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Numerical simulation of 3-D probabilistic trajectory of plate-type
wind-borne debris
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Abstract. To address the uncertainty of the flight trajectories caused by the turbulence and gustiness of the
wind field over the roof and in the wake of a building, a 3-D probabilistic trajectory model of flat-type
wind-borne debris is developed in this study. The core of this methodology is a 6 degree-of-freedom
deterministic model, derived from the governing equations of motion of the debris, and a Monte Carlo
simulation engine used to account for the uncertainty resulting from vertical and lateral gust wind velocity
components. The influence of several parameters, including initial wind speed, time step, gust sampling
frequency, number of Monte Carlo simulations, and the extreme gust factor, on the accuracy of the proposed
model is examined. For the purpose of validation and calibration, the simulated results from the 3-D
probabilistic trajectory model are compared against the available wind tunnel test data. Results show that the
maximum relative error between the simulated and wind tunnel test results of the average longitudinal
position is about 20%, implying that the probabilistic model provides a reliable and effective means to
predict the 3-D flight of the plate-type wind-borne debris.

Keywords: probabilistic trajectory model; plate-type wind-borne debris; turbulent wind field; random gust;
Monte-Carlo simulation

1. Introduction

Extreme wind events, such as hurricanes, typhoons, tornadoes, and tropical storms, pose a
threat to residential structures, commercial buildings and public infrastructure all around the world.
Previous studies (Kareem 1986, Lee 1988, Minor 1994) have revealed that debris created by
strong wind is a major source of damage to building environment. More specifically, flying
windborne debris can penetrate the building envelope system, and consequently result in the
internal pressurization leading to subsequent structural damage. As a consequence of missile
impact, the failure of the building envelope also allows wind-driven rain to intrude building
interiors causing subsequent damage to building contents. Moreover, the possibility of flying
debris inside the building and the generation of new debris likely endanger the safety of occupants.

According to the NAHB Research Center (2002), plate-type wind-borne debris is the main type
of debris which causes the damage of building envelopes in the three types of wind-borne debris
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classified by Wills et al. (2002). Sheet type debris has been investigated by a number of
researchers (Richards et al. 2008, Noda and Nagao 2010, Fu et al. 2013). However, they mainly
focused on the flight characteristics of the debris or the debris in a specific condition, and do not
include the interaction of debris and wind field. In fact, the wake flow of the building and wind
field over the roof significantly affects the flight trajectories of the debris. More recently, Visscher
and Kopp (2007), Kordi et al. (2010), and Kordi and Kopp (2011) examined the flight of the
plate-type debris by conducting wind tunnel testing, and discussed the effects of aerodynamic
characteristics, wake flow and wind field of the building on the flight trajectory of the debris. They
observed that the flight characteristics of the debris in actual turbulent flow field were uncertain.
Grayson et al. (2012) established a 6-degree-of-freedom (DoF) probabilistic trajectory model of
plate-type debris to simulate the uncertainty of the flight trajectory, including the wind turbulence
and variation of wind direction. However, the probabilistic trajectory model has low computational
efficiency and accuracy as it utilized Euler angles to describe the 3-D rotation of the plate-type
wind-borne debris. Moreover, the uncertainty of wind speed was not accounted for and the validity
of their deterministic model has not been established. Therefore, it is necessary to develop a more
accurate model to simulate the flight trajectories of the wind-borne debris in a turbulent wind field.

This study presents a probabilistic approach to estimate the trajectory of the plate-type debris
for a given initial condition. The basis of this methodology is a deterministic flight trajectory
model in the steady-state wind flow, in which the quaternions are used to describe the 3-D rotation
of the plate-type wind-borne debris to free it from the gimbal lock (Fu et al. 2013). This proposed
methodology also addresses the uncertainty in the estimation of debris trajectory in turbulent flow
by taking into account vertical and lateral velocity components generated by a Monte Carlo
simulation engine. The accuracy of the probabilistic model was calibrated and validated (Roache
1997) via the comparison of the simulated data to the wind tunnel data in Kordi et al. (2010). This
framework can be used to build the catastrophe risk model and analyze the vulnerability of
structures to strong winds.

2. Methodology

2.1 Rigid body motion and the definition of coordinate systems

The classical Newton-Euler equations describes the combined translation and rotation
dynamics of a rigid body, using a rotating reference frame with its axes fixed to the body and
parallel to the body’s principal axes of inertia

m—L=F (D)

I, —=2=

P dt Mp_wpxlpmp (2)

where the subscript g represents that a quantity is expressed in the global inertial reference frame
and subscript p indicates that a quantity is expressed in the body-fixed coordinate. Generally,
translational motion of a plate is described in the global inertial reference frame while its rotational
motion is defined in the body-fixed coordinate. The translating reference frame is used to connect
these two coordinates, and its axes X.» Y, z, are parallel to the global inertial axes but move
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with the object. Further, the body-fixed axes of the body x_, v, , z, are defined by the Euler
angles ¢, ¢, w as illustrated in Fig. 1. From translating reference frame x ., v, z 1o
body-fixed reference frame x . v,, z,, the translating reference frame x , v,, z, first need
rotate a y degree with z axis and the reference frame x , v,, z, is derived. Then, the
reference frame x , v,, z, needrotate a @ degree with v, axis and the reference frame x ,
Y,, z, is derived. At last, the reference frame Xoo Yoo Z, need rotate a ¢ degree with X,
axis and the rotating body-fixed reference frame X, Yo Z, is derived. Fig. 1 shows the three

different coordinate systems, in which x-axis stands for the longitudinal direction, y-axis stands for
the vertical direction, and z-axis stands for the lateral direction.

In the results that follow, the trajectory of windborne debris is presented in the global
coordinate system. A transformation matrix is introduced in order to implement the conversion
between global inertial reference frame and body-fixed reference frame. Fu et al. (2013) illustrated
the disadvantage of Euler angles method (Grayson et al. 2012) to describe the 3-D rotation of rigid
body. There exist singularities when the parameters of Euler angles are utilized into numerical
integration, and this would lead to the gimbal lock and the reduction of computational efficiency.
The rotational quaternions of the 3-D rotation of rigid body are

Y,

Fig. 1 llustration of the global inertial reference frame, X,,Y,,Z,, the rotating body-fixed reference
frame, X_,Y,,Z, . the relationship between translating reference frame, XY, Z,, and the

rotating body-fixed reference frame, X .Y ,Z_, defined with Euler angles, 9,0, v
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a] [ cos(4/2)
Q| | psin(g/2)
6, || pusin(g/2) )
s pssin(¢/2)

Rotational quaternion represents a rotation ¢ about an axis p, and P, p, are the
components of the unit vector p in reference frame. In addition, in order for a quaternion to
represent a pure rotation, it is constrained to be a unit quaternion, having a unit norm, |q].

||q||:\/qT'fl=\/qg+Gf+q§+q§=1 (4)
Eq. (4) must be enforced to prevent any scaling of transformed coordinates, where
d=[9,,-0, -0, —q,]" is the adjoint of the quaternion.

Given a vector x, in the translating reference frame, then X, its representation in the

p )
body-fixed reference frame, can be obtained using rotational quaternions

el ol ®

where R (q) isaquaternion based rotational matrix

Oo+0 —0; —G5 20,0, +20,0; 20,05 — 20,0,
R(@)=| 20,0,-20,0, G5—0+0;—0; 20,05+ 20,0,
20,0, +20,0,  20,0,-20,0, o -0 —0; +0;

(6)

In addition, it is necessary to determine the relationship between the vector of quaternion rates,
g, and the angular velocity vector o, in the body-fixed coordinates. It can be obtained using the

inverse conjugate quaternion rates matrix, [W'(q)]", as

4= @0, (7)

-0, -0, -G (8)
' T _ QU _qs qz
[VV (Q)] qs qo _ql
_qz ql qo

Unlike the Euler angle rates matrix, the quaternion rates matrix is valid for all possible
orientations in 3-D space. In addition, quaternion is much more accurate and efficient than Euler
angle, especially when used to integrate incremental changes in orientation over time. The
post-correction approach presented in the studies of Cline and Pai (2003) is used to correct the
normality constraint error at each time-step.

2.2 Deterministic trajectory model

The 6-DoF plate debris trajectory model in this study utilizes the quaternion to describe
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three-dimensional rotation in 3-D space. Assume a plate is travelling with velocity V=[V,.V,.V,T
in global inertial reference frame at a uniform, horizontal wind field which has a velocity vector of
U=[,,0,0]"- The relative velocity of the plate to the air is y, =v-u. In order to calculate the
flow angles of the debris (i.e., angle of attack and tilt angle), the relative velocity in translating
reference frame, u,, must be transformed into the body-fixed reference frame, U, using Eq. (5).
Once u, is obtained, the angle of attack, &, and the tilt angle, », can be calculated, as
illustrated in Fig. 2.

It has been well known that the force coefficients, c_, is a function of the angle of attack, &,
the tilt angle, 5, and the plate geometry, G. The force coefficients used in this study are chosen
from Richards (2010) and substituted into the calculation of the force acting on the plate in
plate-fixed reference frame afterward

Fex Cex (&7, G 1,
1 9
Up|2A: FPV =5 Pa Up|2 CFY(EI;/rG)IXIZ ( )

2
Fez Cer (.7, Gy

where Iy, ly, Iz represents the dimensions of the rigid body at X, Y, Z axis, respectively. Richards
(2010) states that the only significant force is the normal force r, for plate, and the reference
area of the plate A, is the area perpendicular to the plate-fixed axis of interest. Similar to the

significant effect of Magnus force on two-dimensional trajectories of plates (Holmes 2006), the
3-D rotation of plates will result in the change in normal force coefficient (Richards 2008)

1
FF’ = CF(E'ylG)Epa

e de 2 . |de ccos(e) (10)
AC,, =sign( pm cos(¢)) 1+ 2/AR min( o 2|Up| ,0.4)
b2 (1, x|cos(y)| +1, x[sin()])°
AR = =\Z Y (11)
A A
The moments applied to the plate are given by
M, =M, + M, (12)

Fig. 2 Definition of the flow angles in body-fixed reference frame
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where M is the total moment vector in the plate-fixed reference frame; and m, is the external

applied moment vector, which can be determined in accordance with the methodology in Richards
(2008). Without some forms of damping, the plates would continue to rotate without bound
(Richard 2008). This requires the addition of the damping moment vector, M, defined as follows

1
M, =C,, Ep(|UP|+|(Dp||/2)A|2(0p (13)
where C_,, isthe damping moment coefficient vector defined by Richards (2008)

Com = [CDMX +Comy + Comz ]T = [_0'01' —0.185, _O'Z]T (14)

The database of normal force coefficient C_, (¢,7,G) used in Eq. (9) is obtained from wind

tunnel tests performed at the University of Auckland (Richards 2010), in which the attack angle
and tilt angle were incremented in specific intervals between 0° and 90°. In order to transfer the
data to trajectory program, a linear interpolation is performed between measured values.

The force F, in plate-fixed reference frame needs to be transformed back to the global inertial

reference frame and used in the translational motion of plate debris
av,
m d_tg =F, —mgj (15)

The rotational motion of plate debris is calculated in plate-fixed reference frame using Egs. (2)
and (7). Due to the coupling that is present in the equation of motion, Egs. (2), (7) and (13) are
solved numerically by Runge-Kutta method. These solutions are then utilized for the solutions of
the next time step, the process is repeated until the plate impacts the ground.

2.3 Probabilistic trajectory model

To account for the uncertainty of the flight trajectories of wind-borne debris due to the wind
field over the roof, wake flow, and gust wind, the random vertical U, =6U, and lateral
U, =6,U, gust speed components are introduced. The initial velocity vector is expressed as
follows

U=[,,8,U,5U,T (16)

v XWX

where Uy is denoted as the longitudinal wind velocity; and the vertical gust factor (4,) and lateral
gust factor (4.) are assumed to be uniformed distributed

5\, ~U (_5vmax ’ 6vmax) (17)
é‘w ~U (_5wmax ' §wmax) (18)

The bounds for the gust factor uniform distribution are determined by comparing the simulation
results against the wind tunnel test data in Kordi et al. (2010). The introduction of gust winds
enables the wind speed and wind direction to be random during the flight of the debris since the
gust factor is updated at each time interval. The flight trajectories, even with the same initial
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conditions, are then different for every instance of the debris’ flight. Thus, some aspects of the
turbulence in the wind are captured using this approach.

3. Parametric study
3.1 Initial wind speed

The wind tunnel test data in Kordi et al. (2010) served as the benchmark for the simulated
results obtained using the probabilistic trajectory model. A 1:20 scale low-rise building model was
tested in the wind tunnel. The prototype of the model is 9.14 m wide by 10.38 m long, with an
eave height of 6 m. The gable roof has a pitch of 1:3, and the roof sheathing has dimensions of 1.2
m by 2.4 m with a thickness of 12.7 mm. The roof sheathing of the low-rise building and the wind
direction are shown in Fig. 3, and the initial positions of a specific roof panel at various wind
directions are shown in Table 1.

Table 1 Initial conditions of the roof sheathing used for analysis

Wind speed (U) Initial position Initial orientation
Mean Std. Gumbel Distribution X, Yo zZ, ¢ 0 v
(mfs) (mis) H a (m) (m (m) ) ) )
56 2.2 55.01 0.58 0.60 756  3.70 0 0 71.6
45 14 44.37 0.92 —0.38 7.56 3.73 0 —15 71.6
41 16 40.28 0.80 —0.33 7.56 3.50 0 —30 71.6
40 15 39.32 0.86 —219 756  3.04 0 —45 71.6
38 14 37.37 0.92 —290 7.56 2.37 0 —60 71.6

Panel location

0~

z

Wind

Fig. 3 Location of the roof sheathing and the definition of the wind direction
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Fig. 4 Initial wind speed probabilistic models in wind direction of (a) 15°, (b) 30°and (c) 45°

Kordi et al. (2010) converted the roof sheathing failure speed in the wind tunnel to 3 s gust
wind speed at the mean roof height, which was found to follow the Gumbel distribution, as shown
in Table 1. Moreover, it is assumed that the initial wind speed is the same as equivalent 3 s gust
wind speed and it is the mean wind speed during the flight of the roof sheathing. The assumption
of the mean wind speed is reasonable as the flight time of the debris tend to be a few seconds (Lin

et al. 2006).
The Gumbel Distribution is shown as
F(x) = exp{-exp[-a(x-u)]} (19)
. 1.28255 - 0.57722 (20)
o a

where u is a location parameter, « is a scale factor, « and o are the mean and standard deviation of
the wind initial speed, respectively. The parameters of u and « in Gumbel Distribution are obtained
from the mean and standard deviation of initial wind speed, and are shown in Table 1. The inverse
function method is utilized to generate the random initial wind speed (Warga 1976). Fig. 4 show that
the random generated initial wind speeds agree well with the test wind speed in the wind direction of
15°, 30° and 45°.

3.2 Time step

In order to provide a reasonable assessment of the actual solution to Egs. (1) and (2), small time
step increments are desirable for the assurance of the accuracy of the classical Runge-Kutta.
However, a probabilistic trajectory model utilized to assess building envelope failures must be
simulated thousands of times to ensure that the simulation is a reasonable assessment of the
physical situation. This leads to increased time duration for simulation. Accordingly, there is a
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trade-off between the computation intensity and prediction accuracy. In order to address this issue,
the sensitivity analysis on the time interval necessary for analysis was performed.

Six parameters (i.e., debris flight time, longitudinal position, lateral position, longitudinal
velocity, vertical velocity, lateral velocity) were tested at different time intervals (0.005 s, 0.01 s,
0.015 s,..., 0.1 s) with a reference time step of 0.003 s. The relative error is defined as

_ X=X
8_
Xo

(21)

where X is the value of the parameter of interest and X, is the value of the parameters at the
reference time step.

Fig. 5 illustrates the variation of the relative error of the flight parameters with the time interval
used for analysis. In these simulations, the initial conditions are deterministic and the relative
errors are produced from single runs. Generally, as the time step increase, the relative error of each
flight parameter in the longitudinal and vertical direction rise. However, this is not the case for the
lateral position and lateral velocity. That is because the value of lateral position and lateral velocity
are small compared with other flight parameters. In the wind direction of 0°, 30° and 45°, the
relative errors of debris flight time and debris impacted position are lower than that of in the wind
direction of 15° and 60°. However, for the impacted velocity of the debris, there has a higher
accuracy in the wind direction of 0°, 15° and 30° than that of in the wind direction of 45° and 60°.
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Fig. 5 Sensitivity of the flight parameters to the duration of the time step at a reference time step of
0.003s
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Fig. 6 Total error and average total error of the flight parameters varying with time steps for all wind
directions

Fig. 6 depicts the square root of the sum of the squares (SRSS) error ., for each wind

direction obtained from the individual parameter error in Fig. 5 and the expected total error of all
wind directions. The total error is given by

2 2 2 2 2 2
Etotal :\/‘91 +& t+&, & & &, (22)

where &, is the relative error for the debris flight time, &, and &, are the relative error for the
debris landing position, and ¢,, & and ¢, are the relative error for the debris landing velocity.
In general, the total error of the flight parameters grows with the increase of the time step. While
the total error of the flight parameters for each time step under the wind direction of 15° is far
greater than that of under the wind direction of 0°, 30°, 45° and 60°. That’s because the flight
mode of the debris under the wind direction of 15° is more complex than that of other wind
direction (Kordi et al. 2010). According to the wind tunnel test of Kordi et al. (2010), the flight
modes of the debris in the wind direction of 15° can be auto-rotational, 3D spinning and
translational. However, the flight modes of 0° are just auto-rotational and translational, and the
flight modes for other 3 wind directions (30°~60°) are only 3D spinning. Therefore, the time step
should be small enough to ensure the accuracy of the simulation. Results show that the average
total error at 0.05 s is less than 10%, and consequently it is appropriate to take 0.05s as the time
interval for the probabilistic debris trajectory model.

3.3 Gust sampling frequency

The random vertical and lateral gust wind speeds are introduced to simulate the random flight
trajectory of roof sheathing. The Monte Carlo simulation results of the landing position of the roof
sheathing in different gust sampling frequencies are compared with the wind tunnel results so as to
determine the sampling frequency of the gust wind. The classical Runge-Kutta method used in the
integration has four gradients in each time step; they are at the beginning, two middle, and ending
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of the time step. Taking the time step as 0.05 s, five different gust sampling frequencies are
examined in this paper, including
¢ sampling once at the beginning and middle of the time step with an interval of 0.15 s (0.75 s)
¢ sampling once at the beginning and middle of the time step with an interval of 0.10 s (0.05 s)
¢ sampling once at the beginning and middle of the time step with an interval of 0.05 s (0.025 s)
¢ sampling once at the beginning and two middle of the time step with an interval of 0.05 s

(0.0167 s)

e sampling once at the beginning, two middle and ending of the time step with an interval of
0.055(0.0125s)

Fig. 7 presents the comparison results of the Monte Carlo simulation and the wind tunnel test of
the landing position of the roof sheathing at different gust sampling frequencies in the wind
direction of 0°. The simulated landing positions of missiles are fairly concentrated when the
sampling frequency is small. In the case of the large sampling frequency (0.0167 s and 0.0125 s),
the landing positions of the roof sheathing are spread. Thus, the gust sampling frequency is
determined to be sampling once at the beginning, two middle and ending of each time step (0.0125
s). The gust wind speed of each time step is randomly generated. In other words, the vertical and
lateral gust wind speeds during the flight of the debris are not the actual gust wind speed in
turbulent wind field.

3.4 Initial definition of extreme gust factor
According to Simiu and Scalan (1996), the gust factor of 0.10 is appropriate for the simulation
of synoptic wind, whereas the gust factors of 0.25 and 1.0 are suggested for the simulation of

hurricanes and tornadoes. These data are used as the reference value of the gust factor in the
probabilistic trajectory model.

O Wind TunnelData 4 0.075s Vv 005s & 0.025s <4 0.0167s » 0.0125s
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Fig. 7 Comparison results of the Monte Carlo simulation and the wind tunnel test of the landing position
of the roof sheathing at different gust sampling frequencies in the wind direction of 0°
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The definition of the extreme gust factor is to make the minimum SRSS errors of the simulated
results of the landing position of the roof sheathing. The SRSS error is defined as

Eotal = "8‘2, + Si (23)

ﬂz%éx. (24)
o= i O (25)

where x4 and o are the mean and standard deviation of the landing position of the roof

sheathing, respectively.
The upper limit of the extreme vertical gust factor 5 is determined to be 1.0 as the gust

factor of 1.0 can simulate the tornado effect. By the trial calculation, it is found that the total error
&, decrease when the extreme lateral gust factor 5 s trend to 1.0. Therefore, the upper limit

of the extreme lateral gust factor is determined to be 1.5.
Fig. 8 shows the effect of 5 and 5  on the total error of the roof sheathing landing

position, respectively. It is evident that the total error of the landing position of the roof sheathing
first decrease, then increase with the increase in extreme gust factor. Moreover, the total error of
the roof sheathing landing position become more sensitive to the extreme gust factor when the
extreme gust factor is greater than 0.7. Therefore, the determination of the extreme gust factor
should not only make the smallest total error but also make the extreme gust factor to be small.
The initial values of the extreme vertical and lateral gust factors are shown in Table 2.

To further narrow the range of gust factor, the combined effect of the extreme vertical and
lateral gust winds on the total error of the roof sheathing landing position was analyzed on the
basis of the results in Table 2. As shown in Fig. 9, the total errors of the roof sheathing landing
position for different combined extreme gust winds are obtained by the 100 Monte Carlo
simulations of the flight trajectory of the roof sheathing. Fig. 9 shows the total error of the roof
sheathing landing position for different combined extreme gust wind. It is evident that the areas
with deeper color have smaller total error. The minimum total errors are less than 0.5 except for
the case of the wind direction is 15°. According to the darker area in Fig. 9, the more accurate
extreme gust factors are determined as shown in Table 3.

Table 2 The initial defined variation of the extreme vertical and lateral gust factor

Wind direction Extreme vertical gust factor ( 5vmax) Extreme lateral gust factor ( 5wmax)
0° 0.1-0.5 0.5-0.9
15° 0.3-0.7 004
30° 0.4-0.7 0.6—1.3
45° 0.3-0.8 0.6—1.3

60° 0.2-0.5 0.4-1.1
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Table 3 The more accurate determined of the extreme vertical and lateral gust factor

Wind direction Extreme vertical gust factor (5 ) Extreme lateral gust factor (s, )
0° 0.16-0.35 0.56-0.72
15° 0.46—0.66 0-0.17
30° 0.40-0.60 0.60-0.79
45° 0.42—0.67 0.60-0.81
60° 0.20-0.36 0.75-0.91

3.5 Number of simulations

The number of Monte-Carlo simulations is studied to determine the minimum number of
simulations required for the results to become independent of the number of simulations. The
standard deviation (STD) and coefficient of variation (COV) of the longitudinal landing position
and lateral landing position is calculated and plotted against the number of simulations. The
number of simulation increases firstly from 100 to 250, and then increases to 3000 at an interval of
250. The STD and COV of the landing position within a 5% error of its mean value are considered
to be stabilized with the increase in the number of simulation. It can be seen from Fig. 10 that the
STD and COV of the longitudinal landing position reaches equilibrium at a minimum of 1000 and
500 simulations, respectively. Furthermore, the STD and COV of the lateral landing position
reaches equilibrium at a minimum of 1500 and 2000 simulations, respectively. Therefore, the
minimum simulation number 2000 for the four landing position statistics reach equilibrium is
selected to be the number of Monte Carlo simulation at the 0° wind direction. As shown in Table 4,
the number of Monte Carlo simulation for other wind directions is also determined by this method.

3.6 Final determination of extreme gust factor

In order to simulate the flight trajectory of the roof sheathing more accurately, the extreme
value of the gust factor is further analyzed to make the minimum total error of the landing position
of the roof sheathing. In this part, the total error of the landing position of the roof sheathing is
redefined as

Table 4 Number of Monte Carlo simulations

Wind direction Number of simulation
0° 2000
15° 750
30° 1750
45° 1500

60° 2000
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where ¢ and o are the mean and standard deviation of the landing position of the roof

sheathing, respectively; s and k are the skewness and kurtosis of the landing position of the
roof sheathing, respectively.

The numbers of the Monte Carlo simulation are increased from 100 to the numbers which have
determined in 3.5. On the base of the combination of extreme gust factor determined in 3.4, the
flight trajectory of the roof sheathing is simulated to obtain the combination of the extreme gust
factor with the minimum total error of the roof sheathing landing position. Finally, the
combinations of the extreme gust factor for different wind direction with minimum total error are
determined as shown in Fig. 11.

k
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Fig. 11 The extreme gust factor in the probabilistic flight trajectory model
Kordi et al. (2010) observed that the roof sheathing landed back on the roof immediately after
failure in the wind direction of 75° and 90°, therefore, it is assume that the extreme gust factor for
the wind directions greater than 60° (or less than —60°) are the same as the extreme gust factor of

the 60° (—60°) wind direction. The extreme gust factor for the wind direction between —60° and
60° is derived from linear interpolation.

4. Validation of the probabilistic trajectory model

To demonstrate the validity of the probabilistic trajectory model, the results simulated are
compared with the scaled debris test data in Kordi et al. (2010). The comparison includes the
impact position and impact velocity of the wind-borne debris. The comparison of the impact
position consists of the distribution of the landing position, the relationship between initial wind
speed and longitudinal landing location, and the distribution of the impact location at specific
longitudinal position. The comparison of the impact velocity consists of the relationship of the
dimensionless impact velocity with vertical impact position, the statistics and probability
distribution of the dimensionless impact velocity at the landing time.

4.1 Impact position

For comparison, the 100 Monte Carlo simulations were conducted, which is the comparison to
the number of debris flight trajectory test times in the wind tunnel test by Kordi et al. (2010). The
simulation results and the wind tunnel test results of the flight trajectory are shown in Fig. 12. The
simulated results of the impact position of roof sheathing agree well with the test results of Kordi
et al. (2010), although the simulated results does not distinguish the flight mode (“3-D spinning”,
“Auto-rotational”, and “Translational”) as recorded by Kordi et al. (2010).
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Fig. 12 Landing positions of 100 missiles in wind directions of (a) 0°, (b) 15°, (c) 30°, (d) 45°, and
(e) 60°

Table 5 Comparison of simulated landing position data statistics with wind tunnel debris data

Tested results Simulated results Relative error
Wind direction
avg ZEVQ X o Zn‘ X avg ZEVQ X o Zo— gxavq
0° 34 5 20 5 39 4 14 4 14%
15° 37 2 13 5 37 3 18 2 0%
30° 43 9 10 3 35 8 16 4 —19%
45° 32 12 15 4 30 10 14 5 —6%
60° 14 10 6 4 17 11 6 3 21%

Table 5 shows the comparison of the statistics (mean and standard deviation) of the roof
sheathing impact position under different wind directions. In Table 5, X, and Z,,4 are the mean
values of the landing positions of the debris at the longitudinal and vertical directions, respectively.
X, and Z, are the standard deviations of the landing positions of the debris at the longitudinal and
vertical directions, respectively. exa,q IS the relative error of the tested and simulated results of the
landing positions at longitudinal direction. Table 5 shows that the maximum relative error of the
average longitudinal position is about 21%, occurring at the wind angle of 60°. Nevertheless, the
simulated results of the roof sheathing impact position in the probabilistic flight trajectory model
generally agree well with the wind tunnel test results.

Fig. 13 depicts the comparison results of the longitudinal debris impact position as a function of
initial wind speed under different wind directions.
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Fig. 13 Longitudinal debris landing position as a function of initial wind speed in wind directions of (a)
0°, (b) 15°, (c) 30°, and (d) 45°

The simulated results of the probabilistic flight trajectory model in the wind direction of 60° are
not presented herein due to the lack of the pertinent wind tunnel data. Similarly, the simulation
results are basically fit well with the wind tunnel test results. Furthermore, this plot confirms the
findings in Kordi et al. (2010) that the variations in the mean wind velocity are not a dominant
factor affecting the distribution of the landing position of the flying debris.

To verify the accuracy of the trajectory during the flight of the debris in the probabilistic model,
the vertical impact positions of the roof sheathing at longitudinal locations of 20 m and 30 m in 15°
and 30° wind directions are compared with the results in the wind tunnel test of Kordi et al. (2010),
as shown in Fig. 14.

The data in Fig. 14 represent the impact positions of the debris on the surface of the building
which is far away from the middle of the original building with longitudinal distances of 20 m and
30 m. For the lateral impact position, the simulated results of the probabilistic flight trajectory
model coincide with the wind tunnel test results in the wind direction of 30°. However, the
simulated results are slightly greater than the tested results in the wind direction of 15°. For the
vertical impact position, the simulated results are in the range of 0 to 11 m and the tested results
are in the range of 3 to 9 m at the longitudinal position of 20 m; the simulated results are in the
range of 0 to 10 m and the tested results are in the range of 0 to 7 m at the longitudinal position of
30 m. The upper limit of the impact position of the simulated results is 2 to 3 m greater than that of
the tested results. The simulated results trend toward safety, considering that the probabilistic flight
trajectory model will be applied into the risk assessment of the impact damage of building
envelopes.

Due to the lack of wind tunnel test data in wind direction of 0°, 45° and 60°, Fig. 15 only
shows the simulated results of the impact position for the longitudinal positions of 20 and 30 m.
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4.2 Impact velocity

It has been well established that the impact velocity of the debris determines the momentum
and kinetic energy of specific debris in the probabilistic flight trajectory model. The impact
momentum and kinetic energy of the debris are of the main concern to estimate the failure of the
building envelopes. Therefore, it is necessary to investigate the impact velocity of the debris in the
probabilistic trajectory model. The total velocity (V,,,) of a missile is denoted as (Kordi et al.

2010)
Vi = V2 +V 74V (29)

where v is the longitudinal (horizontal) component, v, is the vertical component, and v,

is the lateral component of the debris velocity.
According to Kordi et al. (2010), the longitudinal and total velocities of the debris are
normalized by the equivalent full-scale 3-sec gust wind speed at the mean roof height

v = (30)
VH

Vo Ve (31)
mag vV

Fig. 16 illustrates the comparison results of the dimensionless longitudinal and total velocity as
seen at a vertical slice of the roof sheathing at a longitudinal position of 20 m for the wind
direction of 15° and 30°. Results show that the simulated results of the dimensionless velocity of
the roof sheathing agree reasonably well with the wind tunnel test results, they are all in the range
of 0.3-0.75. The dimensionless velocities of the roof sheathing in the range of 0.5-0.75 of the
simulated results are more than the wind tunnel test results. For the 100 plates under investigate,
there were about 60 plates flew to the longitudinal position of 20 m in the wind tunnel test of
Kordi et al. (2010). However, there were about 90 plates flew to the longitudinal position of 20 m
in the simulated results. It means that the simulated results of the flight velocity of the debris are
tending to be slightly larger than the wind tunnel test results. The simulated results trend toward
safety, considering the probabilistic flight trajectory model will be applied into the risk assessment
of the impact damage of building envelopes.

In addition, the selection of the most appropriate extreme gust factor is to make the minimum
error between the simulated and wind tunnel test results of the roof sheathing landing position. The
flight velocity is not considered in the selection of the extreme gust factor, so the verification of
the flight velocity can be appropriately relaxed.

Fig. 17 shows the simulated results of the dimensionless longitudinal and total impact velocity
at a longitudinal position of 20 and 30 m for the 0°, 15°, 30°, 45° and 60° wind direction in the
probabilistic trajectory model, as the wind tunnel test results are not available. We can see from
Fig. 17 that the vertical impact position decreases obviously and the dimensionless total velocity
of the roof sheathing increases significantly when the longitudinal positions increase from 20 m to
30 m for 0°, 15°, 30°, 45° and 60°wind direction as reported by Kordi et al. (2010).
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Table 6 illustrates a comparison of the simulated and experimental dimensionless total velocity
of the roof sheathing. The test results for the wind direction of 0° and 60° in the experimental of
Kordi et al. (2010) are not available. The results for the wind direction of 15°, 30°, and 45° are
compared in the follow. The simulated results of the probabilistic flight trajectory model agrees
well with the test results of Kordi et al. (2010) except for the wind direction of 45°, the simulated
results of the mean value of the dimensionless total velocity are greater than the experimental
results of Kordi et al. (2010). For the standard deviation of the dimensionless total velocity, the
simulated results are smaller than the experimental results. This is most likely due to the wind
tunnel test speed observed by Kordi et al. (2010) may not necessarily be the same as the equivalent
full-scale 3-sec failure gust speed at mean roof height. Since the probabilistic model does not
account for the boundary conditions of the low-rise building, the assumption was made that the
equivalent full-scale 3-sec failure gust speed measured at mean roof height reported by Kordi et al.
(2010) is the wind speed experienced by the simulated plate. Therefore, there may be variability in
the actual wind field experienced by the plate in the wind tunnel tests that the probabilistic model
is unable to account for, which could explain the discrepancy between the variability of the
physical and the simulated data.

Kordi et al. (2010) found that the dimensionless total velocity of the debris fit a lognormal
distribution when the debris landing on the ground. For comparison, the dimensionless total
velocities of the debris are researched by 100 simulations. Figs. 18 and 19 shows the probability
density function and the corresponding probability distribution function of dimensionless total
velocity at ground impact for the wind directions of 0°, 15°, 30°, 45°, and 60°, respectively. The
probability density function and the corresponding probability distribution function are also
compared with the fitted classic distribution such as lognormal distribution, type 1 extreme value
distribution, and non-parametric estimation. It is evident that the distributions of the dimensionless
total velocity of the debris at the landing position are fit with a lognormal distribution for all of the
researched wind directions. Assuming a significance level of 0.05, the Kolmogorov-Smirnov
one-sample test (KS) of the dimensionless total velocity confirmed that all cases are likely to come
from a lognormal distribution.
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Fig. 18 Probability distribution of the dimensionless total velocity of a 1.2 m x 2.4 m x 12.7 mm roof
sheathing at the landing position for wind directions of (a) 0°, (b) 15°, (c) 30°, (d) 45°, and (e) 60°
simulated within the probabilistic debris trajectory model
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Fig. 19 Cumulative distribution of the dimensionless total velocity of a 1.2 m x 2.4 m x 12.7 mm roof
sheathing at the landing position for wind directions of (a) 0°, (b) 15°, (c) 30°, (d) 45°, and (e) 60°
simulated within the probabilistic debris trajectory model

Table 6 Comparison of the simulated and experimental dimensionless total velocity of the roof sheathing

Kordi et al. (2010) Simulated results
Wind direction — — — —
(Vmag )avg (Vmag )o‘ (Vmag )avg (Vmag )a-
0° 0.69 0.08
15° 0.73 0.21 0.67 0.12
30° 0.58 0.24 0.65 0.11
45° 0.43 0.20 0.64 0.12
60° 0.63 0.09

5. Conclusions

In this study, a deterministic 6 DoF debris trajectory model was employed in a combination of
the randomly simulated vertical and lateral velocity components to predict the trajectory of the
plate-type debris in a probabilistic manner. The proposed methodology accounted for the
variations in the velocity field due to the aerodynamics of the building and the local roof velocities.
A sensitivity analysis was conducted to determine the influence of the random variables, such as
initial wind speed, time step, gust sampling frequency, number of simulation and extreme vertical
and lateral gust factor, on the accuracy of the model.

The Monte Carlo simulation results of the 3-D probabilistic flight trajectory model are
compared with wind tunnel test results and the following conclusions were obtained:

o The simulated results of the distribution and statistic of the impact location under different

wind directions coincide with the wind tunnel test, and the relationship of the vertical impact

position with the initial wind speed agrees well with the wind tunnel test results.

o At specific longitudinal location, the wind tunnel test results of the impact position of roof

sheathing for the wind direction of 15° and 30° are under the curve line of the simulation
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results. It means that the simulated result of the vertical impacted position is slightly larger
than that of the experimental results. This simulation results trend toward safety, considering
that the probabilistic flight trajectory model will be applied into the risk assessment of the
impact damage of building envelopes.

o For the range of dimensionless impacted velocity of the roof sheathing, the simulated results
are consistent with the experimental results under the wind direction of 15° and 30°. For the
mean, standard deviation and coefficient of variation of the dimensionless impact velocity,
there is a slight deviation between the simulated and tested results.
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