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ABSTRACT

Natural draught cooling towers often develop visible crack structures as consequences of progressive damage processes over their
life-time. The aim of this paper is a numerical demonstration of the progressive damage process of cooling towers, representatively
for the reinforced concrete structures, in order to improve the durability and extend the life-time of structures subjected to such
damage processes. For the analyses, the applied material model for reinforced concrete will be briefly introduced. An existing natural
draught cooling tower with a pronounced crack structure, in which this crack structure indicates the typical damage pattemn of large
cooling towers will be numerically simulated. The change of dynamical behavior of the structure with regard to natural frequencies,
reflecting the global damage process due to the degrading stiffness of the structure in dependence of the load type and intensity,

will be presented and discussed.
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1. Introduction

Natural draught cooling towers occasionally start, after
years of apparently crack-free performance, to develop
visible meridional cracks which indicate the origin of a
damage process. Here the reasons are thermal and hygric
effects in the interior of the tower, leading to extensive
micro-cracking on the outer face of the shell. These merid-
ional cracks will often propagate and widen markedly as
time passes. Such progressive damage processes can be
observed worldwide on many large cooling towers, even
on recently constructed ones, through modern techniques
[9]. They can be also observed on bridges under traffic and
on offshore-platforms under sea-wave excitation. The rea-
son for these damage phenomena lies in a dynamic self-
adaptation of the structure moving towards higher exci-
tation spectral values, after local initial damage formation:
so-called damage-controlled structural self-adaptation [6]
which this work will demonstrate with an numerical
example.
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2. Structural Damage Indicator

Structural damage processes are always attached to non-
linear responses. The nonlinear matrix equation of motion
consists of the following 2nd order implicit matrix dif-
ferential equation, with V denoting the nodal degrees of
freedom, - the nodal velocities and - the nodal accel-
erations.

M-V+GWV,V,d 1) = P@) (1)

Herein M abbreviates the global mass matrix of the
structure. The nonlinear vector functional describes the
internal equilibrium due to the forcing process P(¢), con-
sidering viscous (1) as well as elastic-plastic actions (V)
and damage d. f denotes physical time. For incremental-
iterative techniques (1) can be transformed into a linear
differential equation for the increments &V,8V, 8V and
6P
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tion (1) for 6P and using the abbreviations for tangential
damping matrix C;, tangential stiffness matrix K; and the
vector of inertial equilibrium nodal forces F,

M-V+Cy-OV+Ky SV=P-M-V-G(V,V,d,t)=P-F,
3)

For the sake of simplicity, we will use in the following
the time-independent variant of (3), the so-called tan-
gential stiffness relation.

K (V,d)-§V=56P=P-G(V,d) 4)

Structural damage is generally understood as a stiffness-
degradation caused by material deterioration. Therefore
damaging effects must be stored in K, as can be achieved
by the application of the multi-scale simulation technique.
Information of physical deterioration modeled in con-
stitutive law is homogenized and transferred from the
material point level up to the structural level for further use
in the main control equations (3, 4). This homogenization
technique is presented in [10] for a time-independent
response of a shell structure consisting of layered finite
elements.

In order to quantify the generated global structural dam-
age, a set of phenomenological damage indicators can
obviously be defined from K in (3, 4). The most succinct
form of damage information in K, is a set of positive
eigenvalues A; or a set of natural frequencies f; for the
structure under the dynamic actions to be further con-
templated. With them the damage indicators are formu-
lated for a discretized structure with ”? degrees of freedom
as

Dy(V,d)=1.00- fi(v,d)

W—O—),lﬁiﬁm (5)

D, =0 indicates the undamaged, virgin state d = 0. D,
increase with growing damage, interpretable as the quanti-
tative weakness of the structure related to a certain mode
shape i. Furthermore, in the case of damage-caused failure
and loss of structural integrity, they should reach the limit
value 1. The second term in equation (5), the deviation of
Dy from 1, sometimes addressed as measure of integrity,
describes the normalized distance of the structural state
from the critical one.

The difficulty in the practical application of these dam-
age indicators is that the number of significant natural fre-
quencies have to be reasonably estimated in advance. This
estimation depends however on the type of the structure

and its loads. On this account another damage indicator is
defined in [11] with only one damage parameter £, . This
indicator will be compared with the former indicators D .
The parameter f; in (7) is based on the deformation incre-
ment AV} at the first iteration step of every load increment
k-the so-called predictor. One obtains AV} from the incre-
mental iteration of the equilibrium of the nonlinear FE-
analysis and therefore this doesn’t require any additional
numerical expense. The damage parameter f; is obtained
by using the RAYLEIGH-QUOTIENT (6) in which the
mode shape @, is substituted by the incremental defor-
mation AV.,i.

+2 _AVI(:I'KT'AVI(:

S 6
g AVY M- AV (©)

The damage indicator D,, can be obtained according to
the same concept for (5) as

Dyy= 1_]_1% (7)

0
with the initial damage parameter f, calculated for each
load case.

3. Material Model

Reinforced concrete shows a highly nonlinear material
behavior. Its modeling generally requires a multitude of
material parameters. Although for realistic numerical anal-
ysis of structures the material properties have to be mod-
eled as exactly as possible, the requirements on the
precision generally depend on the problem at hand.

For the current work - damage analysis of extremely
thin-wall shell structures of big natural draught cooling
towers - an adequate simple concrete model in a two
dimensional description was used, because the investi-
gated shells primarily fail by tension and the behavior of
the reinforcement steels and the bond effect between the
cracks determine the failure of the structure. Special atten-
tion should be turned therefore on the tension-stiffening
model. The model used in the following is described in
detail in [14, 15].

3.1 Concrete Model

The applied concrete model is a orthotropic model for-
mulated according to [3] for the biaxial state of stress.
Basic advantages of this model description are the com-
pact formulation by the introduction of an equivalent
uniaxial strain in the principal stress system and its appli-
cableness on a cyclic load process with only four material
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parameters: tension- and compression strength, strain for
the compression strength as well as the initial YOUNG's
modulus. The failure criteria are defined based on the
experimental results of [13]. The cyclic behavior in com-
pression is formulated based on the experimental data of
[7] regarding degradation of strength and stiffness, plas-
tification and energy dissipation.

The principal tensile stress value governs the formation
of tension cracking. After tension cracking an uniaxial
state is adjusted in the principal stress system. If a tension
crack already exists, a second crack may be formed per-
pendicular to the first one. Depending on the load history
and deformation of the structure, the directions of cracks
can be rotated according to the principal strain directions
and some cracks may close again by local unloading or
change of the load direction. For the crack closing process
the formulation of [16] are used. The entire model descrip-
tion of the concrete is pictured in Fig. 1.

3.2 Modified Reinforcement Model Considering Bond
Effect

The bond effect between concrete and reinforcement
plays an important role in the analysis of the response
behavior of reinforced concrete structures. For the present
investigation the bond effect has to be modeled indirectly
as tension-stiffening participation of the concrete between
the cracks either in the concrete or in the reinforcement.

In the following the formulation of the tension-stiffening
effect assigned to the reinforcement model, is described
both for the monotonous and for the unidirectional cyclic
loading. For the model set-up the iterative computation
concept with a step-by-step integration of [5] was used,
which allows the use of any complicated bond law. For
monotonous loading the bond model of [12] was
employed, which is also valid for large slip e.g. in the case
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Fig. 2. Modified reinforcement law

of yiclding of the reinforcement. For cyclic loading the
bond modet of [17] is used because it is more adequate for
the service load state compared to other cyclic bond mod-
els described in [2]. For efficient computation only char-
acteristic points are determined. The linear connection of
these points describes the modified reinforcement model
in Fig, 2.

4. Progressive Damage of a Cooling Tower Shell

In the numerical analysis the damage evolution in a
large cooling tower shell and its spectral shifts under envi-
ronmental loads were investigated. We choose an existing
tower, about 25 years old, with a pronounced crack pat-
tern. Fig. 3 gives the dimensions and an impression of this
structure with its varying shell thickness over the height.
The cooling tower is characterized by the geometry of the
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Fig. 3. Geometry and wall thickness
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hyperbolic shell described by

a

; B +(Hp-2)° ®)

r(z) =ryg+
with 1, =-23.6939 m, a=-58.7739 m, b =121.6289 m
and H;= 118.800 m .

The top lintel is constructed as a circular ring with D/B=
0.30 m/1.29 m . 50 V-columns with D/B = 0.75 m/0.90 m
support the shell. Every two columns stand on a foun-
dation (D/B/H = 4.00 m/5.00 m/1.50 m) which is sim-
ulated as springs with an assumed WINKLER modulus of
k=12.0 MN/m’ .

Fig. 4 portrays the existing reinforcement determined by
linear analyses. For the evaluation of the crack width, the
diameter of the used reinforcement of 8-12 mm is sim-
plified as 12 mm uniformly. The material data for the used
concrete can be found in Table 1. Here the variation coef-
ficient of the tensile strength of the concrete is assumed as
10%. The reinforcement steel is characterized by an initial
YOUNG’s modulus £, = 210.10° MN/m”, a yielding
stress f, = 410 MN/m" and a strength f, = 460 MN/m’ at
a fracture strain of 10%. '

The computer simulations use an iso-parametric 4-

Table 1. Concrete data

B B YOUNG’s
Component  Concrete was om . modulus
[MN/m] - [MNm?] - (0
Shell BH300 25.0 2.675 30000
Support BH450 40.0 2.924 35500
foundation ~ BH300 25.0 2.675 30000

noded REISSNER-MINDLIN shell element capable of
large displacements and large rotations. The displacement
shape functions of the element are bilinear polynomials,
and to avoid shear-locking the transverse shear strains are
linearly interpolated in the sense of an assumed strain ele-
ment. The incremental-iterative solution of the structural
response up to failure has followed the multi-scale anal-
ysis technique, using the FEMAS-software [1]. The com-
plete structure is modeled as a layered shell continuum
consisting of 2 orthogonal uniaxial steel layers on both
faces and 9 plane stress concrete layers.

The tower is subjected to actions from its dead weight G,
quasi-static wind load of wind W zone I with K1.0 accord-
ing to [18] and alternatively to temperature loads due to
winter service condition, a temperature difference of 45 K
from the cooler outer to the warmer inner part. In addition
the hygric effect of permanent wetting on the inner face
and the shrinkage on the outer face are considered as a
temperature load. A reasonable assumption according to
[4] results in an equivalent temperature gradient of 15 K
for a nearly 30 years old tower.

Fig. 5 and 6 illustrate comparatively the load-deflection
curves at the investigated points B and E in Fig. 3 for the
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three load cases. The crack pattern close to the collapse
state is pictured in Fig. 7. Without thermal service loads
the shell behaves linearly up to a wind load factor
A =1.75. After this load level, cracks form and develop
horizontally on the luff side as well as vertically on the
flank, successively. They propagate and join together with
increasing wind load. Compared to that, the temperature
load AT,s, under winter service condition forms cracks
on the whole outer face of the shell. The hygric effect
increases the grade of this initial damage, leading par-
ticularly to circumferential bending damage in the area of
the flank. This initial damage tends however to be reduced
with increasing wind load factor and finally the wind load
alone determines the collapse behavior of the tower. Thus
the tower collapses approximately at the same wind load
factor of A~2.50 under all the investigated load cases.

In Fig. 8 on the right the crack pattemns of the shell after
3 consecutive cyclic wind loads 1.0 W are plotted. Here
the tower has been already loaded first by the winter ser-

at G+ AT, + AT, , + 247 W w,, > 0.2 mm

atG + AT, + AT, , + 0.00 W w,, > 0.2 mm
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vice temperature difference AT, and the hygric effect
AT, and subsequently unloaded to a decreased normal
service temperature of AT,sx.

Comparing with the crack patterns before the loading of
cyclic winds in Fig. 8 on the left, one can see the increase
of the cracks due to the cyclic wind excitation. This crack
pattern obtained from the numerical analysis describes
qualitatively the existing real damage state of the tower.
The definitely insufficient existing circumferential amount
of reinforcement is responsible for the pronounced dam-
age of the tower. The average reinforcement in the cir-
cumferential direction of the shell is 0.25%, while [18]
recommends 0.3%-0.4%

As discussed in Section 2, the influence of stiffness
reduction in the wake of the damage process from the
above quasi-static analyses has to be identified by the shift
of the natural frequencies. Fig. 9 shows the shift of the first
3 natural frequencies over the wind load factor A4, com-
paring the load cases with and without initial damage.
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Under the load combination G+ AW the 3 natural fre-
quencies between f=0.67 Hz and /= 0.74 Hz remain
approximately constant up to the occurrence of the suc-
cessive formation of horizontal cracks on the Iuff at
A = 1.75 . Afterwards the first one varies dramatically until
the collapse of the tower, whereas both other remain
nearly constant for much longer. The reduction of the stiff-
ness due to temperature and hygric swelling decreases the
natural frequencies. The first one shifts e.g. from 0.67 Hz
and 0.49 Hz, this is nearly 30% reduction. Under the load
combination G+ATysx+AT,,,,+AW, one can see, in
comparison to the former case, the more sensitive behav-
ior of the second natural frequency over the wind load: the
whole structure has been already so strongly damaged by
temperature and hygric effects that the local damage
increase under the low wind load cannot change the first

natural frequency remarkably. It apparently varies only
under a higher level of wind loads.

The shifted natural modes of the investigated damage
states in Fig. 10 indicate the changing dynamic properties
of the structure in detail. The undamaged tower has its first
three natural modes with 3, 5 and 4 waves respectively.
However, after the formation of cracks on the whole outer
face of the tower due to the temperature load, the new first
mode with a natural frequency of /= 0.58 Hz now has 5
waves, like the 2 original mode. At the wind load level
A=1.70 at which the second natural frequency drops
sharply, the second mode has 5 waves. From this load
level onwards the first mode is quite similar to the real-life
deformed figure of the structure. At a load level close to
collapse (A = 2.50), the second mode also assumes a sim-
ilar form to the deformation of the structure. The eval-
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e
uations of natural frequencies and natural modes under
consideration of the hygric effect (reported in [14]) show
in principle the same behaviour.

The damage indicators D, based on the natural fre-
quencies in Fig. 11 reflect these damage processes effec-
tively as expected. Under both load combinations G+ AW
and G+ATysx+ ATy, + AW, Dy, D,y faithfully mirrors
the global damage state of the cooling tower. Compared to
Dy, D,y indicates the damage process induced by the
currently applied wind loads. Wind loads of lower inten-
sity than A=1.75 damage only local bounded areas of the
shell. Therefore the values of D,,, remain under the global
damage values of D, and the curve for D, is similar to
the one for D, . After the wind load level 4 =1.75 is
reached, the damage process due to wind dominates the
global damage state of the shell and D, corresponds with
Dy, . The application of both indicators allows the iden-
tification of the global damage state as well as damage
process in local areas.

Additional damage indicators based on natural fre-
quencies make it possible to estimate the increase of
wind excitation level due to damage formation without
time-consuming nonlinear analyses. In Fig. 12 the first
natural frequencies for some load cases are plotted into
the VON-KARMAN-spectrum. In the standard spec-
trum, § denotes the spectral density function of the wind
excitation, f the respective excitation frequencies and ¢
the variance. The figure clearly demonstrates the wind-
and temperature-induced shifts of the first natural fre-
quencies from their virgin positions towards the spectral
peak. It is noticeable that the temperature and the hygric
effect alone increase the dynamic excitation levels about
10% and 25%. Without any further nonlinear dynamic
computations one can thus deduce from the increase of
the spectral excitation level to an approximately equally
large increase of the internal stresses in regard to the
first damaged mode shape.
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5. Conclusions

In this paper progressive damage processes of natural
draught cooling towers were demonstrated. Such damage
processes have been recently also observed on different
kinds of structures. The common features of the damage
process are the wide-band excitation, a shift of the struc-
tural response spectrum towards higher excitation caused
by degrading structural stiffness, as well as a damage-con-
trolled self-adaptation phenomenon. The damage pro-
cesses develop progressively over the life-time of the
structures. Therefore they have to be considered in the
design phase through a durability oriented design, which
take into account the changing structural response under
deterioration and damage processes- a restoration is usu-
ally difficult; maintenance and repair costs may become
substantial.
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