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Abstract. All the nuclear facility structures must be analyzed for tornado loads. This analysis was per-formed
when designing the New Safe Confinement over the ruined Chernobyl power unit (NSC ChNPP). The standard
methods of tornado analysis could not be applied due to its large size and geometric shape. Therefore, it was
necessary to develop new calculation methods. The paper provides detailed information on the performed
calculations and describes the conservative assumptions made when there was not enough information. The
purpose of this paper is to analyze the gained experience of performing such an analysis of this unique
structure, which may be of some interest. The following two complex problems are considered: ¢ establishing
the design tornado parameters; « developing an engineering methodology for the tornado analysis. Moreover,
guestions are formulated that should be clarified when carrying out similar designs.

1. Introduction

The recently completed New Safe Confinement of the Chernobyl Nuclear Power Plant [1, 2] is a large-
scale engineering structure with a span of 257 m and a height of 108 m (Fig. 1). This structure was designed
in accordance with special technical specifications which required an analysis for the possible tornado impact,
and the results had to satisfy both European and national standards.

b !
Figure 1. The New Safe Confinement: a — general view, b — design model.

A tornado is characterized by a vortex wind flow [3—6]. Therefore, experimental data gathered from wind
tunnels generating straight-line winds could not be applied. Special laboratory wind flow simulators are used
to study the tornado effect [7, 8]. However, there are only a few of them and almost all such experimental
studies were performed for relatively small buildings not larger than the tornado core (see, for example [9-12]).
The results of these studies could not be directly used for the considered large-scale structure as well.

The number of publications on the experience of tornado analysis of larger structures such as [13-21]
is extremely small. The design data for these structures could hardly be of any use since they are specific to
particular facilities with geometric configurations very different from those of the NSC ChNPP. These structures
include main NPP buildings [15, 19, 20], cooling towers [21], lattice transmission towers [16, 17]. More general
issues of the tornado analysis methodology considered, for example, in [4, 6, 15, 20], are closely related only
to the standard main NPP buildings. Therefore, when performing the analysis for NSC ChNPP, it was
necessary to postulate some characteristics of the wind flow making careful conservative decisions.
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2. Methods
2.1. Expected tornado class

The safety guide [22] regulating the tornado-induced loads on nuclear facilities uses the Fujita-Pearson
scale [23, 24] to classify tornadoes, which is a combination of the Fuijita scale for wind speeds and the Pearson
scale for path length and width.

The lower limit of Pearson path length L is:

L=1.609x100.5(k —1), (1)
where K is the Fujita-Pearson scale, L is in kilometers.

The path width is the average width of the damage area measured perpendicular to the tornado path.
The lower limit of Pearson path width W (in kilometers) is expressed as:

W = 1.609x100%5 k-5 2

Unlike [22], the relationships between other tornado parameters and the tornado class were taken not
discrete but continuous, as recommended in [13]. The rotational speed Vm, the translational speed of the
tornado T and the pressure drop from a normal atmospheric pressure to the center of the tornado vortex Apx
are defined by the Fx scale of a tornado and the following formulas:

Vm=6.3(k + 2.5)*° m/sec, ©)
T =1.575(k + 2.5)*° m/sec, ()
Apm= 0.486(k + 2.5)° GPa. (5)

Recommendations [25] define the annual probability that a point in the local region will experience a
wind speed greater than or equal to the winds in the F-scale intensity class k as the joint probability that a
tornado passes through this region and its intensity is not lower than F:

P=P;(1-F). )

Ps is defined as the ratio of the damage area S to the product of the survey area A by the period of
record T:
S
AT’

and Fy in (6) denotes the integral probability distribution function for tornadoes of various classes, which, by
assumption, corresponds to an exponential law. The parameters of this distribution were determined by
minimizing the standard deviation of the observed data from the specified theoretical curve.

Ps (7)
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Figure 2. Map of recorded tornadoes.
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According to the IAEA safety guide [22] a typical region used to evaluate the design-basis tornado is 3°
longitude by 3° latitude, but the initial information for the Chernobyl NPP was taken for the 5°x5° geographic
square (Fig. 2). Other geographic squares were considered as well (see Table 1). After analyzing the obtained
results (see Table 1), the tornado of class 3 was conservatively selected as a design action. It is characterized
by the following data calculated by the formulas (3), (4) and (5): Rm =59.0 m, T =20.3 m/s, Vin = 81.2 m/s,

W =286.1 m.

Table 1. The effect of the dimensions of the studied area.

Geographic square 2°%2° 3°x3° 4°x4° 5°x5°
Damage area Sg, km? 0.000 0.012 0.024 0.037
Damage area S1, km?2 0.747 0.996 1.742 2.24
Damage area Sy, km? 0.000 4.072 7.329 8.958
Damage area S3, km?2 8.183 24.55 73.65 114.567

Total damage area S , km?2 8.93 29.63 82.746 125.80
Probability Ps, 1/year 6.872-10°¢ 8.03.10°¢ 1.133-10°5 9.86-10°6
F-class with probability Po = 1-107 3.32 2.79 2.86 2.90
F-class with probability Pg = 1-10-6 3.20 2.74 2.83 2.86
F-class with probability Po = 1105 - - 2.00 -

2.2. Confinement load

The spatial distribution of wind speeds was taken in the form of a Rankine vortex, where the rotational
speed is determined by the following formula:

V=—to m(0<r<Ry,), V:R—me(Rm£r<oo), (8)
Rm r

where Vp is the maximum tangential velocity; Rn is the tornado core radius with the velocity V.

The air rarefaction load at a point at the distance r from the tornado axis is calculated by the following
formula

2
2
Ap:Apm 2_r_2 (0<r<R,), Apzﬁ Bn (Ry ST <). 9)
2 R 2 {r
Wind velocity vector W is the sum of vectors
W=T+V, (10)

where the direction of the translational velocity vector T is constant for the entire tornado area, and the
direction of the rotational velocity vector V ateach point is perpendicular to the radius r (Fig. 3).
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Figure 3. Velocity components.
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Wind pressure caused by the wind velocity W is calculated by the following formula:

Py =CpW?12 (11)
where p = 1.22 kg/m3is the air density.

The most difficult part of the problem is to determine the drag coefficient C, which is used when
calculating the velocity component of the load. Design codes and guides mainly provide information for the
plane-parallel flow. The coefficients determined during the tests of the confinement model in the wind tunnel
were applicable only to parallel flows and could not be used to calculate the tornado vortex effect. Therefore,
it was necessary to postulate some characteristics of the wind flow making careful conservative decisions.

Thus, it was proposed to conservatively take C as one. This conservative decision C =1.0 was indirectly

based on the results of the tests where the values of C where in the following range (-0.609...-1.075) for
different directions of the plane-parallel flow.
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Figure 4. Pressure distribution, Figure 5. Pressure distribution,
line parallel to the tornado direction. line perpendicular to the tornado direction.

Fig. 4 and 5 show the characteristic distribution of pressure along the lines parallel or perpendicular to
the tornado direction:

e The red curve reflects the wind velocity pressure with a drag coefficient of 1.0, which corresponds to
the main part of the roof.

e The blue curve reflects the pressure drop. This pressure is the same for all NSC enclosing structures.

e The green curve is the sum of two effects and reflects the tornado effects on the main part of the
roof.

3. Results and Discussion
3.1. Loading variants

Various tornado scenarios were considered to select load cases unfavorable for the structural members.
They differ in the position of the vortex axis and the direction of translational movement. 49 different locations
of the tornado axis were considered and four directions of movement were analyzed for each location of the
tornado vortex (circles in Fig. 6).

Figure 6. Design locations of the tornado axis.

The peak tornado-induced load reached the value of 10.06 kN/m? and was directed upwards, i.e. against
the dead load and a number of other loads. However, its unloading effect was greatly reduced due to the
uneven distribution over the area, which caused significant forces in the elements of the load-bearing frame.
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3.2. Durability check

The analysis for a tornado of class 3 was performed in accordance with the Terms of Reference
assuming the integrity of the NSC sheeting:

¢ the tornado of class 3 was considered only in combination with permanent loads;

o the possibility of limited plastic deformations in the elements of the load-bearing structures was taken
into account;

o the possible local overstress in the structural joints which did not lead to the loss of stability of the
main load-bearing structures was not taken into account.

The possibility of limited plastic deformations appearance means that under a class 3.0 tornado some
arch elements will have residual displacements and the estimation of their influence on the main cranes system
work is required. Unfortunately, regulations (both SNiP and Eurocode) don't permit their quantitative
calculation.

Anyway, the long-term practice of critical crane industrial buildings using formula (49) from SNiP I-23-
81* showed that these concerns are excessive as the field experience demonstrates that the residual
deformation measured values don't obstruct the cranes work.

The results of these analyses showed that strength and stability were not provided for many elements
of the preliminary NSC design. These elements are shown in red in Fig. 7.

¥ ai,._

Figure 7. Color indication of the tornado analysis results.

New necessary cross-sections were determined to ensure compliance with the structural load-bearing
capacity requirements for the tornado of class 3.0. The additional steel consumption for the new sections
amounted to 344.47 tons (2.70 %).

3.3. Loosing contact with foundations

The bearing nodes of the arches are not capable of resisting tension, while the total lift caused by a
class 3.0 tornado may achieve 20 thousand tons, the total permanent load weight being about 32 thousand
tons. Therefore the hypothesis needs to be verified that some arches may break from the foundation. The
hypothesis has been verified using a design model where the arch is supported by unilateral constraints.

e

Figure 8. Deformations in unilateral constraints.

The respective nonlinear problem was solved by a step-by-step method in the SCAD environment. The
result was refined by iteration for a few tornado load cases. Results of the check for a case which turned out
to be worst from the seam opening standpoint are shown in Fig. 8.

As fas as the structure of supporting node allows to provide free verical displacements with dimension
up to 50 mm with the purpose to perceive horizontal reaction components, a possibility to be found for raising
by 43.3 mm is absolutely safe.

Perelmuter, A.V.



Magazine of Civil Engineering, 97(5), 2020
4. Conclusion
The experience of designing the New Safe Confinement has shown that there are a number of

unresolved issues related to the methodology for determining the tornado-induced loads on large-span
structures of non-standard geometric shapes. In particular, it remains unclear whether a tornado vortex can
exist near a vertical wall larger than the tornado core. When designing the NSC ChNPP, we assumed that
such a vortex would collapse. Issues related to the drag coefficient, which is used to determine the vortex
pressure on the enclosing structures, require clarification and can initiate further studies.

It should also be noted that the methodology for determining the expected tornado class has to be

refined. The applied approach, which was based on the IAEA recommendations, does not take into account
the local features of the construction site, and therefore can lead to incorrect results.
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