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Wind loads on buildings and structures

M Structures with usual shapes

House Low-rise building Middle-rise building

M Structures with unusual and even unique shapes

Gare des guillemins (198mx156m), Liege (Belgique) Marseille’s velodrome (105mx68m), France
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Various wind systems

M Synoptic winds (considered in this work)
[]Stationary over the duration of the storm

M Non-synoptic winds (not considered in this work)
L1 Transient phenomena

Downburst Thunderstorm Tornado

5 /80



1. Context 2. Envelope values 3. Envelope reconstruction 4. ESWLs 5. PSWLs 6. Conclusions

000@000000000 0000000000000 0 0000000 0000000000 0000000000 00O000000 000000

Characterization of the aerodynamic pressure field

B Computational Fluid Dynamics (CFD)

B Wind-Tunnel Testing

Wind-tunnel measurements

Tap array

Boundary Layer Wind Tunnel Laboratory (BLWTL)
University of Western Ontario, Canada Wind

1 Van Hooff T., Blocken B (2010). Coupled urban wind flow and indoor natural ventilation modelling on a high-resolution grid:
A case study for the Amsterdam ArenA stadium 6 /80
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Structural analysis

M Linear structural behavior

Quasi-static

f

B Equation of motion

Wind actions Structural analysis Structural responses
4 N\ 4 M\ 4
£(¢) Kx(t) = £(t) r(t) = Ox(t)
X
t
\_'__ 30sec realization ) \_ 30sec realization ) \_ 30sec realization )

M Structural responses (displacements, internal forces, stresses,...)

T

30sec realization
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Equivalent static analyses

W Static load distributions: f(s), Static analyses: Kx(s) = £(s) Static responses: r(s) = Ox()

30sec realization 30sec realization
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Equivalent static analyses

W Static load distributions: f(5), Static analyses: Kx(s) = £(s) Static responses: r(s) = Ox()

30sec realization 30sec realization

B Codified in standards
L1 Usual structures: rectangular low-rise and middle-rise buildings, bridges, etc...
[J European committee for Standardization: Eurocode EN 1991-1-4:2005
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W Static load distributions: f(5), Static analyses: Kx(s) = £(s) Static responses: r(s) = Ox()

30sec realization

M Codified in standards

(1 Usual structures: rectangular low-rise and middle-rise buildings, bridges, etc...

30sec realization

[J European committee for Standardization: Eurocode EN 1991-1-4:2005

M Structural dynamical analyses are cumbersome <= Static analyses are straightforward
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Motivation: large civil engineering structures

B Eurocodes
[ Civil engineering works up to 200 m

(1 Usual shapes of buildings
[ Tower: vibrations in only the fundamental mode

[How to establish static wind loads for large (roof) structures?j

Gare des guillemins (198mx156m), Liege (Belgique)
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Motivation: large civil engineering structures

B Eurocodes
[ Civil engineering works up to 200 m

(1 Usual shapes of buildings
[ Tower: vibrations in only the fundamental mode
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[How to establish static wind loads for large (roof) structures?j

Computed graphic of Marseille’s velodrome (105mx68m), France
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Motivation: large civil engineering structures

B Eurocodes
[ Civil engineering works up to 200 m

[J Usual shapes of buildings
[1 Tower: vibrations in only the fundamental mode

[How to establish static wind loads for large (roof) structures?]

Shenzhen Citizen Center (540mx282m,60m), China
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[llustrations: two structures are studied

M [llustration: Lille’s stadium
[ Dimensions: 230mx200m x36m
150300 seats (UEFA 5x)
[ Retractable roof (7400 tons)

Stadium in Lille, France
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[llustrations: two structures are studied

® [[lustration: An “academic” stiff gable roof building

&

36.6m wide, 57.2m long, 3.65m eave high

® Real-life example

Frisomat project! in Brazzaville, Congo (40m wide, 140m long, 11m high)

1 http://www.frisomat.be/en/News/In-Congo-Brazzaville-100-000m—of-pre-engineered-steel-buildings-.aspx 13 /80
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2. Envelope values
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Theory of probability

M Stationary random processes

Wind actions Nodal displacements Structural responses
s N s N
() = £(t) + e /() = x(t) + piy

! /
fA X 4

A

Y

e s PPN i A k-

»
»

S 30sec realization ) S 30sec realization ) 9 30sec realization )

M Consequence: statistical moments are constant over time
O py = E[1'] : Mean component

,\ 05 o
Oo, = <E [1] ) : Standard deviation

s, =K [r3] /o3 : Skewness coefficient (Gaussian 3 ,=0)
Hoyer =E [r4] /ot — 3: Excess coefficient (Gaussian 7, ,=0)
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Probability Density Function (PDF)

B Gaussian random response

r '}/37r _ O, ")/e,r _ O ,lvbr(r) A ,(/}I‘(r) \/%

exp(—17/2)

" ll”lHlH ‘ -

1 hour realization

B Non-Gaussian random response

Tr
Y3r = ]-7 Yer = 2

I

|“ ""'HTTHW“H‘ ' |

1 hour realization
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Transformation of a Gaussian random variable

B Hermite moment model

Gaussian variable u Cubic transformation non-Gaussian variable r

" u N 4 N /

A
10
¢

V3 = 1a Yer = 2

~

e(r)

A

5-4-3-2-1012345
u >

/ - ~/

B Cubic transformation

3
_a (e 2 — 1)y —
r—b(3—l—au +(b—1)u a)

[13-parameter («, a, b) model
[1Match the standard deviation oy, skewness 73, and excess 7., coefficients

1 Winterstein, S. R. (1988). "Nonlinear vibration models for extremes and fatigue.”
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Extreme value theory (Gaussian framework)

B Duration of the storm: 10min

10min 10min 10min

M Extreme values PDFs!

15 PDF of 7 PDF of r
1.2
of 9 ?
[ ] [ ]
061 PDF of r
0.3 -
0 1 1 1 1 1 1 ]
-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6

1 Cartwright D., and Longuet-Higgins, M.S. (1956). The statistical distribution of the maxima of a random function. 20 /80
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Extreme value theory (Gaussian framework)

B Duration of the storm: 10min

10min 10min 10min

M Extreme values PDFs!

151 PDF of ¥ PDF of ¢

1.2

09

061 PDF of r

0.3 -
0 1 1 1 1 ]
-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6

1 Cartwright D., and Longuet-Higgins, M.S. (1956). The statistical distribution of the maxima of a random function. 21/80
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Extreme value theory (Gaussian framework)

B Duration of the storm: 10min

10min 10min 10min
B Extreme values PDFs

151 PDF of ¢ PDF of ¢

0.9
0.6

0.3

M Envelope values (r(™"), (M)} as mean values of the extremes (E[Y], E[f])
[ Davenport peak factors®: g(mx) = —g(min)

1 Davenport, A. G. (1964). Note on the distribution of the largest value of a random function with application to gust loading 22/80



1. Context 2. Envelope values 3. Envelope reconstruction 4. ESWLs 5. PSWLs 6. Conclusions

0000000000000 O00000@0000000

Extreme value theory (Non-Gaussian framework)

B Duration of the storm: 10min

A 8

er ’73,1*:1773,7‘:2

6_

my 10min 10min 10min 10min 10min 10min

B Extreme values PDFs

P
15 L PDF of 1

1 =
05 |- E[i]=g™" g,

0 1 1

-8 -6 -4 -2 0 2 4 6 8

M Envelope values (r(™"), 1(m>)) as mean values of the extremes (E[f], E[f])
[l Kareem-Zhao peak factorst: glmin) glmax)
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1 Kareem, A. and J. Zhao (1994). "Analysis of Non-Gaussian Surge Response of Tension Leg Platforms Under Wind Loads.”
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lllustration: Low-rise gable roof building

B Quasi-static non-Gaussian linear analysis
[JStructural responses: bending moments

36.6 m

HE 450 AA Finite element model HOE 450 AA
Young modulus: 205000 MPa

2-D beam elements with 3 DOFs
Each frame: 40 finite elements

m

Frame #3
Frame #2 . . . .
Exploded view for the illustration of the bending moments

B Non-Gaussian pressure field

‘Wind-tunnel measurements Tap array

Frame #2

innnn

<] Frame #3
<| Frame #2

Boundary Layer Wind Tunnel Laboratory (BLWTL) K Wind
University of Western Ontario, Canada in
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[llustration: Low-rise gable roof building

B Non-Gaussian aerodynamic pressure field

Mean: Standard deviation: oy,

-200 -133 -67 0 [N/m
-

EREREREL:::: !

0 67 133 [N/m?]

N
—

Win .
Skewness coefficient 3 p, Excess coefficient:

H|||||||
I I I |
— T

6. Conclusions
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lllustration: Low-rise gable roof building

M Bending moments (non-Gaussian random responses)

Frame #2 Frame #3
Strongly non-Gaussian Mildly non-Gaussian
T | |V —i 20 kNm Ny | | — 6 kNm
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lllustration: Low-rise gable roof building

M Bending moments (non-Gaussian random responses)

Frame #2 Frame #3

Strongly non-Gaussian Mildly non-Gaussian
oy 20 kNm 6 kNm
Or F 10 kNm F 6 kNm

I .
| T TTT7T7T7T ]

6. Conclusions
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lllustration: Low-rise gable roof building

M Bending moments (non-Gaussian random responses)

Frame #2 Frame #3
Strongly non-Gaussian Mildly non-Gaussian
Ly 20 kNm 6 kNm
or — 10 kNm = F— 6 kNm =
Ys.y — 0.6 — 0.3
Ye.r — 2 — 1

g(m) | “‘\“‘“\\‘\”L}—14\11‘1"””“‘1“““““““4 ‘ . |

r(m) ) 7\'. vl
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[[lustration: Lille's stadium

M Aerodynamic pressure field: Wind tunnel measurements (CSTB, France)

N
SyEEEE
ﬂ” North H
| Y / |
s ‘.
Wil 1z Xl <7 ]\ B <:
SHHHHE 750 Wind
| |
\i , T
======
1/200-scaled model (rigid) of the stadium?
® Wind direction 75 :
Hyp' Op V3,p Ye,f
[Pa] [Pa] [l [
6
20 2
0 4
111 100 i 0 =
-40 H 1 1 £ 1 1 H = |I 1 H 2 = 1 1 H
= = 0 = = -2 = = 0 = =

1Wind tunnel simulations at the Centre Scientifique et Technique du Batiment (CSTB) in Nantes, France 27 /80
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[[lustration: Lille's stadium

M Structural dynamic analysis
[JStrong dynamic structural behavior
[T Nodal background/Modal resonant analysis

[ The first 21 modes are kept, unique modal damping 1%
CIModes 1-11: f,,;<1Hz; mode 21: f,,; = 1.41Hz

Vertical displacements!

N
AN
S

%

O
\
3
3,

9

94
N
N
5
W

%

N
N
W
W

.
N
N
3

mode 1: 0.475 Hz mode 2: 0.488 Hz

M Assumption of Gaussian responses
(1 Peak factors: Davenport's model

1Computed by the design office Greisch (BEG). http://www.greisch.com/
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B Envelope: 7994 structural responses are considered
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® Sequential reconstruction of the envelope

First static load

Second static load
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First static response
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Envelope reconstruction problem

B Tolerance on the reconstruction

+25%
—25%
® Economic and safe reconstruction
Overestimations Underestimations

2000 2000
. 1000 . 1000
i 0 é 0
=, >

-1000 -1000

-2000 -2000
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Envelope reconstruction problem

B Tolerance on the reconstruction
Second reconstruction

® Economic and safe reconstruction

Overestimations Underestimations
2000 2000
1000 1000
i 0 é 0
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Envelope reconstruction problem

B Tolerance on the reconstruction

Third reconstruction

® Economic and safe reconstruction

Overestimations Underestimations
2000 2000
1000 1000
i 0 é 0
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-1000 -1000
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Envelope reconstruction problem

B Tolerance on the reconstruction

k-th reconstruction

® Economic and safe reconstruction

Overestimations Underestimations
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Envelope reconstruction problem

B Tolerance on the reconstruction

k-th reconstruction

® Economic and safe reconstruction

Overestimations Underestimations
2000 2000
1000 1000
i 0 é 0
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-1000 -1000
-2000 -2000
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Actual solutions

® Global loading technique (Repetto & Solari, 2004)?

[1Only relevant for vertical structures

® Universal loads (Katsumura et al., 2007)?
[1Only relevant for quasi-static structural behavior

!Repetto M.P., Solari G. (2004). Equivalent static wind actions on vertical structures.
2Katsumura A., Tamura Y., Nakamura O. (2007). Universal wind load distribution simultaneously reproducing largest
load effects in all subject members on large-span cantilevered roof. 37/80
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Objective

® Find a methodology
(] Structural behavior: quasi-static or resonant

1 Optimum number of load cases
[1 Gaussian and non-Gaussian context
[1 Controllable tolerance

m Equivalent Static Wind Loads (ESWLs)
® Principal Static Wind Loads (PSWLs)
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4. Equivalent static wind loads
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Structural behavior

B Quasi-static structural behaviour

CIlllustration: Low-rise rigid gable roof building

36.6 m

HE 450 AA Finite element model HE 450 AA
Young modulus: 205000 MPa

2-D beam elements with 3 DOF's
Each frame: 40 finite elements

Frame 1‘,#3 m

W|nd Frame 72 ”ﬂ7 Exploded view for the illustration of the bending moments /j7

O Literature: Conditional Sampling Technique [Holmes (1988)]*

[JReview: Load-Response Correlation method [Kasperski (1992)]

[J Personal contribution: Conditional Expected Static Wind Load [Blaise et al (2016)]°

[J Personal contribution: Bicubic model: joint and conditional PDFs [Blaise et al (2016)]®

1 Holmes, J. D. (1988). Distribution of peak wind loads on a low-rise building
2 Kasperski, M. (1992). Extreme Wind Load Distributions for Linear and Nonlinear Design.
3 Blaise, N., Canor, T. and Denoél, V. (2016). Reconstruction of the envelope of non-Gaussian structural responses with PSWL&0 / 80
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Load-Response Correlation (LRC) method
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Conditional Expected Static Wind Load

Definition
Average of the aerodynamic pressures p conditioned on producing the i-th envelope

(m)

i

response T
pE™ = E |plr; = ™| = s (),

M Conditional PDF of the aerodynamic pressure pyx given the structural response r;

wpkl",' (pk7 I',')

Vol (P11 = )

M Conditional Expected Static Wind Load

Mpk|ri(r§m)) B / Pk Vpyr, (pk’rgm)> dpx,
R
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Bicubic Model

M 7-parameter model: cubic transformations of both variables (Hermite moment model)

3 3
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M Conditional expected value
Qy
,up|r(r) = 3b (( (1")3 - 3V(I’)) Puv + 3aU (V(I‘) T 1) Puv + 3b V(l")puv)
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Bicubic Model

M 7-parameter model: cubic transformations of both variables (Hermite moment model)
3 3
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Bicubic Model

M Conditional Expected Static Wind Load (Bicubic model)
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Bicubic Model

M Conditional Expected Static Wind Load (Bicubic model)
[1Envelope value: Underestimation by 9% (LRC method v')
[J Overestimation by 17% (LRC method 40%)

CESWL: Bicubic model
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Bicubic Model

M Conditional Expected Static Wind Load (Bicubic model)
[1Envelope value: Underestimation by 9% (LRC method v')
[T Overestimation by 17% (LRC method 40%)

5. PSWLs 6. Conclusions

0000000000 00O000000 000000

Bending moment p=r m") PDF joint PDF Conditional PDF
a=1, 7.=2.3 9
r;i=My 0.3
m#ﬂ\l 0.2
01 0.3
.o 0.5
5 1/0y, 5 0.4
0.3
Aerodynamic pressure py
73:-]-7 7822 02
T T T T T A 01
LT T 1T 1 1101
PP 0
% R i 2 6 A4 -2

47 /80



1. Context 2. Envelope values 3. Envelope reconstruction 4. ESWLs 5.PSWLs 6. Conclusions

0000000000000 0000000000000 0 0000000 000000000 0000000000 00O000000 000000

Structural behavior

B Dynamic structural behaviour
Clllustration: Lille's stadium

M Review: Hybrid-based ESWLs (extend the LRC method) (Chen et al., 2001)
B Personnal contribution: Formulation of the Conditional Expected Static Wind Load with
elastic forces
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5. Principal static wind loads
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Conditional expected static wind load matrix

m CESWLs
(€, max) (€,min) (£,max) (€,min)
fu) £ £ fu)
[kN] 1 [kN] [kN] [kN]H ﬂ
30
10 H 0 H ZOH ?10
S [1T] I = ] I 10 W : I -20 QA T 1
0 : -10 : 0 : = 30
==
® Matrix F(©)
(E,min)  ~(&max) ~(&,min) (€,max)
Fll F12 F13 """ FlN
(€,min) (€,max) (€,min) (€,max)
F/l F/2 F/4 """" F/N Ix N

®/ = Number of DOFs (Lille’s stadium= 15288)
® N =Number of envelope values (Lille’s stadium= 15988)
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Principal Static Wind Loads

W Singular value decomposition of the CESWL matrix F()

F(€) F(P) S v

Fl&mn) - plEma) FP o FP) 511 0 Wy e Vin

F,(lgjmin) .. F,(,\‘,e’max) ) F,(:lp) .. F,SZ;/), 0 SMM VM1 VMN
15288 x 15988 15288 x M M x M M x 15988

where FP collects the Principal Static Wind Load (PSWL) basis!.

(P,1) (P.1) (P.1) (P,1)
F ; ; F, : : F F, :
= = = T - = = -
[KN] 1 [kN] [kN] ] NI
20 15 ﬁ 4 10
|
0 i 10 0 ! 0
I [ 5 1 L -4 L t LH L n
20 T 0 I I -8 I | -10 I T

1 Blaise, N. and V. Denoél (2013). "Principal Static Wind Loads.” Journal of Wind Engineering and Industrial Aerodynamics 53 / 80
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Principal Static Wind Loads

W Singular value decomposition of the CESWL matrix F(€)

F©) FP) s v/
plEmin) - pl&max) FP o F) si1 0 Vii - v
F /(1(S mn) F /(/\f’max) . F/(f) ) F,g;,), 0 SMM V/\.41 VN
15288 x 15988 15288 x M M x M M x 15988

where FP collects the Principal Static Wind Load (PSWL) basis'.
M Convergence of the decomposition - M = 40 << 15288

Normalized cumulative summation of diag(s)

0 5 10 15 20 25 30 35 {40} 45 50
# PSWLs

1 Blaise, N. and V. Denoél (2013). "Principal Static Wind Loads.” Journal of Wind Engineering and Industrial Aerodynamics 54 /80
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Envelope reconstruction problem

W Straightforward approach: successively apply PSWLs
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Combinations of PSWLs

M Select n; PSWLs
{FEP), ng) F(P)Y,

PICECIRI nq

B Combinations of the first n; PSWLs

)~ [P ED) RO

B Combinations coefficients: Constrained nonlinear optimization algorithm
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60 / 80



1. Context 2. Envelope values 3. Envelope reconstruction 4. ESWLs 5. PSWLs

0000000000000 0000000000000 0 0000000 0000000000 000000000Oe0000000

Envelope reconstruction problem
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Envelope reconstruction problem
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Envelope reconstruction problem

Option 3. Combinations of PSWLs
Updating the PSWL basis (Automatic procedure)

Non-Gaussian framework
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Envelope reconstruction problem
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M Conditional Expected Static Wind Load (Non-Gaussian context)
[JBimodal random processes, Softening random processes
[JMaximum entrop method, Conditional kernel density estimation, ...
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M Structural wind design: several wind directions

1 Ding J., Chen X. (2014). Assessment of methods for extreme value analysis of non-Gaussian wind effects
with short-term time history samples. (adapted figures)
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M Static wind loads for long-span bridges

Golden Gate Bridge (2737m), USA Viaduc de Millau (2460m), France
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Perspectives

M Static wind loads for high-rise buildings (skyscrapers)

Petronas twin towers (451m) Shanghai World financial (492m) Taipei 101 (509m) Burj Khalifa (828m)
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M Slide: Wind loads on buildings and structures
[1Second top picture: http://www.frisomat.fr/solutions/177-equestre.html
(] Gare des guillemins:
https:/ /www.flickr.com /photos/sixteen-miles /4305809704 /lightbox /
M Slide: Various wind systems
[T https://en.wikipedia.org/wiki/Supercell
[T https: //www.youtube.com /watch?v=Fm0Gm9bFXXw
[Thttp://www.srh.noaa.gov/oun/?n=events-20110614
M Slide: Motivation: large civil engineering structures
[T https: / /fr.wikipedia.org /wiki/Fichier:Vue_de_la_gare_des_Guillemins.jpg
[T http: //www.panoramio.com /photo,/29106908
M Slide: lllustrations: two structures are studied
[Thttp://france3-regions.francetvinfo.fr/nord-pas-de-calais /2014 /04 /01 /le-grand-stade-
de-lille-219789.html
M Slide: Perspectives
[T http://mentalfloss.com/article /64379 /20-awesome-facts-about-golden-gate-bridge
[T https: / /fr.wikipedia.org/wiki/Viaduc_de_Millau
[T https://en.wikipedia.org/wiki/Petronas_Towers
[T https: / /en.wikipedia.org/wiki/Taipei_101
[Thttps://en.wikipedia.org/wiki/Shanghai_World_Financial _Center
[Thttp:/ /vizts.com /burj-khalifa-world-tallest-skyscraper/
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