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Abstract

Steel roofing is widely used for non-residential facilities. However, it is
vulnerable to high winds. This paper addresses a damage estimation framework that
incorporates wind loading correlation and wind directionality effects for steel roofing.
In this framework, external pressures were measured from wind tunnel testing. At
positions where pressure measurements are not available, a proper orthogonal
decomposition (POD) method is introduced to interpolate external wind pressures.
Internal pressures due to openings in the building envelope are taken into account by
simulation. Then, the internal forces on fasteners distributed on the steel roof are
evaluated by the influence surface method, with corresponding peak values estimated

by a Gumbel conversion approach. Furthermore, the failure probability of a single
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cladding element and the damage ratio for the whole roof are determined based on
Monte Carlo simulation (MCS), where the correlation among internal forces of
fasteners is incorporated by a Nataf transformation. Finally, wind directionality
effects are integrated in order to provide a comprehensive damage assessment for the
roofing. Although the proposed framework works for existing buildings, it may
potentially benefit the performance-based design for new low-rise buildings.
Keywords: Wind damage estimation; Steel roofing; Proper orthogonal
decomposition; Internal pressure; Correlation; Nataf transformation; Wind
directionality
1. Introduction

Metal structures are widely used for low-rise buildings, especially for non-
residential buildings. Based on the statistics from Metal Building Manufacturers
Association (MBMA), approximately 65% of non-residential low-rise buildings are
built with metal structures in USA (e.g., Dabral and Ewing 2009). Among these metal
structures, lightweight steel structures represent a significant proportion and are
popular for warehouses, sheds, airplane hangars and industrial buildings, which are
vulnerable during hurricanes (or typhoons or tropical cyclones), thunderstorms and
tornadoes (e.g., Perry et al. 1990; Ginger et al. 2007). For example, typhoon
“Rananim” in 2004 devastated industrial buildings in Zhejiang Province, China,
including collapsed area of 2.72 million m? and damaged area of 7.56 million m?
(Song and Ou 2009).

Post-event damage surveys have indicated that the majority of damage to steel
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structures is related to the breach of the envelope instead of the collapse of the main
frame (NIST 2006). The breach of the roofing not only introduces losses to the
building itself, but also triggers further damage to interior contents due to secondary
perils, e.g., rain penetration. Additionally, business interruption increases indirect
losses of income, which is a common concern for the insurance sector. Therefore, it is
important to analyze and predict wind-induced damage for steel roofing in order to
conduct damage mitigation and risk management assessments.

Damage analysis of low-rise buildings, especially wood-frame structures, under
high winds has received significant attentions from the engineering community. Lee
and Rosowsky (2005) assessed the wind-induced fragility of roof sheathing for light
wood-frame structures. Li and Ellingwood (2006) proposed probabilistic risk
assessment methods to evaluate performance and reliability of low-rise light-frame
wood residential constructions in hurricane-prone region of the United States, where
the importance of uncertainties is highlighted. Recently, aerodynamic databases have
been applied to wind damage assessments. Zhao and Gu (2011) presented a database-
assisted wind vulnerability assessment model for metal buildings. Huang et al. (2015)
introduced a database-assisted probabilistic damage estimation approach for asphalt
shingle roofing. Konthesingha et al. (2015) developed a vulnerability model for metal-
clad industrial building in a tropical cyclone region. Huang et al. (2016) developed a
damage estimation method for roof panels where the wind loading correlation was
taken into account. In addition to structural component damage analyses, the wind-

induced economic loss for metal roofing was discussed by Dabral and Ewing (2009).
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Despite these achievements, there is a need to develop an integrated database-
assisted approach to incorporate important factors such as wind loading correlation
and wind directionality effects for the wind-induced damage analysis of low-rise
building roof components. Cope et al. (2005) showed that the correlation of the
surface pressures varies with direction and became strong under quartering winds and
winds perpendicular to the roof gable. Huang et al. (2016) had found that the wind
loading correlation may significantly influence the standard deviation (STD) of the
damage ratio for roof panels. Although directionality effects have been widely
recognized and incorporated in structural and cladding design, it has not yet been well
addressed in vulnerability studies. Obviously, the wind damage of roof components
will also depend on wind direction. To develop a comprehensive understanding of
structural vulnerability, and for the sake of wind-induced damage mitigation and risk
management, one needs to integrate the vulnerabilities of all directions with the local
wind climate data within a framework that also considers wind load correlations and
other influential factors.

Based on an illustrative low-rise building model whose wind pressure data were
measured in a wind tunnel study, a wind damage estimation method incorporating the
wind loading correlation and wind directionality for steel roofing is addressed in this
paper. The paper is organized as follows. First, descriptions of the steel roofing and
wind pressure data are introduced. Second, POD is adopted to interpolate the external
wind pressure for roof locations where there are no pressure data. Third, the internal

pressure is determined by simulation. Fourth, the internal forces on fasteners
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distributed on the steel roof are computed with the aid of the influence-surface
approach, with the corresponding peak internal forces estimated by a Gumbel
conversion method. Fifth, the failure probability of a single panel and the damage
ratio of whole roof are determined based on MCS, where the correlation among
internal forces on fasteners is considered by a Nataf transformation. Sixth, the
influence of wind directionality is incorporated in the damage estimation. In the end,
concluding remarks are given.
2. Descriptions of wind pressures and steel roofing

The illustrative prototype industrial building used in this study has a full-scale
size of 62.5 ft x 40 ft x 12 ft (19.05 m x 12.2 m x 3.66 m), a roof slope of 1:12, and is
assumed to be located in suburban terrain. The wind pressure data were obtained from
wind tunnel tests conducted at the University of Western Ontario (UWO), as reported
by Ho et al. (2005), with significant comparisons to existing data provided by St.
Pierre et al. (2005). The model scale was 1:100, with 335 taps distributed on the roof
top. These are shown as blue dots in Figure 1. The sampling frequency was 500 Hz
with a sampling time of 100 s. The tests were conducted in suburban terrain with
roughness length of about 0.3 m, under a reference mean wind speed of 13.7 m/s at
the equivalent of 10 m above the ground, which corresponds to a mean wind speed of
6.1 m/s at the roof height (3.66 m). The tests were carried out at various wind angles
of attack (AOAs) with intervals of 5° from 0° to 90° and from 270° to 360°. In the rest
of paper, if without any specification, wind speeds are referred to 10-min mean wind

speeds at the roof height.
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There are many types of steel cladding profiles that are commonly used in
construction, such as pierced-fixed and standing-seam steel cladding systems. Due to
the requirements of large spans, low price, and simplicity of construction and also
being well-researched (e.g., Mahaarachchi and Mahendran 2009), the high-strength
trapezoidal steel cladding with closely spaced ribs is selected as the roof panel for this
study. In the current study, the size of a single cladding panel is assumed to be 750
mm x 6096 mm with a thickness of 0.6 mm. The height of crest is 35 mm and ribs are
closely spaced with an interval of 125 mm between two neighboring crests. The
layout of the cladding on the roof is shown in Figure 1 where 50 (2 % 25) steel
cladding panels are distributed on the roof. The cladding is made of high-strength
steel G550 (yielding stress = 690 MPa). Self-tapping screws with head diameters of
11 mm are assumed as the connection fasteners. Further details on this type of
cladding can be found in Mahaarachchi and Mahendran (2009).

For the cladding cross section, four screws are used to connect the roof cladding
to the purlins at alternate crests. Along the rib, four screws are also uniformly
distributed. A schematic description can be found in Figures 2 (a) and (b). The
locations of screws on a cladding panel are represented by the coordinate system
shown in Figure 2 (a). For example, x2y3 denotes the screw at the intersection of line
x2 and line y3 on the panel. Two adjacent cladding panels overlap at marginal crests
and share common screws, as shown in Figure 2 (c). The purlin spacing of the
prototype building in Mahaarachchi and Mahendran (2009) is between 0.9 m and 1.1

m. And in practice, the purlin spacing at the edge of the building is smaller to resist
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larger wind pressures. For convenient illustration, the spacing has been adjusted to
reduce the number of screws here.
3. POD-based wind pressure interpolations

To determine the wind-induced internal forces on a screw, ideally, the associated
cladding panels should be assigned sufficient pressure taps in the wind tunnel
experiment. However, not every panel satisfies this requirement, as shown in Figure
1. It can be seen that, for many panels, there are no pressure taps. In order to evaluate
the internal forces on the screws, ten proxy taps are evenly assigned along the central
line of the each of the panels (see the red “+” in Figure 1). The pressures at these
locations are interpolated from existing taps. Several interpolation techniques have
been developed and applied for various purposes in database-assisted design (DAD),
such as POD and artificial neural networks (ANN) (e.g., Tamura et al. 1997; Chen et
al. 2002, 2004). Previous studies have shown that POD has good performance for
wind-induced pressure interpolation (e.g., Bienkiewicz et al. 1993; Tamura et al.
1997) and extrapolation (Chen et al. 2004). In the present study, POD will be used to
reconstruct the wind pressure field on the low-rise building roof due to its adaptability
and easy implementation. One advantage of POD is that it can characterize a
multivariate process with a few modes.

If one assumes that C,(f) = {C,(?), Cp (1), -+, Cp (1)} is a zero-mean N-
variate fluctuating wind pressure coefficient vector, where N is the number of taps in
the wind tunnel testing, POD can be used to find a set of optimal orthonormal basis

vectors @ = [0,, ©,, ---, ©,] and C,(¢) can be expanded as
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C,())=Oa() =3 0,4,() (1)

where the component q,(t) is the projection of C,(f) on the basis vector O,,
i =1,2, .-+, N. Note that the mean component has been removed as discussed by
Tamura et al. (1997). The basis vector set @ can be determined from the eigenvalue
equation (Bienkiewicz et al. 1993)

R,A@=0A 2)
where R, is the covariance matrix of C,(¢); A = diag(4,, 4,, ---, A,) and 4; is
the tributary area of the i th pressure tap; A = diag(4, 4,, -+, 4,) is diagonal
matrix and A is the 7 th eigenvalue. If the pressure taps are distributed uniformly and

tributary areas associated with different taps are identical, then Eq. (2) is rewritten as

R,0=0A" 3)
# A A Ay : .
where A" = dzag(g, DR 7) and 4 is the tributary area. If the pressure taps
are distributed non-uniformly, Eq. (2) can be pre-multiplied by A" and an
equivalent form is given as (Jeong et al. 2000)
R0 =0'A 4)

where R, = A"R,A"> and ®" = A"’@. Note that the modification guarantees that
the transformed R, is a real and symmetric matrix, and allows the Cholesky
decomposition. The target orthogonal basis vector then can be obtained through the

inverse transformation

0=A"0 o)

It is clear that the eigenvalue matrix A is unchanged in the transformation.
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Once the value of the basis vector for the proxy tap is estimated by the spatial
interpolation, the fluctuation of the wind pressure at this tap can be interpolated from
non-uniformly distributed taps. In this study, the first 300 modes are applied to
reconstruct the wind pressure time histories. The interpolated fluctuation of the wind
pressure coefficient at an existing tap (highlighted by a circle in Figure 2) is compared
with the measured counterpart in Figure 3. Consistency can be found in time histories
and lower frequency part of power spectral densities (PSDs). Similar results can be
found for other taps. Figure 4 shows the interpolated fluctuating pressure coefficient
at a proxy tap (highlighted by a rectangle in Figure 1). By the spatial interpolation, the
mean component of the wind pressure coefficients at the proxy taps is obtained.

4. Incorporation of internal pressures

Internal pressure appears because of the leakage or openings of a building in
response to external wind pressures. Because internal pressure has a significant
influence on the structural cladding system, it has been investigated by many scholars
(e.g., Holmes 1979; Oh et al. 2007). Previous studies showed that internal pressure is
affected by various factors, such as local external pressure, opening size, building
volume and flexibility of building envelope (e.g., Oh et al. 2007). Based on the work
by Holmes (1979), Oh et al. (2007) showed that simulation of internal pressure time
histories for buildings with a dominant opening and/or small leakage in the walls can
be accurately simulated using external wind pressures, such as those from the
database of Ho et al. (2005), as input.

Clearly, internal pressures are dependent on the damage state of the building
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envelope and cladding. In reality, the wind-induced damage on the building envelope
and cladding is a progressive process and the determination of internal pressure is
challenging in that additional wind tunnel experiments are usually required. To
simplify the damage process, in this study, buildings under high winds are assumed to
undergo the following three stages. Stage 1: Enclosed building. In the beginning, the
building is nominally sealed with background leakage. In this case, the internal
pressure is usually negative (i.e., suction) and increases the load on the windward wall
and reduces the wind load on the roof. Stage 2: Partially-enclosed building. The wall,
especially a door or window, may be broken due to wind-borne debris-impacts or
larger net pressure loads. Loss of these components causes a dominant opening on the
wall and makes the building partially enclosed. At this stage, the internal pressure
usually becomes positive, which leads to an increase of the net wind loads on the roof
and makes roof cladding more vulnerable to wind. Stage 3: Roof cladding loss or
component failures. At this stage, portions of the roof panels may be removed,
causing new openings on the roof. Accordingly, the internal pressure may decrease, to
some extent. Because the roof cladding tends to be most vulnerable at the second
stage, partially-enclosed buildings are studied herein. The related internal pressure can
be obtained by either wind tunnel tests (such as the UWO data) or via simulation, with
similar accuracy (Oh et al. 2007). In this study, the latter will be adopted. In addition,
the internal pressure in the third stage is assumed to be unchanged, which may be
conservative for the cladding damage estimation. Although the wind damage of a

building is also sensitive to its construction and the cladding system details, this study



220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

focuses on the damage to the roof system conditioned on a given construction and
cladding system.

For a single opening in the wall, the governing equation for determining the
internal pressure within the building volume is obtained from the unsteady form of the
Bernoulli equation (for a recent derivation, see Oh and Kopp 2014). This equation,
which represents the conservation of energy of the flow through the opening, is (e.g.,

Holmes 1979; Holmes and Ginger 2012):

— 2
ple}: Coit [ 2pVUI]; } C ‘Cl’i ‘ +C=Ch (6)
yar, Kyar,

where p is the air density; /, is the effective length of an “air slug”; V is the internal
volume; y is the ratio of specific heat capacities of air; a is the opening area; F, is the
atmospheric pressure; U, is the mean wind speed at reference height; x is the
discharge coefficient compensating for various energy losses; C,, and C,, denote the
external and internal pressure coefficient, respectively. According to Vickery and
Bloxham (1992), in the present study, /, =\/E/ 2 and x=0.6 will be adopted. It

should be mentioned that the effects of friction losses are not incorporated here.
However, it must be considered for narrow and long openings. Because Eq. (6) has

the form of a spring-mass-damper system, the internal pressure has a natural

1 F,
frequency that is known as the Helmholtz frequency, — K79
2\ plV

, which is the

resonant frequency of the internal pressures (e.g., Holmes 1979; Oh et al. 2007).

Similar to Oh et al. (2007), a rectangular dominant opening is assumed on front

wall under AOA of 270° (see Figure 1). The ratio of the opening area to the wall area
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is assumed to be 3.2%, while the building porosity is considered to be negligibly
small for the current study. While the current study is illustrative, neglecting the
leakage should be reasonable for the damage estimation when one considers the other
uncertainties. A 4%™-order Runge-Kutta method can be used to solve the above
nonlinear differential equation. Note that the opening is assumed to appear on front
wall instead of side walls. That is, for AOAs from 180°-360°, the opening is same to
that for AOA of 270°, and for AOAs from 0°-180°, it is symmetrical to that for AOA
of 270°.

For mean wind speed of 37 m/s and AOA of 315°, the simulated internal pressure
C,; 1s presented together with a corresponding external pressure C,, in Figure 5 (a).
Here, 37 m/s is used for illustrative purposes and is representative of a magnitude
where damage may be observed. It can be seen internal pressures are almost
coincident with the external wall pressures for this particular case with the amplitude
of the internal pressures being slightly larger than that of the external pressure due to
the Helmholtz resonance. PSD functions are also given in Figure 5 (b). The peak in
PSD of C,, is the Helmholtz frequency, which is 2.4 Hz in full scale. Together with
(interpolated) external pressures on the roof, the simulated internal pressure will be
used to estimate the net wind load on the cladding.
5. Determination of internal forces and their peaks on screws

High winds can cause large uplift forces on roof cladding, and these forces will

be transferred to the self-tapping screw fasteners. As a consequence, dimpling around

a screw arises initially and cracks appear. Eventually, the steel cladding will be pulled
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through the screw connection (i.e., pull-through failure). It should be noted that for
cladding systems on metal buildings, failures due to low-cycle fatigue (e.g.,
Mahendran 1990; Xu 1995, 1997; Henderson and Ginger 2011) are not considered in
the current methodology and analysis; rather, failures mainly due to stress
concentrations or internal forces in the screws are considered in the development of
the method. In this section, an influence-surface-based approach is used to calculate
internal (i.e., tension due to uplift) forces on screws, firstly. Then the peak value
distributions are estimated via a Gumbel conversion method.

To estimate the internal forces on screws, a direct way is to perform the finite
element (FE) analysis for all claddings and screws. However, such an analysis needs
significant computational time. According to Mahaarachchi and Mahendran (2009),
the internal forces of screws on any cladding panel can be estimated individually on a
single- or half-cladding-panel basis. In this study, to improve the calculation
efficiency, the (linear) influence coefficient approach is used to estimate the internal
forces on a screw (e.g., Henderson 2010; Kopp 2013). Accordingly, the internal force
of a screw can be obtained as follows

X0 = [[ax, 2,015, y)dxdy (7
where /_(x,y) is the internal-force, influence coefficient at position (x,y); g(x,y,t)
is the corresponding net pressure (summation of the external and internal pressures).
Because the layout of screws is the same for all cladding sheets and each cladding
sheet is bi-symmetric, only the internal force influence coefficients for 4 screws are

needed. For illustration, an influence surface for the internal force on screw x2y3 is
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given in Figure 6 where the vertical axis represents the influence coefficient. It reveals
that the internal force is mainly due to the pressure near the crest, where the screw is
located. Compared with the aforementioned, direct approach, the influence-surface-
based approach is efficient for the determination of internal forces on screws.

Usually, the duration of a pressure time history of wind pressure from a wind
tunnel is 20 to 60 min in full scale. The same length is applied to the internal forces on
the screw. Hence, the traditional block maximum method is not applicable in the
evaluation of the probability density function (PDF) of the peak internal force during
the interval of 10 min or 1 h. However, if the peak value distribution of the sample
approaches the Gumbel distribution, a Gumbel conversion method, which was
introduced by Cook and Mayne (1980), can project Gumbel parameters for a given
longer interval based on those determined from a shorter interval. Numerous
experimental results have validated the appropriateness of the Gumbel distribution in
modeling the peak wind pressure (e.g., Cook and Mayne 1980; Holmes and Cochran
2003). Peng et al. (2014) applied this method to project Gumbel parameters for a 15-
min duration using those determined from 15 segments of 1-min duration and
illustrated that the conversion method performed well for wind pressure peak
prediction. The conversion method is appropriate to estimate PDFs of peak internal

forces for hundreds of screws due to its relative simplicity, accuracy and efficiency.

Let W, denote the peak value of the internal force process over 7 min, say, 1
min. Suppose ¥, follows Gumbel distribution, i.e.,

W, (w)=expi-exp[-a, (w—w,)]} (8)
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where the mode w; 1is the most likely value and 1/¢«,, 1is the dispersion. If the

cumulative distribution function (CDF) of the peak value W over 7 min, say, 10 min
or 1 h, is given as

¥y, (W) = exp{—exp[-a, (w-w)]} )
If peak values from different subsamples over 7} min are mutually independent, then
the peak value distribution over 7" min can be computed as (e.g., Cook and Mayne
1980; Huang 2008)

¥, (w) =¥, W] =exp{-exp[-a, (w-w;)+In(T/T)]} (10)

The mode and dispersion parameters are given as

w=w, +In(T/T)/ e, ; a,=a (11)

w M’T]

The product IT, = a, w is a dimensionless characteristic product.

In this paper, the internal force time history is divided into subsamples with
intervals of 1 min, under various mean wind speeds. For instance, the number of
subsamples is about 27, for a wind speed of 37 m/s. Although 77 = 1 min has been
used for wind pressure data by Peng et al. (2014) and Gavanski et al. (2016), the
independence of peak internal forces over 1 min shall be examined here. The internal
force at screw x2y2 on Cladding A under AOA of 315° is selected as the example.
Under the mean wind speed equal to 25, 37 and 49 m/s at roof height, the associated
autocorrelation functions are shown in Figure 7 where the time lag is in the full-scale
dimensions. It can be seen that the autocorrelation coefficients drop below 0.2 after 5,
3 and 2.5 s under mean wind speeds of 25, 37 and 49 m/s, respectively. This is a good

indication of independence between any two peak values separated by more than 5
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seconds. Similar results can be found for other screws. Hence, peak values of internal
forces over 1 min can be reasonably assumed to be independent. Under such an
assumption, peak values from subsamples are fitted by Gumbel distribution. Then, the
CDF of peak values over 1 min is converted to that over 10 min via Egs. (10) and
(11).

6. Consideration of correlation for peak internal forces

Cope et al. (2005) illustrated that the high correlations of the surface pressures
are induced by quartering winds and winds perpendicular to the roof gable.
Subsequently, highly correlated wind pressures may lead to high correlations among
internal forces on screws. Huang et al. (2016) showed that highly correlated pressures
could cause larger variation of the damage ratio, or higher risk for roof components.
Hence, the correlation among the peak internal forces should be considered for
estimates of the wind-induced damage on steel cladding. However, it is difficult to
determine the correlation for peak values over 10 min directly using the current UWO
data, which is of limited length (around 20~40 min in the full scale).

To make the proposed framework feasible, an alternative to approximately
estimate the correlation for peak internal forces over 10 min will be introduced. In this
alternative, the relationship for the correlations of peak internal forces over 1 min and
10 min is assumed to be equivalent to that for peak wind pressures, which will be
estimated from a set of very long wind pressure data. The derivation is presented in
the Appendix. Then, the correlation for peak values over 10 min can be approximately

estimated from that for peak values over 1 min. To incorporate the correlation among
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peak internal forces in the cladding damage estimation, the Nataf transformation is
adopted (e.g., Liu and Der Kiureghian 1986), which relates correlated non-Gaussian
variables to correlated Gaussian counterparts.

Assume a random variable vector with components made up of the peak internal
forces on screws such that W = [W, W,, ---, W,]' whose marginal CDF is
F, (wj), j =12, -, n and n is the number of screws. This vector can be

transformed to its corresponding standard Gaussian random  vector

Z,=0'[F, (w), =12 .n (12)
where @(-) denotes the standard Gaussian CDF. The Nataf transformation can be

derived as (e.g., Huang et al. 2016)

?,(z,R,)
p(z)p(z,) - 9(z,)

Fw W)= fo, W) f, ()= f, (W) (13)

where f,, (w) is the joint PDF of peak internal forces and ¢, (z,R,) is the standard

Gaussian n-variate joint PDF with the correlation matrix Rz.

With known pj, the correlation coefficient between W, and W,, can be

expressed as

g,

w o poo| W, — U w, — U R
pijJ‘_wJ‘_w( ’ /}[ kO'k kj¢z(zjazkapjk)dzjdzk (14)

where g, and o; are the mean and STD of W, , respectively; and pjk (correlation
coefficient between Z; and Z,) is an element in Rz. An important lemma is that ,0;;
is a strictly monotonic function with respect to ,Ofk (Liu and Der Kiureghian, 1986).

This leads to one-to-one mapping between o, and p; . To avoid iteration in above
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equation, a series of empirical formulae were fitted by Liu and Der Kiureghian

(1986). If W, and W, both follow Gumbel distribution, Eq. (14) can be approximated
as
Py =1.064p5 —0.069( 0 ) +0.005(p;, ) (15)

Obviously, both the marginal CDF and correlation of the non-Gaussian variables are
maintained under the Nataf transformation.
7. Damage estimation of steel roofing
7.1 Failure probability and damage ratio of a roof cladding

Based on a comprehensive parametric study for the pull-through failures of the
trapezoidal steel cladding at the screw connections, Mahaarachchi and Mahendran
(2009) developed strength formulae for trapezoidal steed claddings with closed space

ribs. When G550 steel is used, the mean of the strength R is given as

207d, V(0 Y (w (. 150002 )"
ﬂR=0.04x[4.7- 2 ”j [—] [—j (12+ T J a1, (16)

Et h W \

4 c

where the steel yield stress S, =690 MPa; the diameter of screw head d, =11 mm;
the Young's modulus £ =200 GPa; the cladding crest height 2 =35 mm; the crest
pitch A, =125 mm; the cladding trough width #, =81.5 mm; the cladding crest
width W =435 mm; the cladding thickness ¢#=0.6 mm and the span between
purlins L=1981.2 mm. The coefficient of variation (the ratio of the STD to the
mean) is 0.12. The cladding strength R is assumed to follow Gaussian distribution, in
the current case, with mean of 2.15 kN and STD of 0.26.

Once the peak internal force on the screw is larger than the cladding strength

around the screw, the cladding may suffer from the pull-through failure. Due to the
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lack of the research and experimental data, the peak internal force and the cladding
strength around a screw are regarded to be independent. The failure probability of

cladding around a screw is given by

s= [[ £ 1, (wydrdw (17)

r<w

where f,(r) is PDF of the cladding strength around the screw.

Previous investigations showed that 90% wind load would be redistributed to
two adjacent screws on the same crest if a screw fails to take the load (Henderson
2010; Konthesingha et al. 2015). As a consequence, internal forces on these two
screws will significantly increase, and the redistributed internal force may exceed the
cladding strength and the corresponding cladding sheet will very likely undergo
failure. Hence, it is appropriate to assume that the failure of one of the screws on a
cladding panel leads to the failure of the whole panel.

Apparently, the failure probability of a cladding panel is determined by the peak
internal forces and resistances at the screws on that cladding. The failure probability

can be expressed as

p=1=[[ [[ - [[ ) fyOw)draw (18)

w <l‘l wy <r2 an <l‘nS

where f,(r) is the joint Gaussian PDF of strengths and can be determined based on
the assumption of independence. Note that f, (w), which is defined in section 6, has
incorporated the correlation among peak internal forces. In this study, the number of

screws, ng, is 8 due to the symmetric layout of screws.

Suppose the number of cladding panels over the entire roof is N.. To estimate
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the overall damage of claddings over the roof, the damage ratio is used. It describes
the extent of damage on the roof cladding and is defined as the percentage of total
failed panels, i.e.,

D=M_,/N, (19)
where M . is the failed cladding number, and M . and D are random variables.
7.2 Monte Carlo simulation

It is time-consuming to evaluate Eqs. (18) and (19) by a numerical method
because they depend on several parameters including peak internal forces and
strengths around screws, and their correlations. MCS is more efficient than a
numerical method in estimating the damage ratio over the entire roof as well as the
failure probability for each single cladding. It should be noted that the internal forces
on many pairs of screws will be fully correlated. For example, the internal forces on
screws x2y2 and x2y3 on a cladding are identical. One of two fully correlated forces
in the simulation is taken out and the simulated force can be adopted for both.

Assume MCS is repeated for n, rounds. In the m th simulation, the correlated
peak internal forces at all screws are simulated via the Nataf transformation, firstly.
The peak internal forces at all screws can be simulated in the following way. The
correlated Gaussian vector Z is simulated according to

R,=LL"; Z=L"U (20)
where U is the independent standard Gaussian vector and the lower triangular matrix
L shall be obtained by Cholesky decomposition of Ry. Once the sample of Gaussian

vector Z is generated, that of the non-Gaussian vector W can be simulated
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accordingly. Further details can be found in Huang et al. (2016).

In addition, Cholesky decomposition for matrix Rz may be not applicable
because negative eigenvalues may still exist. These negative values appear due to
highly correlated forces on different screws and/or computational errors. To solve this
difficulty, the Rz matrix should be manipulated. First, this matrix can be written as

R,=V'QV (21)
where V is the eigenvector matrix and € is the diagonal eigenvalue matrix. The
negative eigenvalue in matrix Q can be replaced by a small positive value such as
0.001 in order to make the Cholesky decomposition available. Results show that the
simulation is not sensitive to the minor changes in the eigenvalues. After the
correlated peak internal forces have simulated, the independent resistances associated
with those internal forces are generated accordingly. Note that the correlation of

resistances is neglected due to a lack of available data.

Let f,, denote whether the / th cladding has failed in the m th simulation such

that f,, =0 or 1 for undamaged or damaged, respectively. The failure probability of

the /th cladding is

=37 22)

n

t m=1

where Z f1.» 1s the number of the failure for the / th cladding in the simulations. The

m=1

damage ratio for m th simulation is given by

d,=—>> f. (23)
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where Z fim 1s the number of failed cladding panels in the m th simulation.
I=1

According to discussions by Huang et al. (2016), the random variable D will approach
the Gaussian distribution approximately. The mean and STD of damage ratio are

determined as

1 & 1 &
Hp :_de > Op :\/_Z(dm _,UD)2 (24)

nt m=1 ¢+ m=1

7.3 Results and discussions

In the following discussions, the correlation for peak values over 10 min will be
denoted as Cjg,;,. For comparison, another three types of correlations will be also
used to investigate the influence of the correlation of peak internal forces: the
correlation for the parent process (denoted by C,,), the correlation for peak values
over 1 min (denoted by Cj,,;,), and no correlation (denoted by Cy). Note that C,,, and
Cmin are estimated based on the limited data, and Cjy,,;, 1s approximately estimated
from Cy,n.

Table 1 shows the correlation coefficients for internal forces on selected screws
under mean wind speed of 37 m/s at roof height and AOA of 315° (The corresponding
cladding numbers are marked in Figure 1). It can be observed that the correlation
coefficients decrease from C,,, to Cj,i, and further Cjg,,, which is consistent with the
results in Luo and Huang (2016). Also, strong correlations can be found even for the
distant screws. For example, the correlation coefficients between x2y2 on Cladding A
and x2y3 on Cladding D are estimated as 0.917, 0.877 and 0.760 for C,,, Cpin and

C'1omin, respectively.
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In total, 10,000 rounds of simulations are conducted based on Cp, Cimin, Cromin
and C,, respectively. Once the peak internal forces and resistances at all screws are
simulated, the failures for all screws can be judged and corresponding failure
probabilities can then be estimated by the simulation. Failure probabilities can be
evaluated numerically from Eq. (17). It should be pointed out that the correlation of
peak internal force has no influence on screw failures. The contour map for the failure
probabilities of all 608 screws under the mean wind speed of 37 m/s at roof height and
AOA of 315° is shown in Figure 8. It can be seen that screws close to the leading
edges are more vulnerable. It is also seen that screws along the line x2 (e.g., x2y3) on
a cladding panel have larger failure probabilities, which indicates cladding failure
possibly starts from these positions. This is attributed to the facts that these screws
have relatively larger tributary areas and suffer from relatively larger wind loading.

Subsequently, failure probabilities of all cladding panels can be obtained. From
Eq. (18), the correlation of peak internal forces will affect these probabilities. Results
show that C,., Cimin, Ciomn and C, have little effect on the failure probability of a
cladding. With Cj,,, for illustration, failure probabilities of all cladding under mean
wind speeds of 33, 37 and 41 m/s and AOAs of 270°, 315° and 360° are shown in
Figure 9. Here, the progressive damage can be observed. With the increase of the
mean wind speed, the breach will spread from the windward side to leeward side
under AOA of 270°, and start from the windward corner and spread radially to the
leeward corner under 315°, and gradually extend from one edge to another one under

360°. It can also be seen that the roof faces the highest risk for 270°; not for 315°. This
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observation can be explained as follows. Typically, the roof damage associated with
AOA of 315° is expected to be largest due to the existence of the conical vortex if
only the external pressures are considered. However, when a breakage on a windward
wall is assumed, the internal pressure has a significant influence on the roof damage.
In current study, the internal pressure under AOA of 270° on Stage 2 makes the roof
most vulnerable.

The means and STDs of the damage ratios for Cpyr, Crmin, Cromin and Cy under
various mean wind speeds and AOAs are plotted in Figure 10. Results show that the
correlation has a negligible effect on the mean damage ratio. This is similar to results
reported by Huang et al. (2016), where the wind loading correlation has no effect on
the mean damage ratio for the roof panels. However, the STD may be sensitive to the
correlation, i.e., it becomes larger with the increase of the correlation. For example,
under mean wind speed of 37 m/s and AOA of 315°, the STDs of the damage ratio are
about 0.147, 0.141 and 0.132 for C,,, Cjpin and Cjgpin, and that for C, drops to less
than 0.045. This is attributed to the fact that higher correlations among internal forces
on screws cause the failures at different cladding panels more likely. Especially, if the
wind loading correlations approach unit, those claddings may either fail or survive
together, which will greatly increase the variation of damage ratio. Figure 11 shows
the CDFs of the damage ratios for C,a, Cimin, Ci1omin and Cy under mean wind speed of
37 m/s and AOA of 315. It can be seen that the CDFs for first three correlations are
almost identical, indicating correlations for parent process of internal forces, peak

internal forces over 1 min and 10 min have similar effects on the distribution of



522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

damage ratio. Besides, the consideration of correlation (e.g., Cpar, Cimin and Cigmin)
may increase the variation of damage ratio, which may lead to the building in higher
risks.
8. Directionality in damage estimation

The evaluation of directionality effect is critically important because of the
coupling of building orientation and directional wind distribution. A given structure
and its components respond differently to the wind of the same magnitude but
different AOAs given all other conditions being equal. Also, wind speed distributions
are different in each distribution due to the nature of macro- and micro-meteorological
effects, e.g., effects from large scale wind climate and local terrain features. The
ignorance of such effect would result in inaccurate predictions. While the effect of
wind directionality on probabilistic estimation of wind load effects of structures has
drawn significant attentions for load design purpose (e.g., Simiu and Scanlan 1996;
Laboy-Rodrigues et al 2014; Zhang and Chen 2015), its study in vulnerability analysis
has been limited in the literature. For example, ASCE 7-10 specifies a directionality
reduction factor of 0.85 for the structural design of roofs and claddings (ASCE 2010).
However, the directionality effect on vulnerability, i.e., damage status of a building
altered by the directionality effect of the actual building aerodynamics (determined
via the wind tunnel study), has rarely been considered as a separate parameter in
previous literatures.

The consideration of directionality effects is also important since the wind

climate for a prescribed location is unique and will introduce directionality, i.e., there
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may be a dominant direction for winds in terms of both the frequency and magnitude.
The overall vulnerability for a particular building at a particular location should be an
integration of the vulnerabilities conditioned on prescribed directions, over all
directions. Thus, the following discussions focus on a fully probabilistic method that
considers the wind directionality, directional wind speed correlations as well as
uncertainties in the damage ratio within a unified framework.

In this study, the historical wind speed record from Baltimore International
Airport was used. The record was extracted from Automated Surface Observation
System (ASOS) database operated by National Oceanic and Atmospheric

Administration (NOAA) (ftp://ftp.ncdc.noaa.gov/pub/data/asos-onemin/). The original

2-min mean wind speeds at 10-m height were converted to 10-min mean wind speed
at the roof height of the building adopted in this paper. Wind speeds covering 360
degrees are categorized into eight representative sectors with each denoted by their
central directions «, = 45°, 90°, ---, 360" (i = 1, 2, ---, 8 indicates directions NE,
E, ---, N, respectively, as shown in Figure 12). Monthly maximum wind speed data
are selected in each sector. In total, 156 monthly (from 2000 Jan to 2013 Dec)
maxima are collected for every sector. In the following discussion, the damage
analysis of steel cladding is performed with the consideration of the wind loading
correlation among the screw peak forces over 10 min (i.e., Cjgpin)-

8.1 Without consideration of variation of damage ratio

Denote the joint CDF of directional extreme wind speeds as H(v;,v,, -V, )

where n, is the total number of directions being partitioned. Such joint CDF can be
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derived from the multivariate extreme value theory using a Gaussian Copula model,
which is expressed as (Zhang and Chen 2015; Luo and Huang 2016)

H, vy 0,v,) = G, (07 [, ()L [¥, (1)), @[, (1)) (25)
where @' is the inversed CDF of standard Gaussian distribution; G, 1is the CDF of
ngz-dimensional normal distribution with the zero mean and the covariance matrix X in
which £, =1 and X=X, =E[07[¥, (L0, v)I]; and ¥, () (
i =1,2, -, n,)is the CDF of annual maximum wind speed in the i th direction. It
is proper to adopt the Gumbel distribution in Eq. (9) to model the annual maximum
wind speed in any direction. Hence, the CDF of the annual maximum can be
determined from that of monthly maximum following Eq. (11). It should be noted that
the Gaussian copula is equivalent to the Nataf transformation: both relate the non-
Gaussian variables to the Gaussian counterparts and can be united under the well-
known multivariate Gaussian translation theory (Grigoriu 2007). The extreme wind
speeds for 50 and 500 -year return period in each direction are plotted in Figure 12. It
can be observed that N and NW are two dominant directions in terms of the
magnitude of the extreme wind speed.

In engineering practice and in the insurance industry, the mean damage ratio is
often of primary concern. The mean damage ratio for a component such as steel
roofing can be treated as a function of the mean wind speed from the i th direction.
Alternatively, the mean wind speed v/, producing a given damage level d in that
direction, can be obtained from Figure 10 (a). Therefore, for a component subjected to

wind loads from all directions, the probability not exceeding the damage level d can
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then be calculated as

P(DSd)ZH(Vld,Vj,'--,V’i) (26)

If the directional extreme wind speeds can be assumed to be mutually independent,

the estimation by Eq. (26) can be replaced by

P(D< d)=ﬁ ¥, () (27)

i=1
The damage of the steel roofing for Y-year return period, dy, can then be determined
from
Y=1/[1-P(D<d,)] (28)

The probabilities for various damage levels are illustrated in Figure 13, where the
roofing damages considering wind directionality and those in 8 directions are
included. It can be seen NW direction (7 th) retains the dominance among 8 directions
due to the larger extreme wind speed and the higher damage risk in this direction. In
contrast, another dominant N direction (8 th) has less influence in terms of extreme
wind speed due to the lower damage risk. Besides, the consideration of wind
directionality effect produces a larger damage estimation compared with those in 8
individual directions. This is attributed to the fact that
HO! v ,---,vjd)ﬁ min[¥', (v')]. Furthermore, the directional extreme wind speeds
are shown to be mutually independent, as seen in the almost identical estimations by
Egs. (26) and (27). This can be attributed to a dominant NW direction and low
correlations among extreme wind speeds across different directions.

The aforementioned approach provides the estimation of the roofing damage

where the variation of the damage ratio is not considered. If the mean damage ratio is
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treated as a principle index in damage estimation, this approach will be quite
convenient to deal with the wind directionality. Otherwise, the variations of damage
ratio should be incorporated, which is discussed in the next subsection.
8.2 With consideration of variation of damage ratio

According to Huang et al. (2016), the STD of the damage ratio is larger when the
wind loading has a stronger correlation. This variation around the mean damage ratio
causes additional risk, which is sometimes termed as “secondary uncertainty”.
Ignoring the influence of the secondary uncertainty may result in an inadequate
assessment of the risk. The following discussions address the issue of quantifying the
damage considering the variation of damage ratio.

The probability of D not exceeding damage level d in all directions can be

expressed as

P(D<d)=[[F, ., (@y,dly,,.d

v, Vv, vy,ee, v, )dvdv, - dvnd (29)

where  F}, ), ., (4, vi.d,lv,,.d

w |V, )is  the joint CDF of damage ratios

conditioned on extreme wind speed v; (i = 1,2, ---, n,). If the roofing damage is

mutually independent across directions, Eq. (29) becomes

(30)

ngq

PD<d)= [ [ [T Ey @0, vyov, v, -
i=1

where F), (d |vi) is the CDF of damage ratio in i th direction under v;, which is served
as a complimentary fragility and obeys exceeding lognormal distribution (Lee and
Rosowsky 2005). If the directional extreme wind speeds are mutually independent,

which is the particular case for present study, the above formula can be approximated

by
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P(D<d)= 1‘1[ [ Fyp (), (v (1)
where y, (v) is the PDF of extreme wind speed in the 7 th direction.

Numerical results show that damage ratios across directions are almost
independent, which can be explained by the fact that both the peak force and
resistance on a fastener are independent for different directions. Hence, Eq. (31) can
be used to estimate the damage. The result considering the damage ratio variation is
plotted in Figure 13. It is clearly seen that this yields an estimation of a higher damage
level in a certain return period (e.g., 50-year). That is, the consideration of damage
variation leads to a larger risk for roofing claddings.

9. Conclusions

The paper presents an integrated damage estimation method for steel roofing
cladding in high winds. In this method, both the wind loading correlation and wind
directionality effects are incorporated. For illustration, the high-strength trapezoidal
steel cladding is chosen as the roof sheathing which is connected to building frame by
screws. The wind loading is derived from the wind pressure data from a wind tunnel.
Some observations and conclusions are given as follows. (1) POD is a useful tool to
interpolate wind pressure for the position where the pressure tap is not assigned in the
wind tunnel test. (2) The internal pressure can be satisfactorily simulated by current
methods. (3) The internal force on the fastener can be computed efficiently by the
influence-surface method and its peak value can be estimated conveniently via
Gumbel conversion method. (4) The failure probability and damage ratio can be

estimated by Nataf transformation -based MCS accurately when the wind loading
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correlation is considered. Results show that the wind loading correlation may
noticeably increase the variation of the cladding damage. (5) The wind directionality
is incorporated into damage estimations in this study. Methods for consideration of
mean damage ratio and the variation of damage ratio are developed. Results show that
the wind directionality may lead to a larger damage risk for claddings in high winds
and its consideration will provide a reliability-consistent solution in risk management.

Moreover, the presented damage estimation framework for the low-rise building
roof can be a useful tool in making damage assessments for new or existing buildings.
Furthermore, the method may benefit the performance-based design for the low-rise
buildings (e.g., Ciampoli et al. 2011).

It should be noted that the proposed framework may not be directly used to other
cladding types, like standing-seam clipped cladding. Appropriate modifications
should be made to apply this framework, especially in determinations of wind loads
on cladding, and the failure mechanisms and influence functions at the connections.
Hence, it would be worthwhile to apply the framework to consider different roof types
and failure modes in future work.

Appendix Derivation the relation between correlations for peak wind pressures over 1
and 10 min

The very long wind pressure data used to derive the relation between correlations
for peak wind pressures over 77 = 1 min and 7 = 10 min were obtained from
Boundary Layer Wind Tunnel II at UWO. Two 1:50 scale house models, FL27 and

FL30, located in the suburban terrain under different AOAs and surroundings were
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tested. The sampling frequency for model scale is 400 Hz and the sampling time for
model scale is 3 h. Based on the assumption that a full-scale mean wind speed at 10 m
height in suburban exposure is 31.7 m/s, equivalent to a mean wind speed = 24.2 m/s
at the mean roof height of 4 m (The mean roof heights of both houses are roughly 4
m), the velocity scale is 1:5, the sampling frequency and time in full scale are 40 Hz
and 30 h, respectively. More details can be found in Peng et al. (2014).

For each tap, the very long data (30 h) are divided into 1800 segments of 1-min
duration and 180 segments of 10-min duration in the following analysis. Correlation
coefficients among peak pressure coefficients over 1 min and 10 min are estimated for
all test conditions. Because the sampling frequency and time in full scale vary with
the different mean wind speed, these variations may influence the correlation of peak
values. Thus correlation coefficients under mean wind speeds of 12.1 and 36.3 m/s at
the roof height are also investigated. Figure 14 shows the relationship between
correlation coefficients over two time intervals for two test conditions (FL27, 120°,
isolated and FL30, 130°, surrounded) under three different mean wind speeds, where
pr and p; are correlation coefficients for peak values over 7" and 7 min. It can be
seen that the relationships are similar for different building models, AOAs,
surroundings and mean wind speeds.

The relationship between correlation coefficients of peak values over 1 min and

10 min is fitted by the following polynomial
4 .
pr=2.a,p; (32)
i=0

where the coefficients a, for i = 0 to 4 are determined as 0.007, 0.241, -0.232, 1.716
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and -0.741, respectively. Although the uncertainties in the lower correlation for peak
values are large, they should not have the significant effect on the roof damage
estimation and can be neglected for simplicity.
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Table 1 Correlation coefficients among internal forces on selected screws (wind speed

=37 m/s and AOA =315°)

S x2y2 x3y2 x4yl x2y4 x2y3
cre
v (Cladding A) | (Cladding A) | (Cladding B) | (Cladding C) | (Cladding D)
x2y2 1
(Cladding A)
0.956
x3y2
(Cladding A) 0.896 1
addin,
s 0.794
0.910 0.957
x4yl
. 0.837 0.891 1
(Cladding B)
0.688 0.785
0.920 0.952 0.979
x2y4
. 0.855 0.811 0.930 1
(Cladding C)
0.720 0.645 0.856
0.917 0.945 0.956 0.962
x2y3
i 0.877 0.806 0.846 0.937 1
(Cladding D)
0.760 0.637 0.704 0.870

Note: Numbers represent Cpy, Cpin and Cjgpiy from top to bottom in a cell.




