on a aluminum
channel shown in Fig. 17 which can be relocated to different circumferential
positions on the shell during the test. The dial gages used all have a
Least reading of 0.001 in (0.025 mm) and a travel of 1 in or 2 in (2.54 or
50.8 mm).

Probably the most important change in buckling experiments on shells
in this decade is the extent of surface imperfecﬁions, i.e., thickness
variations and deviations from ideal geometry (2,10). To measure the
deviations from ideal geometry the dial gages are calibrated and a standard
built into the center column as shown in Fig. 17. The bolts shown can be
adjusted to correspond to the ideal shell curve. Thickness variations are
determined after testing by drilling pilot holes at selected location and
thickness measured. The deviations recommended between the theoretical
shape of the cooling tower shell and the actual prototype structure should

be limited to (23)

Yrh

b = 29.5

< 0.10 m (3.95 in) (37)
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with r and h being local values of the minimum radius and of the wall thick-
ness of the cooling tower shell. Additionally the error in the slope should

be less than 1.5% and has to be corrected gradually in the ensuing construction.
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Chapter V

Conclusions

Large natural draft cooling towers are required for dry-type cooling of
power plants having high capacity. Tor these structures reinforced concrete
is still the ideal material if important aspects of the shape and construction
of the hyperbolic wveil are counsidered.

Design and construction of support facilities for micro-concrete model
shells, hyperboloids of revolution are presented. Motivation for the study
was based on

l. Better understanding of buckling behavior and the primary factors

affecting it.

2. To obtain better inputs for computatiomns.

3. To obtain correlation factors between analysis and test and for

the material effects.

The shell mcdei was proportioned such that failure would be initiated by
buckling. Further considerations were that the wall thickness must be 0.25
(6.5 mm) to 0.5 in (13 mm) so as not to preclude steel placement with sufficient
cover and adequate steel ratio and the remaining dimensions should give pro-
portions based on previous studies as given in Table 1. The final dimensions
selected were an overall shell height, H=12 ft (3.65 m); shell throat radius,
a=3 ft (0.91 m); shell thickness, h=0.25 to 0.5 in (6.5-13 mm); and shell
geometry parameter, b = 7.55 ft (2.30 m).

The use of the most striking property of the hyperboloid of omne sﬁeet,
i.e., ruling lines, to aid in the construction of the formwork and placement
of steel reinforcement has proven to be a very novel and convenient scheme.

A fairly simple system for mointoring surface displacements under tﬁe
action of dead and either surface loads or axial compression and for measuring

initial surface imperfections is described.
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It is intended that a total of eight wmodels with varying support con-

ditions, thickness, loading conditions and reinforcement configurations be
constructed and tested in the future. With the support facilities and text
described herein as a foundation, it is hoped that future details on various
aspects of materials and results will be forthcoming in order to gain a

clearer perception of the buckling behavior of shells.
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Table 1.

Reference

6
7,8
L5

22

21

23

1l

17

Proportions of Buckled Shells

o) - 3
a h b _
4.54 198 —
3.9 202 0.401
3.9 175 0.436
4,14 121 to 0.283 to
177 0.447
4.5 204 0.333
4.19 123 to 0.517
- 269 '
3.9 91 to 0.400
615
6 100 to 0.373
182

H = overall shell height, a = shell throat radius,

h = shell thickness, b = shell geometry paramters.
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Table 2. Computed Shell Buckling Loads

h, in z, in qcr,psi
(mm) (cm) (kPa)
0.5 0 Throat 20.2
(13) (@ (139)
36 18.5
oL (127)
108 BRase 12.4
(274) (85)
0.375 0 Throat 1l.1
(10) (0) (76)
36 10.2
(91) (70)
108 Base 6.8
(274) 47)
0.25 o] Throat 4.6
(6) (3] (32)
36 4.2
(91) (29)
108 Base 2.8
(19)

Note: fé = 4000 psi (27.6 MPa); <, =.0,002 in/in (m/m)

(274)

31
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Table 3. Shell Membrane Stresses
h = 0.5in (13mm) h = 0.375in (10mm) h = 0.25in (6mm)
g = 0.0434 psi g = .03255 psi g = 0.0217 psi
= 18.5 psi q = 10.2 psi q = 4.2 psi
(127 kPa) (70 kPa) (29 kPa)
U¢, psi ce, psi U¢, psi GB’ psi c¢, psi UB’ psi
(kPa) (kPa) (kPa) (kPa) (kPa) (kPa)
a
g -3 ~0.5 -3 0.5 -3 -0.5
(-21) (=3) (-21) (-3) (=21) (=3)
@ 105 1317 77 -967 48 -602
2 =0 (723) (=9074) (532) (-6663) (33D) (=4148)
. P =429 -68 =315 =50 =196 =31
o (-2956)  (-469)  (-2170)  (-344)  (-1350)  (-214)
Total =327 ~1385 =241 =-1017 -151 ‘=633
{(=2253) (~9543) (-1660) (-7007) (=1040) (=4361)
a
g =10 -2 -10 ) -10 =2
(-69) (-14) {(=69) (-14) (-69) (-14)
¢ =565 -2202 ~415 -1616 -258 -1007
z = 108 in (-3893) (=15172) (-2859) (=11134) (-1778) (-6938)
(274 cm) P -288 -17 212 -13 -132 -8
Base (-1984) (-117) (~1461) (-90) (-909) (-55)
Total -863 -2221 -636 -1631 =400 =1016
(=5946) (-15303) (-4382) (-11238) (=2756) (=7000)

a. Dead load
(23.8 kN/m

§'based on assumed unit weight of microconcrete of 150 1b/ft
)

3

b. Buckling load q based on assumption of eritical location at 36 in (91 cm)

below throat.
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Fig. 4 Support Frame and Platform
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Fig. 11 Cut Out Section



Y

45

Horizontal Connecting Rib
20 Gage Metal

L.Ti: 27 .~ Ve
\
[
3!! X 5"
Connector
Plate
=)
—
&
o E
<}
i} -t
=| e
| =
- Il
= | &~
1/4" Wood Lath w | e
e ‘ g1 2
e e | =
] 2 oo gl ~
. HE
o .
c| o
|
~| =
™~ .
Lol o]
-
e —
"]
<
Vertical Comnecting |g
Rib, 20 Gage Metal
)
5 ) 5 T i
Sb

S, and S, vary per level of interest.

T b

Units: feet
(meters)

Fig. 12. Typical Panel



38.736 -
(0.98m)
i ] s ]
(2.34)
Top of Shell f

46

0.25 (0.64)

144

(3.661:!) | i 1

E
)

0.50 {(1.27)

0.25 (0.64] /

All reinforcing No. 12 wire

a. Upper Edge Stiffening Beam

56.25 .
(1.43m)

e — S

- No. 12 wire

b. Lower Edge Reinforciang Wire Connection

Fig. 13. Boundary Details

0.25 (0.64)

0.25 (0.64)

Units: inches
(cm)

Units: inches

(ecm)

» Bottom Ring
¥ L5 x3xl/6



47

aaddoy pue dung

OuAOK

w1




48

1
4
Tie~dowmn Anchor “\\\\ /////" l's 5x%3x1/

10.64 (3.24)

» 7

15°

['s 4 x 3 x 1/4

Evacuation
Hole -\N&;

1\ &. 1/2"
Plyw.ood x}

11
5]

]l .Zfs 4x3x1/4
Access Way

\— Legs removable

for access

Units: feet
(meter)

Fig. 15 Platform Detail




49

2 x 4 Stud

8 @0.8 (0.24) = 6.4 (1.95)

A 111 ﬁ\\
[ it N\
/ \\
/ s
= =]
L \

Y

1 lo.46
' EEO.], y) _

N
‘L\ lls 7
k\ JIC /)/
\ M ; |~
1/2" Plywood
3.31 (1.01) 4 @ 0.8 (0.24) = 3.2 (0.98)

Units: Ieet
(meters)

Fig. 16. Top Plate



Tov Ring
A AN AR R S ST 4 A A A e Aluminum
5 ]l.B Channel
(.08) — (C|J.46) 6 x 0.314
£ :
-+ i
a.z.'i(o.zz.} (0.38)
t *
1 = 1 (0.23)
9(0.23) +
33 ee]
(.B4&)
]
4
=
n . Dial Gage
18 a
(fé) 9@12=108 } @
6 (2474} - ] s@12
! | - 108
(.48) ] :
)
7 | ®
]
18 = !
(.68) @
-+—_‘ 9 wme=| 1
L3
8 1 @
(.46) N
—’[—z @
| )
] \
4 Strain Gage }
(?GJ. ) X Locations ! _L——_ e
'3 Dial Gage
Liyels 24 Calibracien
. (0.51) l Standards
{.38) .
.T_lj////_rffffa/ ra
3otzom Ring I’
3
(.03) Unizs: inches '
(neters) o 23,5
(0.60)
Fig. 17. Strain Gage and Displacement Gage Locations

50



Appendix III:

Notations

51



52

Notations

a - throat radius

b - shell geometry parameter
E - Young's Modulus

ET - Tangent Modules

F.F
8’0

- experimental correction factors depending on the shape of
the cooling tower shell

fé - concrete uniaxial compressive s;rength

‘g — dead weight per unit area of surface

h - shell thickness

H - shell height

HT - vertical distance. from the throat to the base

- factors depending on shape and boundary conditions of the
cooling tower shell

KeaKep
L - length of ruling line

P - applied axial load

Pe’PG’Pn - load components per unit area of middle surface
q - uniform external pressure

9., - pressure at which buckling commences

QG’QG - geometry buckling parameters

r = horizontal radius

RB - base radius

RT - top radius

Ar - deviation recommended between theoretical shape and actual prototype
structure.

Z - vertical coordinate
€, ™ associated strain for concrete

v = Poission's Ratio
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Abstract

Design and construction of the support facilities required for the
casting and testing of reinforced micro-concrete models of hyperboloids
of revolution are discussed. Proportioned such that buckling will occur
prior to general collapse, the models are 12 ft. (3.65 m) high, 9.33 ft.
(2.84 m) in diameter at the base, and 0.5 in (13 mm} thick.

The eight shell models to be constructed and tested, using the support
facilities, will have varying support conditions, loading conditions, and

reinforcement configurations.



