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Abstract

This paper presents a novel conceptual design framework which takes into
account the direct wind loads and pressure loads acting on a structure due to the
passing of a tornado. Furthermore, for the first time, the potential damage due to
debris impact has been incorporated enabling a holistic assessment of structural
loading to be considered. The model is built on a recently developed wind and
pressure field model that captures the main features of tornadoes, which is used
to generate a large number of tornado wind and pressure field realisations from
which values of particular load effects can be determined. A cumulative
distribution function of load effect is thus derived, which can be combined with
tornado climatology probabilities to determine load effects at a particular risk
level. This use of this framework is illustrated through two examples - the direct
wind and pressure loads on a low-rise portal frame structure, and the debris loads

on a medium rise rectangular structure.
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1. Introduction

Since wind engineering was first defined as a discipline in the 1960s, most
attention has been focussed on the effects of large-scale windstorms on structures
- particularly tropical and extra-tropical cyclones. This has resulted in a robust set
of wind engineering tools for design, encapsulated in codified design methods for
a wide variety of structures using the results of extensive wind tunnel and full
scale testing, within a conceptual framework first developed by Davenport and the
other early pioneers of wind engineering (Davenport 1982). In recent years
however it has come to be realised that the effects of smaller, transient wind
storms can be of significance - frontal gusts, thunderstorm downbursts and
tornadoes in particular - and there is significant ongoing research in this area.
Much of this work has been focussed on full-scale observations of such wind
systems (eg Bluestein et al 2003, Orwig et al 2007, Duranona et al 2006) and
physical and numerical modelling (eg Haan et al, 2008, Mishra 20083, b, Case et al,
2013, Jesson et al 2015a, b). Only very recently have methodologies begun to
emerge to incorporate these transient wind effects into the design process - see
De Gaetano et al (2014) and Solari (2014) for a discussion of loading due to
thunderstorm downbursts, and Kareem et al (2016) for a more general structure
to incorporate transient effects into design, which reduces to the Davenport
methodology for statistically stationary wind events. Design for such transient
winds usually requires a time series approach, as the traditional spectral based
methods make the assumption that the wind loading is statistically stationary. In
areview by Letchford (2015), the wide range of issues that arise from codification
of non-synoptic winds are discussed and a framework is proposed based on the

“design response spectrum” methodology used in earthquake engineering. This



utilises a range of real earthquake time histories applied to a range of structures
of different natural frequencies to specify displacements, velocities and
accelerations that can be used for design purposes. The major problem of applying
either this method or time history based methods for downbursts and tornadoes
is the lack of full-scale wind velocity and pressure time histories, particularly with
regard to tornadoes.

This paper is specifically concerned with the wind loads due to tornadoes. Now,
tornadoes are widely classified using the Fujita or enhanced Fujita scales (Fujita,
1991, WERC 2006) which allocates tornadoes to one of five categories. This
essentially classifies tornadoes by the damage they cause and thus effectively
integrates both the wind loading and the building vulnerability, and inevitably the
range of wind speeds associated with any one Fujita classification is large. Whilst
a useful descriptor, this classification does not actually specify the parameters
required for a wind loading design. Now, the wind loading due to tornadoes is
particularly complex and consists of a number of components. Firstly we have
what might be termed direct wind loads - loads caused by the variable surface
pressures on the structures due to the local velocities, in a similar manner to the
loads caused by synoptic winds, although it can be expected that these loads will
be transitory in terms of time, magnitude and direction, and cannot be regarded
as stationary. Also, close to the core of the tornado, the vertical component of the
wind speed may be of significance and effect these surface pressures. Secondly
there will be loads caused by the differences between the low atmospheric
pressure in the core of the tornado, and the non-equalised internal pressure
within the structure. The magnitude of the latter will be dependent on the nature

of the envelope porosity and the presence, or otherwise, of any dominant opening,



and again can be expected to be highly transitory. Finally, within tornadoes there
can be expected to be significant impact loads from flying debris from either
natural sources (trees, soil and gravel etc.) or from damaged buildings (roof and
wall components etc.). Such debris can be observed in tornadoes and effectively
visualise the tornado funnel cloud (Noda, 2014).

Tornado loading is usually taken into account only for highly sensitive structures
such as nuclear power plants. The methodology used in the US nuclear industry is
given in USNRC (2007). There, a design wind speed is given which has a
probability of occurrence of 10-7 for each of three regions of the USA, and the
pressure loads are then calculated from the application of a very simple Rankine
vortex model. Debris impact velocities are also given for a small range of debris
types (pipes. automobiles and metal spheres), taken from a numerical solution of
trajectories, using a different wind field model developed by Simiu and Scanlon
(1996). However, a conceptual method of how all these essentially time varying
loading effects could be incorporated into design for a range of risk levels is yet to
be developed, although there is some ongoing work by Tamura et al (2015) that is
attempting to build a tornado database for use in design in Japan. Itis nonetheless
clear that a pre-requisite of such a method is a consistent and simple description
of the tornado flow field that could be used in design to predict velocity and
pressure time histories and to enable debris trajectories to be calculated. Further,
to enable such a formulation to be used to generate the large number of cases
needed for either a time history method or the design response spectrum method
described above, requires that it be relatively simple and quick to apply (i.e. not a
complex numerical calculation). Such a wind field / debris trajectory model has

recently been developed by the authors and is reported in Baker (2016).



Section 2 summarises the main points of this wind and debris trajectory model.
We then build on this to develop a consistent risk based approach to tornado wind
loading due to the three mechanisms described above. Section 3 considers the
wind and pressure fields in translating tornadoes and section 4 sets out a
conceptual framework for the tornado wind load design process. The calculation
of direct wind loads and pressure loads is then described and illustrated in section
5, and the calculation of debris impact loads in tornadoes is set out and similarly
illustrated in section 6. The model is discussed and concluding remarks made in

section 7.

2. The tornado wind field and debris trajectory model
The model outlined in Baker (2016) starts by assuming the following expression

for the radial velocity of a single celled tornado vortex.

where U = U/U,,; U and U,, are the radial velocity and maximum radial velocity
respectively; 7 =r/r,; r and nr,are the radial distance from the centre of the
vortex and a radial length scale respectively; Z = z/z,,; z and z,,are the vertical
distance from the centre of the vortex and vertical length scale respectively. This
expression thus gives a peak in the radial inflow velocity in both the radial and
vertical directions and thus seems physically plausible. It effectively aims to model
the tornado ground boundary layer, through forcing a velocity reduction close to

the ground. By substituting this expression into the continuity equation and the

circumferential and radial momentum equations one obtains the following



expressions for the normalised circumferential velocity V =V/U,, and

normalised pressure P = p/pu,,?

2.8857[In (1+22)]

V= (1+732) (2)
P=— 872z _ 4-1552(”1(1”_2))2 _ 4ln(1+2%)(1-2%) 3
T (1472)2(1+22)2 (1+72) (1472)2(1+22)2 (3)

where V is the circumferential velocity, p is the pressure, p is the density of the
flow and S is the swirl ratio, the ratio of the maximum circumferential velocity to

the maximum radial velocity.

§=Ym (4)

Unm

Expressions can also be derived for the vertical velocity and buoyancy force but
are not be considered here. In this paper we will define the parameters that will
be used in the loading as the velocities and pressures at the edge of the boundary
layer i.e., Z = 1. This results in the rather simpler expressions which will be used

in what follows.

= 27

U= (5)
= 257

= 272 252

P=- (1+72)2 (1472 (7)

Using the debris theory developed by Baker (2007), the debris trajectory analysis
was carried out for compact debris only i.e. for debris where the aerodynamic
forces are characterised by a drag coefficient (Cp) only, on the basis that such a
formulation is appropriate for the large time behaviour of both compact and sheet
debris. The analysis revealed that the trajectory is dependent upon the swirl ratio
S, the initial debris trajectory positions 7, and z, and two further parameters

given by
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where A is the debris area, M is the debris mass, and Cj is the debris drag
coefficient. the first group in equation (8) is the buoyancy parameter, whilst the
second is an inverse tornado Froude number. The Tachikawa number, which is
normally used to characterise debris flight (Holmes et al (2006)) is given by the
ratio ®/W. In broad terms, the debris trajectories are much more dependent upon
S and @ than on71,,Z, and ¥ - for example whether or not debris flies or falls in a
tornado is largely a function of its position in the S / ® plane. This will be seen to

be of significance in what follows.

3. Tornado translation

To be able to use the above vortex model in any design methodology, we need to
allow for vortex translation in some way. To do this we make the following
assumptions.

e The structure under consideration is at (0, Y), where Y = Y /,,, and Y being
the lateral distance from the tornado track centre line;

e The tornado moves at a dimensionless speed Q = Q/U,, along the x axis,
where Q is the dimensional speed, and passes through the origin at a
normalized time t = tr,,/U,, = 0 (t represents the actual time);

e The total dimensionless wind speed V at the structure, is the vector sum of
tornado wind speeds and tornado translational speed Q;

e All velocities and pressures are defined at Z=1 i.e. the top of the tornado

ground boundary layer.



This is represented graphically in figure 1. Note however that the model tests of
Fleming etal (2013) suggest that a simple superposition of the translation velocity
on the vortex velocity field is not totally adequate, and that translation may result
in the vortex tilting with height. Nonetheless, these assumptions result in the
following expressions for V and ¢, the latter being the observed wind direction

relative to the x-axis.

_ % _ 7 2 _ _ > 2
v - <(Q + U (XZ_l_YZ)O.S - V (XZ-I-YZ)O'S) + (U (XZ-I-YZ)O'S + V (XZ-I-YZ)O'S) ) (9)

vl
=

¢ =tan™?! = I = (10)

where X = Qf . The dimensionless velocities U and V are the radial and
circumferential tornado velocities from equations (5) and (6), with 72 = X% + Y2,
Similarly the pressure time history can be found from equation (7) with 7 so
defined and Z = 1, i.e. at the top of the boundary layer.

Figure 2 below shows a brief parametric analysis about a standard case for which
Y = 0.5, S=1, Q = 0.5. The value of translational velocity is rather higher than
would be expected in reality, but the choice of such a value allows a large variation
in the parametric analysis that in turn enables a clear variation in the calculated
velocities to be seen. The left hand figures show the magnitude of velocity at the
building position, and the right hand figures show polar plots of the magnitude of
observed wind speed against wind direction. Note the complexity and large
variability of the former and the relative simplicity of the latter with the velocity
variation given by elliptical shape. In particular it can be seen that the effect of
changing Y is to change the size and shape of ellipse; the effect of changing S is to

twist the ellipse; and the effect of changing Q is to translate the ellipse..
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Structure

Tornado

Figure 1 Tornado translation - open circle shows tornado travelling along x

axis; small closed circle shows structure under considerations
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4. Conceptual loading design framework

In this section we consider the outline of the conceptual model that is the main
subject of this paper. Firstly, however it is worth considering what would be an
appropriate level of complexity in the determination of tornado wind effects for
design. Perhaps the major characteristics of tornadoes are their complexity and
their variability and the capture of all the necessary characteristics by a simple
model is probably unrealistic. This has led some authors to consider the complex
nature of tornadoes using large scale numerical simulations - see Lin et al (2015)
for example. Now whilst such approaches undoubtedly capture much of the
complexity of tornadoes, they do so for a very particular set of input parameters,
and thus cannot represent the variability. The high level of resource required by
such simulations implies that they cannot be used many times to capture the
variability between tornado events. Thus the basic principle that is followed in
this work is the use of a simple tornado model that captures the basic
characteristics of such events, and can be used multiple times to understand the
variability of tornado loadings for very many cases. In other words the model
seeks to capture tornado variability, albeit with the loss of detail and the
simplification of complexities.

The conceptual model that we adopt in this paper has two related components -
one to find the load due to time varying tornado wind velocities and pressures,
and one to find the debris impact loading. The output from both components is the
same - cumulative distribution functions of loads for different probabilities of
occurrence. Consider first the direct wind load / pressure load model schematic
in figure 3a. This may be considered to consist of an outer model and an inner

model. The outer model requires the following inputs.
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e Structural properties - building type and geometry, dynamic
characteristics if appropriate.
e Characteristics of tornadoes at the site in question - pdfs of maximum
speed, swirl ratio, radius, translational speed etc.
e Tornado climate data in the form of number of tornados (above a certain
threshold in strength) per square kilometre per year.
The outer model then generates a large number (usually 1000) of tornado
realisations based on the input probability density function and for random
variations of distance from the structure and angle to the main axis of the
structure, which are then used by the inner model (see below) to generate
realisations of the specific load effect under consideration. A cumulative
distribution function of load effects is thus generated, that is convoluted with the
tornado climate probabilities to find a relationship between the magnitude of the
load effect and its related probability (purple box).
The inner model generates the tornado velocity and pressure time histories, and
uses these to calculate specific load effects. The direct wind load component
calculates the velocity time history relative to the stationary building and then
uses surface pressure data from physical model (tornado vortex generator) or
CFD calculations, as a function of wind direction, to calculate the quasi-steady
wind loads. Corrections for lack of velocity correlation over the structure and for
dynamic effects can then be applied to give inertial load time histories (using
weighting functions and dynamic multipliers), The pressure load component
(green boxes) calculates the pressure load time history for one set of input
variables, and also calculates the internal pressure within the structure using a

suitable internal pressure model that allows for envelope leakage and, if present,
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a dominant opening the latter also requiring velocity time history information.
The difference between the internal and external pressure then gives a pressure
load on the cladding on the structure. The inertial and pressure load component
are then combined within a load effect calculation (which may be either a static or
a dynamic calculation) to give one load effect realisation.

The debris impact model (figure 3b) is similar in form, but does not adopt a time
history approach. For each realisation of tornado parameters, a cumulative
distribution function of debris impact loads on the structure for that realisation is
obtained from pre-calculated debris trajectories. Thus a multi-realisation
cumaltive distribution function (CDF) for debris impact loads can be calculated,
through a large number of tornado realisations which can again be convoluted
with the probability of a tornado actually occuring to give a relationship between
the magnitude of a specific impact and its probability of occuring. Taken together
the two models can be used to predict wind loads and debris impact loads at
consistent probability levels.

In what follows we give more detail of the individual components of this model
and illustrate its use with examples. We do not consider further however the
tornado climatology, i.e. the probability of tornadoes actually occuring. Datasets
that allow tornado probabilities to be determined in any one location are
beginning to emerge (see Kirk (2014) for the UK situation for example, Ramsdell
(2007) for the USA and Tamura et al (2015) for emerging statistics from Japan),
and some probabalistic information on tornado strength and size is also becoming
available - again see Tamura et al (2015). However, as in so many aspects of the
model presented here, further full scale data is required in this area. The paper of

Tamura et al also proposes an outline for a design methodology for tornado wind

13



and pressure loads, and a simple flow chart is presented. It appears however it is
based on a deterministic set of tornado and debris parameters, rather than the

statistical approach presented here.
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5. Calculation of inertial and pressure loads

5.1 Direct wind loads

The calculation of direct wind loads is through the use of wind speeds and
pressure coefficients in a manner that is similar to the calculation for boundary
layer winds. The wind speed time histories (magnitude R and direction ¢) can be
calculated from the methodology of section 3. The pressure coefficients ideally
need to be determined from Tornado Vortex Generator measurements (for
different building distances from the vortex core (Y) and wind directions), or from
equivalent CFD calculations, and thus to properly allow for the highly curved flow
in tornadoes, with significant vertical velocity components. Experiments of this
type are reported by Mishra (2008) and Case et al (2013). The surface pressure
on the structure (P,(t)) is then related to the velocity and pressure coefficient
(Cy(¢)) by the equation

P, () — P.(t) = 0.5pR(£)*C,(¢) (11)

Here B.(%)is the local reference pressure - effectively the time varying pressure at
the building position. This is effectively a quasi-steady assumption, and assumes
the instantaneous pressure can be directly related to an instantaneous velocity,
through a measured pressure coefficient. These pressure coefficients can then be
suitably summed to obtain a load effect such as overall drag or lift forces. However,
if the structure is of any size then these pressures will not be correlated over the
full extent of the structure, and some method needs to be used to allow for this
non-correlation. A possible way forward is to use the weighting function approach
adopted by Sterling et al (2009) for flow around trains (the time domain
equivalent of the frequency spectrum) that would then filter out the high

frequency fluctuations. Also the rapidly changing flow velocity and direction
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could in principle lead to dynamic overshoots, which can in principle be calculated
using a method such as that of Mason (2016), which was derived from the well
known Morrison equation.

The problem with such an approach is that there is, at present, a shortage of
suitable pressure coefficient data obtained with sufficient spatial and directional
resolution, and almost no information on weighting functions or dynamic
correction factors, and compromises must be made in what data is used if
calculations are to be carried out. As an illustration of such a calculation, let us
consider the case of the tornado wind uplift on the roof of a structure with a plan
area of 10m x 5m with a 30 degree roof pitch. The pressure coefficients are taken
from the directional method of BS6399 (BSI (1997)) and are thus strictly only for
boundary layer winds, but do allow a directional variation to be determined. The
variation of overall lift force coefficient (C;) with wind direction from using this

data is shown in figure 4. The lift coefficient force here is given by

. L
0.5pARR?

(12)

Cy
where L is the overall lift, A is the roof area and R is the dimensional resultant
wind speed. Note that the lift force here is defined in terms of a local velocity. A
quasi-steady approach is then followed and no weighting function or dynamic
correction is applied. Figure 5 shows a small number of typical time histories of
lift force due to inertial or wind effects. In this figure the lift force coefficient

definition is based on the tornado reference wind speed, i.e.

L
0.5pARU3,

(13)

Cow =
The immediate point to note is that these time histories are very variable in form

and magnitude, as indeed one would expect because of the significant variation in
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52  tornado parameters, building distance from the core etc. Unsurprisingly the large
53 loads occur when the vortex core passes near the structure, and for when the

54  tornado swirl values are high.

55
0
0 30 60 90 120 150 180
-0.1
£
§ 0.3
0.4
05 Degrees from long axis normal
Figure 4 Pitched roof lift coefficients from BS6399 Directional Method
56

0.6

0.5

Direct wind loads
Direct wind loads

0

-50 -25 0 25 50 -50
Dimensionless time Dimensionless time
(a) Variation with ¥ (Q=0.4; S=1; light grey Y (b) Variation with S (Q = 0.4; ¥ =
=2,blackY =1, dark grey ¥ = 0) 1;light grey S = 1,blackS = 2,dark grey S =

4)
Figure 5 Direct wind load variation - lift coefficient C;,
57 5.2 Pressure loads
58 The pressureloads on a structure are caused by the pressure differential between
59 the outside and the inside of the building. As the low pressure in the centre of a
60 tornado passes over the building, then, if the building is well sealed with small

61 leakage, then the internal pressure will remain high and only decrease slowly. This
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can result in a significant pressure differential across the building envelope and
thus large cladding forces. If there is a significant dominant opening in the
building, then the pressure at the opening will be given by the instantaneous
pressure coefficient at that point, and may result in significant acoustic pressure
oscillations (eg Ginger et al, 2008). In the current methodology, the pressure time
history is given by equation (6) in a moving frame of reference, and the internal
pressure can be calculated from a suitable unsteady internal pressure analysis,
such as those set out in Guha et al (2011) or Levitz et al (2013). For the leakage
only case, the method of Guha et al gives the equation.

dCp;
Hd_g = sgn(Cpe — Cp;)+/ |Cpe — Cpil (14)

P-P,

—2 = 2P is the
0.50U7,

P-P,
where C); = =
0.50U,

is the internal pressure coefficient; Cpe =
tornado induced pressure coefficient, and P, is a reference pressure measured
outside the tornado. The parameter Il is given by

I = (0.50pU7V;)/(Cay PaAstin) (15)
where I; and A, are the volume and leakage area of the structure, C; is the leakage
discharge coefficient (taken as 0.6 in what follows) and y is the ratio of specific
heats. The value of Il thus varies with the tornado and building properties. The
overall lift force due to pressure effects is then given by

Cp = Cpi — Cpe (16)
Taking further the example building in the last section, we assume a volume of
500m3 (and thus a height to the eaves of 9.3m) and a leakage area of 0.1m?. Figure
6 shows a typical time history of internal and external pressures for a structure

beneath the vortex core. The lag of the internal and external pressure variations

can be clearly seen.
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Cpi
—Cpe

-8 -
Dimensionless time

Figure 6 External and internal pressure variation ((_2=0.4; S=4:Y =0;1 =
0.5)
Typical pressure load time histories (for the same cases as in figure 5) are shown
in figure 7. As for the direct wind loads, the time histories are very variable, both
in form and in magnitude, with the large values occurring for buildings close to

the tornado track, at high swirl ratios.

Pressyge load coefficient
Pressyre load coefficient

Dimgﬁgionless time Dim_elhgionless time
(a) Variation with ¥ (Q=0.4; S=1; light grey Y (b) Variation with S (Q = 0.4; ¥ =
=2,blackY =1, dark grey ¥ = 0) 1;light grey S = 1,blackS = 2,dark grey S =
4)

Figure 7 Pressure load variation C;p

5.3 Total loads
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The total loads can be obtained by summing the inertial and pressure loads. Again
typical time histories are shown in figure 8. The form of these time histories can
again be seen to be complex, and for some the direct wind loads dominate, and for

others the pressure loads dominate.

. Total load coefficient

o

0 -25 25 50

., Total load coefficient

=02

Dim_gﬁzslionless time Dimeﬁ]éionless time
(a) Variation with ¥ (Q=0.4; S=1; light grey Y (b) Variation with S (Q = 0.4; ¥ =
=2,black ¥ =1, dark grey Y = 0) 1;light grey S = 1,blackS = 2,dark grey S =
4)

Figure 8 Total load variation - the sum of C;;,and C;p
In order to incorporate the above analysis into a probabilistic framework, a
thousand realisations of tornado characteristics were calculated for the tornado
parameters shown in table 1, and the maximum rooflift for the building calculated
in every case. These parameters represent a medium strength tornado passing
within 500m of the structure. The values for the assumed characteristics seem
reasonable, but can only be regarded as approximations to reality. Note that no
interaction between the different tornado parameters is assumed here. The data
given in Tamura et al (2015) from early US work and work in Japan, suggests a
weak interaction between core radius and maximum wind speed, and a rather
stronger interdependence between translational speed and maximum wind

speed. Such interactions can in principle be allowed for, but in view of the
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uncertainties involved, this aspect is not taken further in this paper.

Figure 9

shows the cumulative distribution function of the dimensional load values. These

effectively show the cumulative probability distribution that the tornado induced

lift on the structure will exceed a certain value. To obtain a design probability,

these values must be multiplied by the probability that the tornado will be within

500m of the structure, data for which needs to come from tornado climate

probabilities. Note that for the situation under consideration (a 5m x 10m pitched

roof building) the design lift for synoptic winds could be expected to be in the

order of 10 to 15 kN, around the 70t percentile of tornado loading for the assumed

tornado characteristics.

Table 1 Tornado parameters

Parameter

Vi (m/s)

Un (m/s)

Q (m/s)

Im (m)

Yo (m)

Building

angle

Distribution

Normal

Normal

Normal

Normal

Uniform

Uniform

Mean

40

20

10

100

0to

SD

10

20

500m

0 to 90°

Percentile

100
90
80
70
60
50
40
30
20
10

10

100

Overall lift (kN)

1000
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Figure 9 Cumulative distribution function for tornado wind loading for

assumed parameter set

6. Debris loads

The procedure for calculating tornado debris impact loads is somewhat different
from that for direct wind loads. Whilst a large number (1000) of tornado
simulations are still carried out, the maximum impact loads for each realisation
are carried out using pre-calculated tables and the maximum values for each
realisation are then used to give the overall CDF for impact loading. Now, in terms
of debris impact, the two most commonly used parameters to specify the impact
are the debris kinetic energy and momentum. In what follows we concentrate on
the former, although the same analysis could be applied to the latter. In
dimensionless terms the potential debris impact energy on a structure can be

expressed in the functional form:

= _ 05M(U%+V?%) _ 0.5(U%+V?) o _
E = pArmUTZnCD = [} = fn(Sl (D: l.IJ' Y, H: rO: Zo) (17)

where Y is the closest dimensionless distance of the building from the tornado
centre and H is the dimensionless building height. 7, and Z, are the initial debris
positions. In terms of impact on structures, the important parameter is the
maximum value of the dimensionless energy E,,,,, when the debris is within the
range 7 > Y and Z < H, i.e. within the cross section of the tornado flow field
where debris might impact upon the building as the tornado passed by. There is
an implicit assumption here that the building size is small in relation to the

tornado size. This is not wholly adequate and any future development of the
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170

methodology will need to address this issue. In preliminary studies it was found
that, as expected, the values of E,,. were insensitive to debris starting position,
as long as this was reasonably close to the vortex centre, and also insensitive to
changes in the parameter . This is in line with the observations on the sensitivity
of debris trajectories made in section 2. This allows a considerable simplification,
and the above functional expression becomes:

Epmax = fn(S,®,Y,H) (18)
Debris trajectory simulations to calculate E,,,, were thus carried out for a wide
range of values of S, ©, ¥, Y and H, and a series of “look up” tables created. For
these simulations the stationary tornado model was used. For each of the
thousand realisations of tornado parameters in the framework of figure 3b, a
hundred realisations of debris parameters were simulated, based on probability
distributions of debris mass and area (which give a pdf for ®). For each debris
realisation, the value of E,,,, was found, and thus the maximum value for all
debris flight realisations for each tornado parameter realisation was found. From
the thousand tornado realisations the overall CDF of debris impact loads could
thus be found. Figure 10 shows the results of such a calculation for a 40m high,
10m square building, passed by a tornado with the statistical tornado parameters
taken from table 1. The statistical values for the debris parameters are shown in
table 2, these values being representative of those observed in recent small scale
tornadoes in the UK. The debris statistics can of course be changed to suit
particular geographical circumstances. This approach effectively assumes there is
a source of debris for each realisation close to the centre of the vortex - in physical
terms this might be from a failing building for example. This gives the debris

impact energy CDF in the same form as the overall wind loading CDF of figure 9,
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171  and it is thus possible to design a structure for a balanced probability of direct

172 wind / pressure loading and debris impact loading.

173 Table 2 Debris parameters
Parameter M (kg) A(m?)
Distribution Normal Normal
Mean 0.2 0.1
SD 0.05 0.02

174

175

Percentile

0
0.1 1 10 100

Impact Energy (kJ)

Figure 10 Cumulative distribution function for debris impact

176

177

178

179 7. Discussion and concluding remarks

180 In this paper we have set out simple analytical models for the velocity and
181  pressure fields in tornado vortex and for the calculation of debris trajectories in
182  such a vortex, and then used this model as the core component of a conceptual
183  model for wind and debris impact loading in tornadoes. The novel developments

184  in this modelling approach are as follows.
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The conceptual model of tornado loading that has been developed allows
wind loading (inertial loading and pressure loading) to be calculated for a
large number of tornado realisations, using the above model, and thus
allows the CDF of tornado loading to be derived, which, through
convolution with tornado climate data, will enable design loadings to be
determined.

Similarly the methodology allows debris impact loading CDFs to be
determined in a consistent way with the wind loading, allowing for loading

probabilities for both wind and impact loading to be aligned.

These points being noted however, there is still work to be done before the

conceptual framework can be used routinely in design, both in terms of model

development and in terms of required data.

The tornado model (outlined in Baker (2016)) is weak in its treatment of
the tornado boundary layer and tornado turbulence, and development is
required here - although more full-scale experiments are required to
inform and validate such developments. Similarly, the model is for one-cell
tornado vortices only, whereas in reality two-cell vortices are common.
Baker (2016) presents a possible methodology for deriving a two-cell
vortex model, but again this requires development and validation.

The debris trajectory model is at the moment only developed for compact
debris. Whilst this may also be a fair representation for the long-term
trajectories of small sheet debris where the major aerodynamic force as it
approaches its asymptotic speed is the aerodynamic drag, the same is

probably not true for large sheet debris, where the velocity field may vary
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across the width of the debris and is certainly not the case for rod debris.
Further development is needed here.

The method of allowing for vortex translation may not fully capture
dynamic translational effects.

The conceptual model for wind loading (inertial and pressure loads) needs
information on tornado statistical parameters (mean and standard
deviation of velocities, size etc). More information is needed here to give
confidence in the values that were assumed.

The direct wind-loading model requires structural force coefficients that
have been obtained in physical or numerical simulations of tornadoes.
Obtaining such information is a major task that will require significant
resource.

The pressure-loading model needs to be developed further to include the
modelling of dominant openings.

To date, the wind loading methodology has only been applied to static
structures, and a dynamic methodology of appropriate complexity needs
to be added (i.e. one that can be used in a large number of simulations with
computational efficiency).

The debris impact model requires as input debris statistical parameters.
Discussion is required within the engineering community as to what

parameters are appropriate for different types of structural design.

Again, these points being made, the conceptual model presented in this paper has
the potential for providing a useful tool for use in structural design in the future,

as further full scale and model scale information becomes available.
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