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A B S T R A C T

Wind induced dynamic responses on hyperbolic cooling tower (HCT) shells and the equivalent static wind load
(ESWL) are prime concerns for structural designers and researchers. Followed the dynamic calculation in time
domain, using the wind pressure got from wind tunnel tests, the dynamic effects of internal forces and
displacement of HCT shell were illustrated through the peak factor g and gust response factor G. The original 2-D
distribution of G along latitude and meridian directions was degenerated reasonably to 1-D distribution just along
meridian direction and the 2-D distribution of g to a single value, according to the structure behaviors, charac-
teristics of dynamic responses and structural design principles of HCT shell. Based on these features of HCT shell
and degenerations of g and G, a new approach pursuing ESWL was proposed whose objective is the reinforcement
amount but not the internal forces. The ESWL is got by simple amplification of the mean wind load with a single
parameter γ, but the γ used for the latitude and meridian directions are independent and the former is much
larger. This is the actual reflection of the independent structural design and different dynamic effects of internal
forces in latitude and meridian directions.

1. Introduction

Wind loading plays a significant role in the structural design of hy-
perbolic cooling towers (HCTs). The failures of the HCTs at Ferrybridge,
England in 1965, another HCT at Ardeer, Scotland in 1973 and one more
HCT at Fiddlers Ferry, England in 1984 (Pope, 1994; Simiu and Scanlan,
1996; Bamu and Zingoni, 2005) have led to extensive research in the
dynamic wind responses of HCTs which are induced directly by the wind
pressure fluctuation and include both the quasi-static and the resonant
responses simultaneously. Besides some wind tunnel tests on elastic
models (Davenport and Isyumov, 1967; Isyumov et al., 1972; Armitt,
1973, 1980; Niemann, 1980; Niemann and Ruhwedel, 1980; Niemann
and K€opper, 1998; Ke and Ge, 2014; Babu et al., 2013; Zhao et al., 2014),
more studies are based on dynamic calculation in frequency domain
(Abu-Sitta and Hashish, 1973; Hashish and Abu-Sitta, 1974; Singh and
Gupta, 1976; Niemann, 1980; Lu et al., 1982; Kasperski and Niemann,
1988; Zhao et al., 2014) or in time domain (Steinmetz et al., 1978; Basu
and Gould, 1980; Kapania and Yang, 1984; Bartoli et al., 1992; Zahlten
and Borri, 1998; Orlando, 2001), and the fluctuating wind loads are al-
ways got from wind tunnel tests except Ref. (Steinmetz et al., 1978; Basu
and Gould, 1980) from full tower measurement. Demand for dynamic

analysis is further increased by the planning and construction of
increasingly tall and relatively thinner HCTs for future need, especially in
developing countries (Babu et al., 2013; Zhao et al., 2014).

However, the dynamic analysis involves many parameters, is
complicated in procedure and time consuming and so that not convenient
for structural design. So, equivalent static wind loads (ESWLs), first
introduced by Davenport (1961, 1967) and continually developed by
many researchers (Katsumura et al., 2007; Patruno et al., 2017), have
been adopted by most major codes and standards around the world for
ordinary tall buildings and for cooling towers (Niemann, 1980; Lu et al.,
1982; Ke et al., 2012; Zhao et al., 2017) as well.

ESWLs got from different methods are quite different in formulations
and applications, but they all share the same basic principle that the
responses, such as displacements and internal forces got from ESWLs
should be equal to the real dynamic responses. However, this principle
couldn't be achieved in practice if all responses are demanded to be
equal, because each response has its own gust response factor, G,
expressed by Eq. (6) and this will be illustrated in detail in Section 2.2
and 3.1 below. This brings great obstacles not only for the direct appli-
cation ofG in structural design but also for pursuing the ESWL. Therefore,
ESWL is always got just according to one or several or even more
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responses, namely Single-Objective ESWL, Multiple-Objective ESWL and
Universal ESWL respectively.

Pursuing the ESWL is essentially a process of inverse analysis, seeking
a load in statics according to the structure and expected responses which
are got from dynamic analysis. This is also the basic principle of LRC
method (Kasperski and Niemann, 1992). For a certain structure, if just
one specific response is selected as objective, for example the top
displacement or base moment for tall buildings, the ESWL could be got
easily by amplifying the mean wind load by the G of the selected
response. Nonetheless, other responses got from the ESWL wouldn't al-
ways be equal to the real dynamic responses. If the global mean
displacement and the fluctuating displacement share the same shape, for
example the first mode shape as assumed by Davenport (1967) for tall
buildings, the ESWL got would be valid for the displacement responses of
all locations because the Gs of displacements of all locations are equal to
each other. However, the ESWL is still not valid for other responses such
as internal forces (Kareem and Zhou, 2003). Moreover, the global mean
and fluctuating displacements wouldn't share the same shape for most
structures, especially spatial structures.

If several or even more critical responses are selected as objectives,
the ESWL can't be got by simple amplification of the mean wind load
because their Gs are different. Therefore, the final ESWL is always the
linear combination of mean pressure distribution, POD eigenmodes and
vibration modes (Katsumura et al., 2007; Chen et al., 2012). Apparently,
the ESWL would be far away from the original mean and fluctuating
pressure distributions, losing the natural wind load features. This is
inevitable mathematically but difficult to understand for structural de-
signers who are quite familiar with the mean pressure distribution. On
the other hand, when more than one objectives are selected, a least-
square approximation solution would be involved to pursue the ESWL
(Katsumura et al., 2007; Chen et al., 2012; Patruno et al., 2017). Because
of the least-square approximation solution, the errors between the real
dynamic responses and the responses from ESWL are out of control and
the more objectives involved the greater errors are expected. To mini-
mize the errors, some constraint conditions are proposed (Zhao et al.,
2017). Furthermore, the errors' influence on the structural design such as
the reinforcement amount is still uncertain because this requires the
procedure of structural design, including load effects combination (LEC)
and reinforcement computation. This procedure is beyond the traditional
ESWL analysis which targets merely at the responses.

For HCTs, based on the structure behaviors, characteristics of dy-
namic responses and structural design principles, a new approach to
pursue ESWL is proposed in this paper whose objective is the reinforce-
ment amount but not the internal forces, and the ESWL has the same
distribution with the mean wind load but is amplified by a single
amplification factor.

2. Dynamic analysis in time domain

2.1. Fluctuating wind pressure got from wind tunnel tests

The HCT selected for the following study is shown in Fig. 1, which is
in the preliminary design stage of an inland nuclear power plant of China.
The wind environment is Type B terrain according to code GB
50009-2012 of China. The basic wind speed of the site, namely the
yearly-maximum 10-min averaged mean wind speed at 10 m height
corresponding to 50-year return period is V0 ¼ 26.7 m/s for Type B
terrain. Themean wind speed on the HCT top is VH¼ 40m/s according to
the power-law index α ¼ 0.16 for mean wind velocity profile. Generally,
there are three ways to acquire the wind pressure field: wind tunnel test
on the rigid model, prototype measurement and numerical modelling.
The first method is easy and reliable so is most commonly used as stated
above. The wind pressure field was obtained through rigid model test in
wind tunnel TJ-3 at Tongji University, with a dimension scale
λL ¼ 1/200. What should be noted is that the aeroelastic effects, i.e. the
influence of the model's vibration on the wind pressure field, couldn't be

incorporated in rigid model tests. However, Ke and Ge (2014) has
pointed out that the aeroelastic effects could be neglected for HCTs. The
wind environment of Type B terrain was simulated with the help of spires
at the entrance and roughness arrays on the floor. Fig. 2 presents the
simulated mean velocity and turbulence intensity profiles and fluctuating
wind spectra in TJ-3.

The experiment velocity is VE ¼ 10 m/s on the model top, i.e. the
velocity scale λV ¼ 1/4. Then, the time scale λT ¼ 1/50 could be deduced.
The surface roughness of the model was changed to compensate the
Reynolds number effect. The taps located on 9 sections and each has 36
taps distributed uniformly. Each of the 9 � 36 ¼ 324 taps was connected
by 800 mm of flexible PVC tubing to the pressure sensor. The internal
pressure is not measured because it is not incorporated in the rein-
forcement design in Chinese code and it is usually not included in the
gust responses calculation and ESWLs analysis. Wind pressures were
measured simultaneously at all taps using the multi-channel simulta-
neous fluctuating pressure measurement system. The sampling frequency
was 312.5 Hz and the record lasts 19.2s, i.e. 6 000 time-steps. This is the
maximum frequency allowed by the devices for simultaneous samplings
of all pressure taps. Fig. 3 shows the mean and fluctuating (i.e. rms) wind
pressure coefficients along latitude, noted as CP and σP, and these results
are in good agreement with results of other studies. The coefficients at
each section are normalized by the mean velocity pressure at its elevation
and it has two advantages: first, the CP at each stagnation point is
approximate to 1.0; second, σP at each stagnation point is approximate to
two times of the incoming turbulence intensity and decrease with height
just as the turbulence intensity. Distributions of CP and σP along the
height follow the same pattern for the circular section of HCTs: the CP
distribution is always divided into three regions, windward, sideward
and leeward; another, there are three crests in distribution of σP, which
locate at the stagnation and separation points because of incoming tur-
bulence and vortex shedding. However, there are still obvious differences
of CP along the height especially in the sideward for two reasons. First,
the HCT model's diameter varies with height, so the Reynolds number
varies as well which is the most important factor determining the pres-
sure distribution. Second, the slenderness ratio of the model is very small,
less than 2.1, so the wind flow pattern wouldn't be identical along the
height. As a result, distinct three dimensional flow pattern is brought up
and it has been discussed in detail by Zhang et al. (2013b). Moreover, it
could be found that σP in the sideward of the top two sections are much
higher than σP in other sections if σP is normalized in the way that σP at
each stagnation point is equal to 1.0. This also origins from the three
dimensional flow pattern. The peak factors noted as g got from Davenport
method (Davenport, 1964), i.e. Eq. (1), of all taps are between 3.4 and 3.9
and wouldn't be listed here.

g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 lnðνTÞ

p
þ 0:5772ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 lnðνTÞp (1)

In Eq. (1), T is the observed time period which is assumed to be 600s

Fig. 1. Geometry of the HCT and tap locations of the model (unit: m).
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