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John P. Wolf!l and Petter E. Skrikerud!
SUMMARY

The supporting colummns and their foundation influence the cooling tow-
er's seismic response decisively. At the same time, they represent the most
vulnerable part of the structure. For increasing seimsic excitation, the
constitutive laws of the concrete and of the reinforcement steel in the col-
umns as well as.slipping and lift-off of the foundations are incorporated
into a nonlinear analysis. A large reduction in response results from the
behaviour of the columns in temsion. Slipping and 1ift-off play a less im-
portant role.

INTRODUCTION

In recent years, an increasing number of high hyperbolic, natural-
—draught cooling towers have been designed and erected in seismic active
zones. As for the case of wind loading, which traditiomally governed its
design, a detailed analysis of the tower's earthquake response has to be
performed. Possible nonlinearities are to be considered, especially when
performance and the corresponding reliability of the tower for increasing
seismic loads are determined.

Hyperbolic cooling towers are nowadays routinely designed for a (moder-
ate) earthquake which can reasonably be expected at the site during the
life of the structure. For such a design basis earthquake (DBE), the tower
is usually required to remain elastic, as this level corresponds to that
seismic excitation for which all structures of the industrial plant have to
remain fully operational (plant-availability earthquake). In addition, the
tower is examined for the most severe earthquake which could possibly occur,
to ascertain that no danger of collapse exists. Especially for cooling tow-
ers in nuclear-power plants, such a possible collapse for, e.g., the safe-
-shutdown earthquake, has to be avoided, as the falling debris could endan-
ger neighbouring safety-relevant structures. In zones of high seismicity,
this additional analysis will be strongly nonlinear.

As the supporting columns form the weakest link in a tower subjected
to the uniformly distributed lateral loads resulting from horizontal earth-
quake excitation, large relative displacements between the upper and lower
ends of the columms arise. This global (i.e. with respect to the entire
tower, not the individual column) shear distortion is similar to that en-
countered in a structure with a "soft first storey". It leads to large for-
ces in the foundation, in the columns and in the lower edge beam of the
shell. Hence, for increasing seismic loads, these parts of the tower are
the first whose design is governed by the loading case of earthquake instead
of by the wind.
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NONLINEAR ANALYSIS

For all investigations the 1l44-m-high reinforced-concrete cooling tow-
er of the nuclear-power plant in Leibstadt, Switzerland, forms the base.
Its main dimensions are specified in Figs. 1 and 2. The selected nomencla-
ture for the local displacements and the forces of the shell is depicted in
Fig. 3. Each of the 36 pairs of columns rests on a separate foundation (Fig.
2). The material properties of the shell are as follows: modulus of elas-
ticity = 30 GPa, demsity = 2.5 Mg/m3 , Poisson's ratio = 0.2. For the pre-
fabricated circular columns with the diameter d = 0.85 m, the modulus of
elasticity is increased to 35 GPa. The shear modulus, the density and
Poisson's ratio of the soil, which is regarded as an elastic halfspace,
equal 0.12 GPa, 2.4 Mg/m® and 0.4, respectively.

The axisymmetric shell, which is assumed to remain linear-elastic, is
discretised with 30 higher-order finite-element frusta with an isoparamet-
ric expansion in the meridional and the standard Fourier expansion in the
circumferential direction [1]. The stiffening-ring beam, the supporting
colums and the individual foundation springs are synthesized into a stiff-
ness matrix compatible with the axisymmetric shell element [2].

The cooling tower is analysed for multiples of the horizontal design-
-basis earthquake (DBE). No vertical excitation is assumed. 1In the actual
design, the tower has been dimensioned for a DBE with a peak horizontal
ground acceleration of 0.12 g. The corresponding response spectrum closely
follows that of the USNRC Regulatory Guide 1.60. For all nonlinear calcu-
lations performed in this section, the artificially generated time-history
§g(t), shown in Fig. 4 (and multiples thereof), is used. It envelopes the
DBE response spectrum for 7% damping.

The nonlinear constitutive laws of the concrete and of the reinforce-
ment steel used in the columns as well as the corresponding normal force-
-strain relationship are depicted in Fig. 5. The stress-strain (o ~ €)
curve for concrete as recommended by CEB/FIP [3] for loads of short dura-
tion is idealised as shown in Fig. 5a. No tensile capacity is introduced.
The elastic-ideal-plastic stress-strain relationship of the reinforcement
steel is shown in Fig. 5b. When determining the normal force-strain (N - €)
relationship (Fig. 5¢) of a column, an area of reinforcement steel Ag =
136 cm? is used (15 re-bars of 34 mm diameter). In addition to this
curve, denoted as "2-material law", the familiar relationship indicated as
"elasto-plastic" is sometimes used for comparison. The hysteretic behav-
iour of the materials is indicated in the figure. The vertical reaction
force Ry of an individual foundation is plotted as a function of the verti-
cal displacement w in Fig. 6. The ultimate pressure of the soil equals
-1 MPa. The radial, Ry, and the tangential, Ry, reactions are limited by
Coulomb's friction law (friction coefficient = 0.58).

The aximsymmetric computer code Dﬂ 2], used for all linear and geo-

metrically nonlinear analyses in the process of design is expanded to in-
clude material nonlinearities. The coupling terms, which occur between the
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linear case) including only up to the first harmonic for horizontal earth-
quake excitation and dead load. To be able to judge how many harmonics
have to be included, comparative studies with the Oth - 1lst harmonic, with
the Oth - 5th harmonic and with the Oth - 20th harmonic, using the 2-mate-
rial law for 2.DBE, are conducted. The nonlinearity leads to a significant
distortion of a cross-section of the shell. In contrast, including only

up to the first harmonic in a nonlinear analysis produces no visible differ-
ence in the displacement around the circumference (up £ -Vo). The results
obtained by using up to the 5th harmonic coincide from a practical point of
view with thoseof the analysis with the Oth - 20th harmonic. This is de-
monstrated in Fig. 10, where the in-structure response spectrg at the top
of the shell for total acceleration in the x-direction (8 = 0°) are depict-
ed. As expected, an analysis adopting only up to the first harmonic re-
sults in a significant deficit in the higher-frequency range. The vertical
R, and tangential reaction forces Ry at 2.7 s are plotted versus the cir-
cumferential angle in Figs. lla and b, respectively. Once again, the use
of up to tne 5th harmonic, which is adopted for all calculations in this
article, is justified. The results corresponding to the analysis with only
the two lowest harmonics tend to average the response over the circumfer-
ence. For a further comparison, the reaction forces of a linear analysis
are also shown. The general characteristics of this type of nonlinear
earthquake analysis [ﬁ] are clearly visible: smaller global horizontal-
shear force, smaller global overturning moment and larger global vertical-
reaction force.

As a sensitivity study, the nonlinear analyses are also performed for
even higher earthquake-acceleration values, using the 2-material law. For
3.DBE (0.36 g), all individual foundations slip at least once during the
earthquake. The two neighbouring separate foundations located symmetri-
cally to 8 = 180° just start to lift off for this level of excitation.
However, the extreme normal forces in any column, 3.37 MN and -14.6 MN, are
still well below the corresponding yielding values 6.80 MN and -19.9 MN
(Fig. 5¢). All columns thus behave bilinear—elastically. The first 5 s
of the time history of the radial u and tangential displacements v of the
foundation at 8 = 105° are plotted in Figs. 12a and b, respectively. The
remaining slips of the individual, separate foundations cause permanent
displacements and self-equilibrating forces in the tower.

Finally, the earthquake scaled to a level of 5-DBE (0.60 g) is adopt-
ed. Although for such strong shaking the linear-elastic model of the shell
is questionable, this extreme case should nevertheless give valuable in-
sight into the problem, as it overstresses the nonlinear phenomena. All
the individual foundations are subjected to extensive lift-off and slip-
ping. As an example, the firstOS s of the horizontal displacement of the
separate foundation at & = 145 is shown in Fig. 13. Even such large
displacements do, however, hardly lead to inelastic behaviour of the col-
umns (extreme values 6.27 MN and -20.4 MN). The minimum vertical soil
pressure equals -0.8 MPa, which is larger than the ultimate value (= -1.0
MPa). Thus, even for 5:DBE, no yielding of the soil in compression occurs.
Significant permanent displacements and forces remain after the earthquake.
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Normal projections of the permanent displacements of the entire tower onto
the planes y = o and x = o are depicted in Fig. 14. The deformed shape is

not symmetric with respect to the y - z plane. The upper part of the shell
is tilted towards x < o.

To characterise the nonlinear response, the maximum global reactions
(vertical, horizontal (shear) and overturning moment) of the tower are plot-
ted as a function of the level of earthquake excitation in Fig. 15. These
results are consistent with the conclusions derived using quite different
types of structures [41.

CONCLUSIONS

1. A linear-elastic analysis exaggerates the seismic response consider-
ably and cannot even be used to determine the results for the DBE (0.12g).
2. A nonlinear analysis can no longer be limited to the zeroth and first
harmonic only, as in the linear case. However, satisfactory results are
achieved when based on quite a small number of harmonics (up to the 5th).
3. The behaviour of the columns in tension (cracked concrete, elastic
steel) represents by far the most important nonlinearity. Even for an exci-
tation level of 0.24 g this is the only nonlinearity which appears. When
this bilinear-elastic law is introduced in the design (0.12g), no rein-
forcement steel in the columns is theoretically necessary.

4, The elastic-ideal-plastic material law cannot be used.

5. Substantial slipping and slight 1lift-off occur for an excitation of
0.36 g. Even for 0.60 g the ultimate compressive strength of the soil is
not reached. At this level of excitation, the compressive capacity of the
concrete (but not of the steel) in the columns is reached, whereas in ten-
sion the reinforcement steel still behaves linearly.

6. Accounting for the nonlinearities, a more flexible system with corre-
spondingly smaller seismic input results. The well-known reduction in the
global response in the horizontal direction and the increase in the global
vertical response are apparent.
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