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Abstract

This paper is concerned with a numerical solution of hyperbolic cooling tower shell, a
class of full nonlinear problems in solid mechanics of considerable interest in engineering
applications. In this analysis, the post-buckling analysis of cooling tower shell with discrete
fixed support and under the action of wind loads and dead load is studied. The influences of
ring-stiffener on instability load are also discussed. In addition, a new solution procedure
for nonlinear problems which is the combination of load increment iteration with modified
R-C are-length method is suggested. Finally, some conclusions having important

significance for practice engineering are given.

I. Introduction

Hyperbolic shells are mostly used as natural draught cooling tower in the power plant and are
made, as a rule, of reinforced concrete. With increasing capacity of the power plants it was necessary
to increase both the height and the diameter of cooling tower shell. However, for such a large
hyperbolic revolutional shell under axisymmetric dead load and unaxisymmetric wind action, their
stability problems received relatively less attention.

In recent years, due to the birth of high-speed computers, the rather accurate calculations have
been developed for determination of the critical load, e.g., references [1 —4,6,7] calculated the
critical loads of cooling tower shells with various dimensions and boundary conditions for several
loading cases. Ref. [5] gave the results of buckling tests in wind tunnel.

This paper is concerned with a numerical solution of hyperbolic cooling tower shell, a class of
full nonlinear problems in solid mechanics of considerable interest in engineering applications. In
this analysis, the post-buckling analysis of cooling tower shell with discrete fixed support and under
the action of wind loads is studied. The influences of ring-stiffener on instability loads are also
discussed. In addition, a new solution procedure for nonlinear problems which is the combination
of load increment iteration with modified R —C arc-length method is suggested. Finally, some
conclusions having important significance for practice engineering are given.

II. The Constitutive Equation of Reinforced Concrete with Inhomogeneous

Reinforcement

In many structures of reinforced concrete, although both steel and concrete may be
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homogeneous and isotropic, the reinforced concrete, as a composite material, is inhomogeneous
and anisotropic owing to ithomogencous reinforcement. Since the reinforcement is always designed
as orthotropic in many practical structures, reinforced concrete is regarded as an inhomogeneous
orthotropic structure.

Let ratios of reinforcement be ©: and P, inthe direction x andy. The elastic modulus and
Poisson’s ~~tio of steel are E and v, . Then, the relatioship of stresses and strains in steel material
may be written as

s 1 Ve 0 &
Tuy o USymmetric q—y/2 Ly, -

The membrane forces per-unit length owing to strain {¢,, ¢,, y.,} areexpressed in the following
formulas

{N3;, Ny =p.{o., 7y}, {N3, N:’:l]’:prh{an Tsy} (2.2)

It can be seen from equation (2.2) that* N}, %N}, if P:%0,
Let
Ni,=(Niy+Ni)/2
The corresponding relation of forces and strains can be expressed as follows

(N,1=[D,](e] (2.3)

where

[Na]={N;y N:; N;’}T ,

[oB VePs 0
r E,h
lec]=A{esy &4y Vay}T, [D’]=1—v1 YsOy Py 0
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py=(p:+py)/2
In the same way, the relation of forces and sirains can also be expressed as in concrete
[No]=[Do] [8,] (2.4)

where £ and v, are respectively elastic modulus and Poisson’s ratio of concrete,

(N,J={Ni, Ni, N:®, Ni=(Ni,+Ni/2 .

E 3 l_p! Vo(l'-p:) 0
[DC]= l_cil,lg vc(l’—p') (l—p') 0
0 0 (1=~ p4)(1—7,)/2

In the case of the slide between steel and concrete is not caused in the process of reinforced
concrele deformation, the force-strain relations of reinforced concrete can be written in the forms!#!

[N:]:=<[Dc]+[Ds])[es] (2.5)
where [N],=(Ns+Ni, Ni+Ny, Ni,+Ni,)) .

Herein, since the ratios of reinforcement are the function of x and y, every element in the relation
matrix equation (2.5) is the function of x and y.
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III. Computational Approach

Shell equations

In geometrically nonlinear analysis, both Updated Lagrangian and Total Lagrangian
formulations are considered. The local Cartesian coordinate system is used for geomeirical
nonlinear formulations. The Green strain tensor can be expressed as

ey=U;,; 4+ Ui +U.,-Us,p)/2 (3.1

in which &, is nonlinear strain tensor, and U, is displacement tensor.
An increment form of principle of virtual work, based on the Updated Lagrangian
formulation, is as follows

jA.SudA,e”dV‘+ j.fuaA[ﬂ”dV‘=6W-jf(;5A‘8g;dV‘ (3-2)

where 8§/ is external incremental vitual work, the Green strain Asegzand 2nd Piola-Kirchi. .f
stresses A,S;; are referred to the configuration at time ¢. The Cauchy stresses are represented as
745. The incremental Green strains can be simply written as

A.e”—A.eu+A.m,, Aes= (A, U(.1+AtU;,()/2, :flu—(A Uh« Uhl)/z (3.3)

where A,e;; and A7, are the linear and quadratic parts of A.e,, .
Shell elements

The elements for analysing shell structures have been reviewed in ref. [9]. In general, the use of
curved shell finite elements will give a better geometrical representation, amd the solution converges
much faster than that using both simple flat shell elements!'®!! and 3D isoparametric solid
element!'?. The use of a curved shell element, therefore, allows a relgtively coarse mesh to be used to
achieve a desired degree of accuracy. At the samc’time this reduces storage requirement for the
solution.

herein, the Ahmad degenerated shell element
(a nine-node isoparametric shell element)!*! with
Lagrangian interpolaton functions for the
displacement fields is adopted. Elastic stiffness,
geometric stiffness, load vector due to initial stress,
and the external load can be derived based on the
following displacement fields once the geometry
and the constitutive relationship are described over
the element.

Fig. 1 Shell element configuration

Ui=3_ N*, n)u'+——ZN*(£ n -k Yat =V ial) (3.4)

n-l k-1

where V*,and V!, are mutually orthogonal unit vectors which are contained in the plane normal
to the V%, dlrectlon which is constructed from the normal coordinate of the top and bottom

surfaces at node i as shown in Fig. 1.
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IV. Nonlinear Solution Procedures
In order to characterize overall behaviour of solution systems, the following non-dimensional
scalar quantity is suggested

_GIR /AP N (AuH)TKI(AUY)
Sr= a’R "(Ap‘) (AuH)HTK{(Au) (4.
where S, is denoted as “current stiffness parameter’!!3l. p

A dot denotes differentiation with respect to the load
parameter p. Index 0 indicates initial state. R is a
charagterizing rcRrence load which for instance may
be chosen equal to { B7Reor) .

It is readily seen from equation (4.1) that current

stiffness parameter has initial value of unity for any ol
non-linear system. It is less than unity when the system
becomes ‘softer’ than the initial system and greater
than unity for suffening systems.

In this way, we may divide load-displacement
space into two kinds of type (see Fig 2) based on the
parameter S. One is sfngular region with

’

[S,1<S,.<{1.in which the solution path is near limit

w

point and the stiffness at some point is near singular.
The other is nonsingylar region with|S, | >S,,),in
which the nonlinear set of equations may be solved
by using conventional methbds,e.g. iterative method,
step-by-step method, and their combination.

In singular region, we adpot a modified Newton-Raphson versian of the Riks-Crisfield-<arc-
length control algorithm!'" to trace incrementally the load-displacement curve. Many experiences
have shown RC arc-length procedure is very successful as a convenient means of statically

Fig. 2 Load-displacement space and
current stiffness parameter

traversing bifurcation points that arise in shell post-buckling analyses.

V. Nonlinear (Postbuckling) Numerical Analyses.

Nonlinear stability analysis of cylindrical shell

In order to prove the reliability and availability of the theory and method given in this paper,
we analyse a cylindrical panel shell simply supported along its straight edges and freeralong the
curved edge (see Fig. 3). The analysis results are well consistent with Sabirl!¢tand Bergan!'3! (see Fig.
4).
R(kN)

°[161
a(13]
~present study

central w(mm)

a_ —

30
simply supported
R=2540 free
E=3 10N/mm,v~0.3
Fig. 3 The dimensions of cylindrical shell (uuit, mm) Fig. 4 'i he nonlinear analysis results

of cylindrical shell
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Nonlinear analysis of hyperbolic cooling tower shell

Fig. 5 presents a 90 (m) high reinforced concrete, its boundary conditions are free at.top and
discretely fixed at bottom, and under its own axisymmetric weight and unaxisymmetric wind load
action. The nonlinear buckling of cooling tower which is made without and with one ring stiffened
in throat, and the results are given in Fig. 6, in which the wind pressure data are given in table 1.

21.33
i ® Ih" tower shell with ring-stiffners
' b, 20
ring’s dimension
<
e «=0.85% ok tower shell without ring-stiffners
_l ﬁ I 1

33.94 }a_gl reinforced concrete ()
2 1x107T/mt ve=0.3 Fex2.85%10°T/m* ve=0.15 O 0.1 0.2 0.3 0.4
Fig. 5 The dimension of cooling tower (unit.m) Fig. 6 The nonlinear. buckling results of cooling

tOWpf (wis symmetric point on tower top
against wind surface)
Table 1 The wind pressure data of cooling tower

1/; 12
g=pl(z+712)/10] 3 Ancosnd
=0

Ao=0.1167 A1=0.2792 A1=(.8198 A>=0.5093
Ag=0.0917 As=-0p.1179 As=—0.0333 Ar=0,0441
As=0.0083 As=0.0097 A1p=0.0136 A1=0.0080
Ayz=0.0187

The results show, for the reinforced concrete hyperbolic cooling tower, the influence of
geometric nonlinearities is very slight in pre-buckling, so that the results obtained from linear
buckling analyses have good approximation. In addition, the instability critical load can be
apparently raised by assembling the ring-stiffener. When the ring-stiffener whose dimension. is
b,=0.5(m) and h =0.25(m) is assembled in the throat of cooling tower, the critical load can rise
about 30%.
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