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buildings under wind hazards 

F. Petrini *, M. Francioli 
Department of Structural and Geotechnical Engineering, Sapienza University of Rome, Rome, Italy   

A R T I C L E  I N F O   

Keywords: 
PBD 
SAC-FEMA 
Wind Engineering 
Occupants’ comfort 

A B S T R A C T   

This paper proposes a method for the Performance-Based Wind Engineering (PBWE) of buildings by extending 
the well-established SAC-FEMA method originally implemented in seismic engineering for the evaluation of the 
mean annual frequency (MAF) of pertinent structural Limit States (LSs) in frame buildings. The development of 
such a method, that we will call the “SAC-FEMA WIND” method, implies the consideration of specific wind 
engineering peculiarities, like the classification of the across-wind response in two distinct regimes due to buf
feting and vortex shedding phenomena, with the consequent adaption of the analysis procedures already defined 
for earthquakes to these two regimes. The method is then applied for the MAF evaluation of the occupants’ 
comfort LS for a high-rise steel building: the SAC-FEMA WIND is calibrated by comparing the obtained results 
with those coming from a Monte Carlo numerical analysis. This allows the definition of appropriate analysis 
procedures and shows the reliability of the SAC-FEMA WIND in evaluating MAFs. The SAC-FEMA WIND can be 
viewed as a “next generation” method for PBWE, in the sense that, after years of developments of the PBWE in 
research, now simplified methods like the SAC-FEMA WIND are needed for the implementation in Standards and 
in the design practice of explicit probabilistic PBWE approaches.   

1. Introduction 

Performance-Based Wind Engineering (PBWE) is a general philoso
phy for the evaluation of structural performances under wind in prob
abilistic terms with design or assessment purposes ([1,2]). As recently 
well summarized in Bezabeh et al. ([3]), starting from its first formal
ization by a general procedure ([4]), PBWE has been deeply developed 
and improved during years regarding both the evaluation of Service
ability and Ultimate limit states (SLSs and ULSs) by different authors and 
for various structural typologies ([5–35]), and it is still an actual 
research topic ([36,37]). 

It is not scope of this paper to provide an exhaustive state of the art 
regarding PBWE, for which the reader is addressed to [3], but it is 
important here to say that all the above-mentioned applications of 
PBWE are based on integral formulations for the evaluation of the 
occurrence of failure probabilities of the considered Limit States (LSs), 
(i.e., occurrence of the LSs in a certain reference period) meaning that a 
failure integral must be solved by conditional or unconditional ap
proaches, as already defined for PBE under different hazards ([38,39]). 
Conditional approaches imply the evaluation of the structural fragility 

function and its convolution by the hazard curve, while the uncondi
tional approach relies on the sampling of the structural response and in 
the evaluation of the failure probability integral by numerical estima
tions (e.g. Monte Carlo). In both cases, the explicit evaluation of the LSs 
failure probability implies the solution of an integral making the pro
cedure not suitable to be implemented in Standards for explicit proba
bilistic PBWE. 

Some authors proposed practical (non-integral) procedures for 
PBWE, but they are either focused on specific applications [40,41] or 
they address only specific aspects of the problem [42], or they do not 
explicitly evaluate the above mentioned occurrences of the considered 
limit states for a certain design configuration [43,44], while true prob
abilistic PBWE approaches would require such an evaluation. 

In this view it is important to develop what can be referred as “next 
generation” PBWE approaches/methods, who allows the explicit eval
uation of the LSs occurrences by an algebraic non-integral format. These 
next generation PBWE methods should be general (applicable to a broad 
band of LSs and structural typologies), and they should be affordable 
(while remaining probabilistically rigorous), in the sense that they must 
be as simple as possible (e.g., not requiring evaluation of failure 

* Corresponding author at: Department of Structural and Geotechnical Engineering, Sapienza University of Rome, Rome, Italy. 
E-mail addresses: francesco.petrini@uniroma1.it (F. Petrini), mattia.francioli@uniroma1.it (M. Francioli).  

Contents lists available at ScienceDirect 

Structural Safety 

journal homepage: www.elsevier.com/locate/strusafe 

https://doi.org/10.1016/j.strusafe.2022.102255 
Received 25 February 2022; Received in revised form 14 June 2022; Accepted 20 June 2022   

mailto:francesco.petrini@uniroma1.it
mailto:mattia.francioli@uniroma1.it
www.sciencedirect.com/science/journal/01674730
https://www.elsevier.com/locate/strusafe
https://doi.org/10.1016/j.strusafe.2022.102255
https://doi.org/10.1016/j.strusafe.2022.102255
https://doi.org/10.1016/j.strusafe.2022.102255
http://crossmark.crossref.org/dialog/?doi=10.1016/j.strusafe.2022.102255&domain=pdf


Structural Safety 99 (2022) 102255

2

integrals) for real-world design application; in other words, they must be 
suitable for being implemented in Standards. The research community 
working on PBWE is mature and well developed to pursue the goal of 
defining such these next generation methods, as already occurred in the 
Performance-Based Earthquake Engineering field [45]. 

Existing pre-Standards [46] and guidelines [47] for the imple
mentation of PBWE in the practice, even if valuable since they correct 
define the framework, the models, and the LSs to be considered, they do 
not yet provide non-integral methods for explicit probabilistic 
evaluations. 

The aim of this work is to contribute to the identification of a method 
that can be used in practical implementation of PBWE, and in Standards, 
for explicit evaluation of the mean annual frequency (MAF) for pertinent 
LSs. Therefore, the structural performances of a 3D steel high-rise 
building under wind loads is assessed by implementing the SAC-FEMA 
probabilistic approach already used in earthquake engineering [45] 
for the simplified evaluation MAF in frame buildings, and by special
izing it for wind engineering purposes, something leading to the so 
called “SAC-FEMA WIND” method. 

It has to say that, in addition to the above explained utility of the 
SAC-FEMA WIND, it will also allow to move towards a general approach 
for Performance-Based Multi-Hazard Engineering (PB-MH-E) for struc
tures under wind and earthquake. To this regard it is worth noting that 
in case of wind and earthquake, the multi-hazard aspects do not focus on 
the simultaneous occurrence of the two hazards (which is known to be 
characterized by a very low probability), but rather on the correct design 
choices. In fact, as pointed out in [48], and with specific reference to the 
design of a structure which is sensitive both to wind and earthquake, the 
effects of the two different hazards on the structure can lead to con
flicting design strategies (e.g. either reducing or increasing the flexi
bility). To deal with these conflicting strategies in an appropriate way, it 
is important that the methodological approaches and computational 
tools used in the performance analysis under the two different hazards, 
belong to a unified risk assessment/design framework, where the per
formances are expressed by the same metrics and languages for the two 
hazards (“unified framework problem”). The development of the SAC- 
FEMA WIND (which uses same performance metrics and performance 
evaluation tools of the SAC-FEMA for earthquakes) can then viewed as a 
first step toward the development of a true PB-MH-E, SAC-FEMA like 
method for buildings under the simultaneous consideration of wind and 
earthquake. 

2. Materials and methods 

2.1. SAC FEMA method for earthquakes 

Originally, the SAC-FEMA approach has been proposed in 
Performance-Based Seismic Design (PBSD) of steel buildings [45], and it 
has been calibrated and gradually improved in years by a consistent 
number of literature papers (e.g. [49,50]). 

The SAC-FEMA framework led to the simplified analytical calcula
tion of the MAF for a certain LS, and it relies on the common scalar 
Demand Vs Capacity (D versus C) format, something that makes it 
suitable to be implemented in Standards for carrying out probabilistic 
performance analysis. Being all the uncertainties affecting the problem 
condensed in the D, the C, and in the hazard Intensity Measure param
eter IM (the spectral acceleration at T1, the fundamental period of the 
structure, i.e., Sa(T1), is often used as IM in case of seismic hazard), these 
three become the only explicit probabilistic terms of the analytical 
formulation. 

The SAC-FEMA is based on some specific assumptions, regarding the 
probabilistic characterization of D and C, and regarding the interpola
tion of the hazard curve and the median demand, finally resulting in a 
simple algebraic expression of the MAF. By referring to the “2nd order” 
improved SAC-FEMA formulation proposed by Vamvatsikos (2014) 
[51], the assumptions can be summarized as below:  

• first, the hazard curve is approximated by a second-order logarithmic 
interpolating law 

H(im) = k0exp
(
− k2ln2(im)− k1ln(im)

)
(1) 

where k0, k1 and k2 are constant coefficients, while im represents the 
sample scalar value of the Intensity Measure (IM) of the considered 
hazard;  

• second, both C and D are assumed to follow lognormal distributions 
with median values Ĉ and D̂ and dispersions βC and βD|im, being the D 
dispersion conditional to the IM value im. Namely D = LN(D̂, βD|im) 
and C = LN(Ĉ, βC);  

• third, the median D value is approximated by a power interpolating 
function 

D̂ = a • (im)
b (2) 

where a and b are constant coefficients. 
It is worth noting that the hazard interpolation coefficients k0, k1 and 

k2, are obtained by appropriate biased fitting of the seismic hazard curve 

Fig. 1. SAC-FEMA method for earthquake engineering (). 
adapted from [45] 
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at the site [52], while a and b and βD|im can be obtained by carrying out 
IDA [53], multiple-stripe [54] or Monte Carlo numerical analyses of the 
structural response, then by referring a and b to the median response 
curve at increasing IM values, and by quantifying βD|im by focusing on 
the scattering of structural response due both to the seismic signal (e.g. 
record to record variability) and to the uncertainties affecting the 
structural system (e.g. structural damping). Finally, Ĉ and βC are ob
tained by the statistical distribution of the capacity, which can be 
expressed in terms of limit forces (e.g. cross sections internal moments) 
or limit displacements (e.g. inter-storey drift IDR). It is worth noting that 
reliable values βD|im and βC have been proposed in literature with 
reference to specific structural typologies under earthquakes [51]. 

Under the above-mentioned assumptions, the MAF of the specified 
LS can be evaluated by the expression in Eq (3): 

λPL =
̅̅̅̅
ϕ

√
k0

1− ϕ[H(imĈ ) ]
ϕexp

[
1
2

qk2
1

(
β2

C + ϕβ2
D

)
]

(3) 

where, in addition to the symbols introduced above we have, 

q =
1

1 + 2k2β2
D

/
b2

(4)  

ϕ =
1

1 + 2k2
(
β2

D + β2
C

)/
b2

(5) 

where imĈ is the IM value for which D̂=Ĉ, and can be obtained from 
Eq (2) above as imĈ =(Ĉ/a)1/b. It is worth noting that in Equations (3–5) 
the conditioning of βD from im has been eliminated by assuming a fixed 
and reasonable βD value, for example one may choose to use a constant 
dispersion at the level of IM = imĈ (i.e. βD=βD|im=β

D|imĈ
). The SAC-FEMA 

method can be efficiently summarized as shown in Fig. 1 for the case 
where the IDR is used as D parameter and the spectral seismic acceler
ation at the first mode period T1 (i.e., Sa(T1)) is used as IM. 

2.2. SAC FEMA WIND method 

In this section, the SAC-FEMA approach is extended to structural 
wind engineering problems, with specific focus on tall buildings. As 
already said in the introduction of the paper, the expression of the 
structural performances under wind in the same format/framework 
(called SAC-FEMA WIND in what follows) used for earthquake is crucial 
both for practical implementation of PBWE and for PB-MH-E purposes. 

Obviously, the SAC-FEMA WIND approach must be specialized to 
consider specific peculiarities of structural wind engineering problems. 
In this view, one of the most relevant aspects to consider in the structural 
response of tall buildings under wind, is the strong dependence of the 
aerodynamics and of the resulting structural D, from the incident wind 
direction θ relatively to the structure [55]. Such a strong dependence of 
the action/demand from the direction is not generally present in 
earthquake engineering and then is not explicitly taken into account in 
the original SAC-FEMA. Specifically, in a square floor plan prismatic 
building, wind incident angles corresponding to orthogonal directions 
with respect to building façades, namely θ = 0◦; 90◦; 180◦; 270◦ in Fig. 2, 
are related to square-shape bluff-body aerodynamics, then implying 
predominant vortex shedding effects (VS), with potential lock-in phe
nomenon leading to large floor displacements and accelerations in the 
across-wind direction (as qualitatively shown in Fig. 3). On the contrary, 
edge-incident winds, namely θ = 45◦; 135◦; 225◦; 315◦ in Fig. 2, are 
related to rhomboidal-shape aerodynamics, which is usually not asso
ciated to relevant VS effects, or to relevant across-wind structural re
sponses. Intermediate situations, e.g 0◦<θ < 45◦, can be associated to 
the gradual transition between the two aerodynamic regimes. 

For this reason, it is appropriate to treat the wind-induced demand in 
the across-wind direction as generated mainly by two distinct response 
regimes depending on the wind incident angles: i) those potentially 
characterized by the VS and; ii) those induced by the intrinsic atmo
spheric turbulence without any significant VS effect (buffeting regime 
BU). 

To be more specific in case of square buildings, and by referring to 
the Fig. 2, in the SAC-FEMA WIND approach, the structural response 
under wind loads is assumed to occur in VS regime when the θ belongs to 
sectors of amplitude αVS centered on the previous specified façade- 
orthogonal incident angles, and related to square-shape bluff-body 
aerodynamics (θ = 0◦; 90◦; 180◦; 270◦ in Fig. 2), while the structural 
response is assumed to occur in BU regime for incident wind sectors of 
amplitude αBU centered on angle values related to rhomboidal-shape 
aerodynamics (θ = 45◦; 135◦; 225◦; 315◦ in Fig. 2). 

The assumed amplitude αVS and αBU should be calibrated to statis
tically reproduce the building response samples population under a 
significant number of wind directional events. As a preliminary indica
tion, it can be said that the amplitude of VS sectors αVS is expected to be 
lower than the one of the buffeting sectors αBU. 

It is important to point out that:  

- in general VS and BU regimes can be present at all incident angles 
with different intensity, then “VS” and “BU” must be intended as 
“predominant vortex shedding” and “predominant buffeting” effects;  

- the occurring of VS or BU aerodynamic regimes depends mainly on 
the building geometry/aerodynamic shape given at a certain inci
dent wind direction, and the identification of the related incidence 
sectors in the wind rose has to be made by appropriate wind tunnel 
tests or computational fluid dynamic analyses [56]. It is known that 
for square buildings, these incidence wind sectors are those shown in 
Fig. 2. 

With these specifications, the SAC-FEMA format can be applied to 
tall buildings under wind loads by differentiating between the VS and 
BU aerodynamic regimes, and then by formulating the analytical 
expression of the MAF for the two regimes separately, something iden
tified by appropriate subscript indications in equations that follow (e.g. 

Fig. 2. Wind angles of incidence related to different aerodynamic regimes.  
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Fig. 3. VS aerodynamic regime (). 
adapted from [57] 
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the subscript i, with i = VS or BU). 
Coherently with the original SAC-FEMA, in the SAC-FEMA WIND it is 

assumed that: a) D follows the lognormal distribution for both aero
dynamics regimes, then Di = LN(D̂i, βD,i), that is DVS = LN(D̂VS, βD,VS), 
DBU = LN(D̂BU, βD,BU) for i = VS or BU respectively and; b) the median 
demands for the two cases are interpolated by power law functions D̂ =

ai • (im)
bi with i = VS or BU. 

Regarding the IM, the V10 (10-minutes average mean wind speed at 
10 m height) is identified as the appropriate (structure independent) 
wind intensity parameter and it is assumed to follow a Weibull proba
bility distribution on an annual time scale [6]. The V10 Weibull distri
bution is characterized by the shape and scale parameters values that are 
conditional to the wind angle of incidence θ. Consequently, to maintain 
the differentiation between the VS and BU demand regimes, the hazard 
curve should be also differentiated in two cases: one associated to the VS 
incidences and the other associated to the BU incidences, both obtained 
as the weighted average of the Weibull distributions associated to the 
pertinent incident wind sectors (as identified in Fig. 2). 

As for the earthquake case, the hazard is interpolated by a second 
order function having the shape in Eq (1), but the interpolations co
efficients are specific for the VS and BU cases, resulting in two inter
polating curves for the hazard: 

Hi(im) = k0, iexp
(
− k2, iln2(im)− k1, iln(im)

)
(6) 

where i = VS or BU, and k0, i, k1, i and k2, i are constant interpolation 
coefficients. 

Focusing on C, of course, it is not differentiated between the two 
considered demand regimes, but it is specific of the threshold value 
associated with the considered LS, which can be indicated by the su
perscript j (i.e., C j). For example, it is expected that one of the design- 
driving performance requirements for tall building under wind is the 
SLS related to the discomfort of the building occupants due to the 
perception of the building motion, for which the relevant D parameter is 
the peak top floor acceleration induced in across-wind direction apeak L 

[7,10]. In this case Ĉ is represented by the median value of the floor 
acceleration associated to the motion perception for a certain percent
age Np of the floor occupants, which is differentiated between offices 
(OFF) and apartments (APT) building occupation [47]. By assuming that 

C follows the lognormal distribution then, it can be written: C j = LN(Ĉ
j
, 

βj
C) with j = APT or OFF. 

With these premises, the SAC-FEMA WIND, when used in evaluating 
the MAF for buildings occupants to feel vibration-induced discomfort, 
assumes the following general formulation: 

λj
i =

̅̅̅̅
ϕ

√
k0, i

1− ϕj
i

[
Hi

(
imĈ

j) ]ϕj
i
• exp

[
1
2
qik2

1, i

(
βj

C
2
+ ϕj

iβ
2
D, i

)]

(7)  

qi =
1

1 + 2k2, iβ2
D,i

/
bi

2
(8)  

ϕj
i =

1

1 + 2k2, i

(
β2

D,i + βj
C

2
)/

bi
2

(9) 

With i = VS or BU; j = APT or OFF. For each sub-case identified by i 
and j, the symbols in Eqs (7–9) have the same meaning of those already 
defined for earthquakes in Eqs. (3–5). For example, the above equations 
for the MAF of discomfort in apartment buildings due to the vortex 
shedding becomes: 

λAPT
VS =

̅̅̅̅
ϕ

√
k0, VS

1− ϕAPT
VS

[
HVS

(
imĈ

APT) ]ϕAPT
VS

• exp
[

1
2
qVSk2

1, VS

(
βAPT

C
2

+ ϕAPT
VS β2

D, VS

)]

(10)  

qVS =
1

1 + 2k2, VSβ2
D,VS

/
bVS

2
(11)  

ϕAPT
VS =

1

1 + 2k2, VS

(
β2

D,VS + βAPT
C

2
)/

bVS
2

(12) 

Given the occupancy j of the building (APT or OFF), and if λj
VS and λj

BU 
are calculated by equations (7–9), the total resulting MAF for the 
occupant discomfort will be obtained as: 

λj =

(
nVS λj

VS + nBU λj
BU
)

NTOT
(13) 

Where nVS and nBU are the annual probabilities at the site for the wind 
angle of incidence to fall in the sector associated to VS or to BU 
respectively, and NTOT is the sum of the two (NTOT = 1 if the VS and BU 
sectors together cover the whole wind rose). 

The points to be still addressed here, regard the analysis procedures 
to implement for the evaluation of several parameters in the SAC-FEMA 
WIND equations. This is discussed in the next section with specific focus 
on the above-mentioned occupants’ comfort SLS. 

2.3. Analysis procedures 

The application of the proposed SAC-FEMA WIND method implies 
the development of some specific analysis steps for the evaluation of the 

Peak floor acceleration

IM =V10

Demand parameter

Demand 
sample

Capacity samples

Median 
demand Curve

LN( ; )

Site Hazard Curve
(dashed line)

LN( ; )

LN( ; )

Hazard 
interpolation

(bold line)

Fig. 4. SAC-FEMA WIND schematic representation.  
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hazard and the median demand interpolation parameters, and for the 
definition of the demand and capacity dispersions. 

First, the sectors amplitude αVS and αBU should be defined to identify 
which incident wind directions θ are associated to VS or BU. By referring 
to the aerodynamics of a square-plan building (Fig. 3 and text herein) 
the VS sectors should have a maximum amplitude αVS = 45◦ and should 
be centered on the incidences orthogonal to the building-façades (for 
example a VS sector can be –22.5 < θ<+22.5, that is αVS = 45◦). 
Experience suggests that, as already said, an appropriate αVS value for 
square buildings should be<45◦ since the VS rapidly vanishes with the 
incidences moving away from orthogonal-to-façades cases ([6,58]). The 
influence of the assumed value for αVS on the MAF is investigated in 
Appendix A with reference to the case-study structure (square floor 
building), here it can be anticipated that a suggested value for αVS is 30◦. 

The VS and BU hazard curves can be then identified from the site 
climatology and each one can be interpolated by Eq. (6). To maximize 

the interpolation efficiency, some biased fit, as defined for earthquakes 
in [51], can be implemented. 

On another side, the median demand under increasing IM values 
must be evaluated and successively interpolated by a power function 
like the one in Eq. (2). The D evaluation step needs to be made by the 
avail of the structural analysis: if for example a Monte Carlo or Multiple 
Stripe analysis (where the uncertain parameters vary by following 
appropriate probabilistic distributions is carried out), as a result several 
demand samples will be available on the D-IM plane as shown in Fig. 4. 
This representation allows for the estimation of both the median de
mand curve and its dispersion as shown in the Figure. Alternatively, if 
the demand dispersion is known or it is assumed from the literature, 
deterministic structural incremental (i.e. at increasing IM values) ana
lyses can be conducted by considering the median values of uncertain 
parameters other than IM to evaluate the median demand curve. As 
specified in the conclusion of the paper, further research is needed to 

 

0.5

5

0.1 1

Frequency [Hz]
0.1 0.2 0.5 1 2 5

H-10

H-30

H-50
H-70

H-90

Frequency [Hz]
f1

0.5

1

20

10

5

2

Pe
ak

 la
te

ra
lA

cc
el

er
at

io
n 

   
[c

m
/s

2 ]
Fig. 5. Vibration perception thresholds. 
Adapted from [70] 

Table 1 

Different literature values for athreshold (cm/s2) and calculation of Ĉ
APT 

and βAPT
C for the vibration frequency f = 0.187 Hz.   

Ref No Reference Np [%] 
2 5 10 25 50 75 95 

athr[mm/s2] 1 Chen, Robertson (1972) [63]  19.02  23.59  28.56  39.32  56.08  79.99  133.31 
2 ISO 6987 (1984) [64]  –  –  –  –  –  –  126.94 
3 Melbourn, Cheung (1988) [65]  –  –  –  –  –  –  107.91 
4 Tamura et al. (1988) [66]  27.57  32.31  37.21  47.10  61.21  79.54  115.94 
5 NBR6123 (1988) [67]  –  –  –  –  –  61.31  – 
6 Isyumov (1993) [68]  –  –  –  –  –  68.67  – 
7 Kanda et al. (1994) [69]  18.46  22.84  27.59  37.83  53.72  76.28  126.33 
8 AIJ (2004) [70]  19.00  23.00  27.05  35.20  49.71  65.00  112.00 
9 Tamura et al. (2006) a [71]  18.95  23.31  28.02  38.12  53.65  75.51  123.45 
10 Tamura et al. (2006) b [71]  21.17  25.38  29.81  39.00  52.58  70.89  108.95 
11 Tamura et al. (2006) c [71]  18.98  23.03  27.34  36.42  50.09  68.88  108.94 
12 Tamura et al. (2006) d [71]  21.58  25.41  29.37  37.41  48.95  64.05  94.31 
13 Tamura et al. (2006) e [71]  23.15  27.10  31.17  39.38  51.07  66.22  96.24 
14 ISO 10,137 (2007) [72]  –  –  –  –  –  –  112.00 
15 Burton et el. (2007) a [73]  –  –  –  –  –  –  136.36 
16 Burton et el. (2007) b [73]  –  –  –  –  –  –  158.24 
17 Sarkisian (2012) [74]  –  –  –  –  –  68.67  – 
18 Ferrareto et al (2014) [75]  –  –  –  –  –  –  97.12 

Ĉ
APT

(Np,0.187)[mm/s2] Eq. (14) 20.19 24.30  28.62  37.62  51.40  69.44  112.00 

βAPT
C (Np ,0.187) Eq. (15)  

0.132  0.113   0.099   0.082   0.070   0.087   0.143  

Note 1: when not available, Np has been assumed as consistent with those declared by other considered references 
Note 2: when the athr has not been associated by authors to a specific vibration frequency, it has been considered valid for any considered frequency  
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produce a literature regarding the demand dispersion, and at the current 
state, the authors of this paper suggest the adoption of valued between 
0.2 and 0.5, based on the expected demand dispersion for the specific 
problem. Another point regarding the median demand interpolation, 
can be understood by comparing the earthquake and wind cases of 
Figs. 1 and 4 respectively: it is noted from Fig. 4 that the increasing rate 
of the D̂ curve for wind at high IM values is represented as larger than 
the one in earthquake engineering, as usually occur [59]. This is 
something that requires the implementation in the SAC-FEMA WIND, of 
some appropriate interpolation strategies for the median demand in 
order to guarantee a good MAF estimation. This point will be discussed 
in the application section. 

On the C side, the selection of appropriate techniques for the eval
uation of the median and the dispersion values, is strictly related to the 
considered LS. Focusing on the occupants’ comfort SLS, as already said, 
the C will be a (frequency-dependent) peak floor acceleration threshold 
athr that, if exceeded, implies that a certain percentage Np of the floor 

occupants perceives the building motion. The Ĉ
j 
and βj

C values will then 
depends on the chosen Np percentage and on the main vibration fre
quency f (usually assumed as coincident to the building first natural 

frequency in the vibration direction, that is f = f1). To determine Ĉ
j 
and 

βj
C, reference can be made to the literature works regarding the topic of 

motion-induced discomfort (e.g. [60–75]): for each considered 
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Fig. 6. Evaluation of the median and the dispersion values of the capacity. Reference value of the capacity taken from the literature and median estimation (top) and 
capacity dispersion (bottom). 
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literature reference, the data herein reported about the joint values of 
Np, f and athr can be collected in order to obtain a set of frequency- 
dependent perception threshold curves as the one shown in Fig. 5 and 
extracted from the AIJ Guidelines (2004) [70]. By entering in the graph 
of Fig. 5 with the first vibration frequency of the building f1, the cor
responding athr indicated by different curves can be interpreted as those 
associated in the literature reference with the Np percentage at f = f1, 
where Np is indicated above the curves. 

By collecting the same data from a number nref of different reference 

works, the Ĉ
j 
and βj

C values associated to certain Np, and a certain f value 
can be estimated respectively as median and logarithmic standard de
viation ([76,77]) of the athr values obtained by the different references. 

Ĉ
j(

Np, f
)
= median

{
athr ref x

(
Np, f

) }
(14)  

βj
C
(
Np, f

)
= stdev

{
ln
[
athr ref x

(
Np, f

) ] }
(15) 

where x = 1,…, nref, being nref the total number of selected reference 
papers for data extraction. 

The procedure described above for βj
C
(
Np, f

)
estimation and equa

tions (14) and (15) have been implemented here with demonstrative 
purposes for the caseNp[%] = 2, 5, 10, 25, 50, 75, 95 and f = 0.187 Hz 

(which is the first vibration frequency f1 of the case-study building used 
for the application in the next section), and j = APT. The considered 
literature references and the athr values are reported in Table 1 together 

with the obtained Ĉ
APT 

and βAPT
C , while they are graphically represented 

in Fig. 6. 
When all the necessary parameters are quantified, the MAF can be 

evaluated by equations (7–9; 13). The whole procedure for the SAC- 
FEMA WIND method for the MAF evaluation of the occupant comfort 
LS is represented in Fig. 7. 

3. Results: Application to a High-Rise building 

3.1. Description of the case study 

The proposed SAC-FEMA WIND method is applied to a 74-storey 
steel high-rise building already studied by one of the authors in previ
ous papers [6]. The building structure is in steel, it has a 50x50m square 
plan and it is 305 m high, it is located in Orlando, Florida (US), all the 
details regarding the hazard characterization (Weibull parameters for 
the wind velocity along different sectors of the wind rose), and the cross 
section of the structural elements are provided in Ciampoli & Petrini 
(2012) [6], the structural FE model of the building is developed in 
ANSYS® and it is shown in Fig. 8. The first vibration frequency of the 

Fig. 7. SAC-FEMA WIND flowchart.  
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building in across and along wind directions is f1 = 0.1873 Hz. 
The structural response of the building is evaluated only in the across 

wind direction (then having zero-mean value) and is obtained in the 
frequency domain by a Power Spectral Density (PSD) analysis [6,7,27] 
by applying along and across wind force spectra at each floor of the 
building. 

The demand parameter for comfort performances evaluation is the 
peak top floor acceleration induced in across-wind direction D =

apeak L, obtained by evaluating the response’s variance as the area 
underpinned by the acceleration PSD response function of the top floor 
master node, and then by applying the Davenport’s peak factor. 

gr =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2 ln(η Twind)

√
+

0.577
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2 ln(η Twind)

√ (16) 

where η is the cycling rate of the effective frequency of the response, 
assumed equal to the first natural frequency f1 of the structure; Twind is 
the time interval over which the maximum response is evaluated. In this 
case, f1 = 0.1873 Hz, while Twind = 3600 s; the nominal value of the peak 
factor is g = 3.769. The use of the Davenport’s peak factor in Eq. (16) 
may lead to conservative peak evaluations if VS dominates the response 
since the Davenport’s formula does not take into account for the bad
width of the response stochastic processes. Alternative formulations 
which take into account the effect of the bandwidth are available in 
literature (e.g. [78,79]) and have been explored by the authors in pre
vious works ([6]), but they have not been implemented here to avoid 
additional analytical complications. It is important to say that the use of 

the Davenport’s peak factor does not compromise the generality of the 
proposed SAC-FEMA WIND method. 

The building is characterized by a mean damping ratio ξ = 0.008, 
and by a bulk density bulk = 111.71 Kg/m3, leading to a mass per unit of 
length m = bulk‧B‧B = 111.71‧50‧50 = 279275 Kg/m. By assuming ρ =
1.25 Kg/m3 for the air density, the Scruton number for the building is Sc 
= 9 as evaluated by Eq (17), which indicates that the building is sensi
tive to the VS induced response [47]. 

SC =
4π • m • ξ

ρ • B2 (17) 

In order to evaluate the performances of the building for comfort, the 
demand in terms of peak accelerations obtained by the analyses, are 
compared with the capacity in terms of acceleration perception 
thresholds, whose median and dispersion values are defined by the 
procedure described above for j = APT (Table 1 and Fig. 6) and by 

considering Np = 90%, resulting in Ĉ
APT 

= 0.1012 m/s2 andβAPT
C =

0.143. For what concerns the j = OFF building occupation, the median 

capacity is obtained by the CNR-DT guidelines ([47]), reporting Ĉ
OFF 

=

0.153 m/s2, while the capacity dispersion is reduced in offices with 
respect to apartments. The decreasing of the capacity dispersion in office 
with respect to apartments is due to the consideration that, as reported 
in the relevant literature ([60,61,62,71,73]), such a dispersion depends 
from many factors like the variety of the occupants’ tasks or ages. Since 
it can be reasonably assumed that both tasks and ages of offices’ occu
pants are narrowed with respect to apartments, the authors assumedβOFF

C 

= 0.8‧ βAPT
C , resulting in the valueβOFF

C = 0.114. 

4. Reference results by Monte Carlo analysis 

A Monte Carlo (MC) analysis including a total of 5000 samples has 
been first carried out to evaluate some reference values of the failure 
probabilities to be used in the calibration of the SAC-FEMA WIND. 

In the MC analysis, while the along-wind floor force spectra are 
evaluated by the Solari spectrum, in the across-wind direction, 
depending to the wind angle of incidence, the Solari [47], the Liang [80] 
wind spectrum, or a combination of the two are implemented for BU (θ 
= 45◦; 135◦; 225◦; 315◦), VS (θ = 0◦; 90◦; 180◦; 270◦), or transition (e.g. 
0◦<θ < 45◦) wind regimes respectively. The two across-wind spectra are 
then combined by a scalar a coefficient c(θ) which, for the considered 
case of a square prismatic building, assumes a unitary value when the 
wind impacts orthogonally to one of the façades (θ = 0◦; 90◦; 180◦; 
270◦), while it assumes a null value in the event that the wind impacts 
on a corner of the building (θ = 45◦; 135◦; 225◦; 315◦). The resulting 
expression of the diagonal terms of the across-wind floor forces PSD 
matrix at the height zl with respect to the ground when the frequency n is 
expressed in Hz is: 

STOT
Fvl Fvl

(n, zl, zl) = c(θ) • S′

Fvl Fvl
(n, zl, zl)+ (1 − c(θ)) • SFvl Fvl

(n, zl, zl)

(18) 

In equation (18) S′

Fvl Fvl
(n, zl, zl) is the Liang spectrum given by 

S′

Fvl Fvl
(n, zl, zl) =

σ(zl)
2

n

[
A H(C1)n2

(1 − n2)
2
+ C1n2

+
(1 − A)

̅̅̅̅̅̅
C2

√
n3

1.56
[
(1 − n2)

2
+ C2n2 ]

]

(19) 

In which. 

σ
(
zj
)
=

1
2

ρ V2
m

(
zj
)
μcL

B Δzl (20)  

Fig. 8. FE model of the structure. Top: external frame and core; bottom: 
outrigger trusses. 
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A =
H
̅̅̅
S

√

[

− 0.118
(

D
B

)2

+ 0.358
(

D
B

)

− 0.214

]

+

[

0.066
(

D
B

)2

− 0.26
(

D
B

)

+ 0.894

] (21)  

H(C1) = 0.179 C1 + 0.65
̅̅̅̅̅̅
C1

√
(22)  

C1 =

[
0.47(D/B)2.8

− 0.52(D/B)1.4
+ 0.24

]

(
H
/ ̅̅̅

S
√ ) (23) 

In equations (18–23), Δzl indicates the tributary height for the floor l, 
i.e. half upper interstorey plus half lower interstorey, B is the width of 
the building, μcL 

is the mean lift coefficient, A is the power-assignation 
coefficient, D is the length of the building (=B for the case study), S is 
the cross-sectional area of the floor, H is the total height of the building, 

n = n
ns 

while ns =
StVm(zj)

B is the frequency of vortex shedding determined 
by the Strouhal number St, and C2 is equal to 2. 

In equation (18) SFvl Fvl
(n, zl, zl) is the floor force spectrum obtained by 

the Solari wind turbulence spectrum Svlvl (n, zl, zl) given by. 

SFvl Fvl
(n, zl, zl) =

(
μcL

AT ρ
)2

• Svlvl (n, zl, zl) (24) 

where. 

nSvlvl (n, zl, zl)

σ2
v(z)

=
9.434 nv

[
1 + 14.151 n2

v(zl)
]5/3 (25) 

0.17
0.19
0.21
0.23
0.25
0.27
0.29
0.31

0 5 10 15 20 25 30 35 40 45

[ ]

Fig. 9. Top floor across-wind peak accelerations for the building at a constant 
value of V10 and different θ values. 

Table 2 
Monte Carlo analysis. Considered uncertain parameters and probability 
distributions.  

Parameter Type of distribution and values 
type values 

V10 [m/s] Weibull shape and scale factors depend on θ 
θ [deg] Derived by NIST wind speed database 
z0 [m] Lognormal μz0 and σz0 depend on θ 
ξ[-] Lognormal μξ = 0.008; COVξ = 0.3 
CL Gaussian μCL depends on θ; COVCL = 0.05–0.1 depending on V10  

Fig. 10. Demand samples (MC analysis).  

Fig. 11. Classification of the building response due to the arbitrary definition 
of the VS and BU sectors. 
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σv = 0.75σu (26)  

σ2
u = [6 − 1.1 arctan(ln(z0) + 1.75 ) ] u2

* (27)  

nv(zl) =
nLv(zl)

Vm(zl)
(28) 

In addition to the symbols already defined above, u* is the friction or 
shear velocity (in m/s), given by: [(K)1/2 V10], where K is a coefficient 

0.00
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H
i(i

m
)

im = V10 [m/s]
(i = VS) (i = BU)

Fig. 12. Hazard curves for SAC-FEMA WIND.  

Fig. 13. Median Demand.  
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Fig. 14. Demand dispersions at different IM values.  

Fig. 15. Median demand basic interpolation.  

Fig. 16. Median demand improved interpolation.  

Table 3 
SAC-FEMA WIND parameters and obtained MAFs for APT case (it was PAPT MC 
= 0.026). Basic versus Improved interpolation of the median Demand.  

Parameter Basical median Demand 
interpolation 

Improved median Demand 
interpolation  

Apartment building Apartment building  
i = VS i = BU i = VS i = BU 

V10, i_s (m/s) 
hazard Eq.  
(31) 

18.06; 
15.66; 
12.65 

17.75; 
16.32; 
14.40 

15.753; 14.20; 
12.154 

16.28; 
14.776; 12.77 

k0, i, k1, i and k2, i 

hazard Eq. (6) 
2.28e-18;  

− 34.35; 
7.51 

1.504e-23;  

− 43.33; 
9.22 

6.99e-14; 
− 26.55; 6.039 

3.0756e-17; 
–32.697; 7.28 

Ĉ
APT

(m/s2) 0.102 0.102 

imĈ
APT

(m/s) 
19.39 18.51 16.59 17.09 

Hi

(
imĈ

APT)
Eq.  

(6) 

0.0084 0.0097 0.0349 0.0215 

ai; bi demand Eq  
(2) 

0.0056; 
3.311 

0.0022; 
3.683 

0.000295; 
4.54 

0.0126; 3.171 

ϕAPT
i Eq (9) 0.767 0.886 0.885 0.8793 

qi Eq (8) 0.784 0.908 0.8944 0.903 
βD i 0.449 0.273 0.449 0.2723 
βAPT

C 0.143 0.143 0.143 0.143 
ni Eq (13) 0.31 0.69 0.31 0.69 
λAPT

i Eq (7) 0.0164 0.0129 0.0426 0.0274 
λAPT Eq (13) 0.0140 (-46.2% with 

respect to PAPT MC) 
0.0321 (þ23.5% with respect 
to PAPT MC)  
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depending on the roughness length z0, the integral scale Lv (zl) of the 
across-wind turbulent components are given in [47]. 

The cross-PSD terms (out of diagonal terms of the PSD floor forces 
matrix) are given by: 

STOT
Fvl Fvk

(n, zl, zk) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
STOT

Fvl Fvl
(n, zl, zl) • STOT

Fvk Fvk
(n, zk, zk)

√
exp
(
− fjk(n)

)

(29) 

Where 

fjk(n) =
|n|Cz

⃒
⃒zj − zk

⃒
⃒

Vm
(
zj
)
+ Vm(zk)

(30) 

And Cz is a coefficient inversely proportional to the spatial correla
tion of the process (decay coefficient), set equal to 6.5 ([47]). 

The values of the combination coefficient c(θ) in Equation (18) have 
been calibrated to reproduce the across-wind top floor peak accelera
tions results obtained for a certain V10 and at various θ values by using 
time history forces determined from wind tunnel tests as already pub
lished in [4] and shown in Fig. 9. 

The random parameters used in the MC analysis are shown in 
Table 2. Regarding the Hazard, V10 and θ are described, on an annual 
occurrence, by a joint probability density function that is obtained by 
assuming that the mean wind velocity for any given wind direction 
follows a Weibull distribution, and the interdependence of wind distri
bution in different wind directions can be reflected by the relative fre
quency of occurrence of wind. The shape and scale coefficient of the 
Weibull distributions are evaluated for 16 values of θ (between 0◦ and 
360◦) by the statistical data collected in the NIST® database 
http://www.itl.nist.gov/div898/winds/datasets.htm. The wind inci
dence angle θ has the relative frequency of occurrence derived by the 
wind velocity database. The roughness length z0 is characterized by a 
lognormal PDF. The mean value μz0 and the standard deviation σz0 of z0 
are expressed as a function of θ considering four sectors: in the first one 

(0◦ < θ < 45◦ and 315◦ < θ < 0◦), μz0 is equal to 0.08 m; μz0 is equal to 
0.10 m in the second and third sector (45◦ < θ < 135◦ and for 225◦ < θ <
315◦; and equal to 0.12 m in the fourth sector (135◦ < θ < 225◦). The 
value of COVz0 (coefficient of variation) is assumed equal to 0.30. 

Regarding the structural system and the wind-structure interaction, 
the viscous damping ratio ξ is assumed to have a longnormal probability 
distribution function, with mean μξ = 0.008 and coefficient of variation 
COVξ = 0.3. The aerodynamic lift CL coefficient is characterized by a 
Gaussian distribution. The mean value μcL 

depend on the value of θ 
varying from that corresponding to a square shape (for θ = 0◦) to that 
corresponding to a rhomboidal shape (for θ = 45◦). The coefficient of 
variation of CL varies between 0.05 and 0.10 for V10 varying between 
0 and 25 m/s. 

The results of the MC analysis in terms of structural demand samples 
are shown in Fig. 10, where different colors and symbols are used to 
indicate demand samples which comes from angles of incidence that, in 
the SAC-FEMA WIND formulation, are schematically associated to 
different response regimes (namely BU and VS) as detailed in previous 
and in the next sections. 

As said above, capacity (perception thresholds) samples have been 

generated from LN distributions considering Ĉ
APT 

= 0.101 m/s2, 

βAPT
C =0.143, Ĉ

OFF 
= 0.153 m/s2 andβOFF

C = 0.114. 
The annual failure probabilities Pj obtained for the occupants’ 

comfort SLS with reference to the different building occupations (j =
APT or OFF) are: PAPT MC = 0.026 and POFF MC = 0.011. 

4.1. Application of the SAC-FEMA WIND 

The SAC-FEMA WIND method has been implemented for the case 
study as described in section 2.2 and 2.3. Regarding the hazard, as 
anticipated, all the possible wind incident angles have been grouped in 
two cases: the VS sectors (assumed to induce predominant VS response) 
having αVS = 30◦ amplitude (±15◦ with respect to θ = 0◦, 90◦, 180◦, 
270◦) and the BU sectors, for which αBU = 60◦ to be complementary to 
the previous. The choice of the αVS and αBU amplitudes is partially 
arbitrary and should be calibrated: in the present case judgment on the 
choice has been done on the basis of what shown in Fig. 11 (elaborated 
starting from Fig. 9 above), where the decrement of the median D with θ 
due to the transition between VS and BU response regimes is quantified 
for a certain im. The effects of changing the chosen values αVS is dis
cussed in the Appendix of the paper. 

When αVS and αBU amplitudes are defined, they affect the nVS and nBU 
used in Equation (13), which are the annual probabilities at the site for 
the wind angle of incidence to fall in the sector associated to VS or to BU 
respectively. Given the above-mentioned values for the αVS and αBU 
amplitudes, it results nVS = 0.34 and nBU = 0.66. 

The αVS and αBU amplitudes also determine the selection from the 
wind database of the Weibull shape and scale parameters values to be 
averaged in order to find the VS and BU hazard curves. In the present 
case, the two resulting hazard curves are almost identical and are shown 
in Fig. 12. 

A biased-fit interpolation of the hazard has been conducted by using 
the following three abscissa values as interpolation points [51]: 

V10,i s =

(
V Ĉ

j

10

ai

)1/bi

exp

⎛

⎝ps

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

β2
D,i + βj

C
2

√

bi

⎞

⎠ (31) 

Where ps = − 0.5, − 1.5, − 3.0 for s = 1,2,3, i = VS or BU, j = APT or 
OFF. 

Table 4 
SAC-FEMA WIND parameters and obtained MAFs for OFF case (it was POFF MC =
0.011). Basic versus Improved interpolation of the median Demand.  

Parameter Basical median Demand 
interpolation 

Improved median Demand 
interpolation  

Office building Office building  
i = VS i = BU i = VS i = BU 

V10, i_s_ (m/s) 
hazard Eq.  
(31) 

20.415; 
17.707; 
14.304 

19.814; 
18.225; 
16.08 

17.225; 
15.527; 
13.289 

18.503; 
16.791; 
14.515 

k0, i, k1, i and k2, i 

hazard Eq. (6) 
1.33e-26; 
− 47.98; 
9.955 

5.336e-33; 
− 58.69; 
11.93 

3.555e-18;  

–33.94; 
7.418 

1.62e-25; 
− 46.61; 
9.815 

Ĉ
OFF

(m/s2) 0.153 0.153 

imĈ
OFF

(m/s) 
21.92 20.66 18.14 19.42 

Hi

(
imĈ

OFF)
Eq.  

(6) 

0.0018 0.0025 0.0162 0.0056 

ai; bi demand Eq  
(2) 

0.0056; 
3.311 

0.0022; 
3.683 

2.954E-4; 
4.54 

0.0126; 
3.1712 

ϕOFF
i Eq (9) 0.719 0.867 0.8663 0.8542 

qi Eq (8) 0.732 0.884 0.8734 0.8732 
βD i 0.449 0.273 0.449 0.273 
βOFF

C 0.114 0.114 0.114 0.114 
ni Eq (13) 0.31 0.69 0.31 0.69 
λOFF

i Eq (7) 0.0054 0.0039 0.0219 0.0086 
λOFF Eq (13) 0.0044 (-60 % with respect 

to POFF MC) 
0.0127 (þ15.5% with 
respect to POFF MC)  
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As said in Section 2, the median demand functions D̂i = âpeak L,i for i 
= VS and BU (Fig. 13), have been obtained by a set of structural analyses 
at increasing IM values and by considering the mean/median values of 
the uncertain parameters listed in Table 2. On the other hand, the de
mand dispersions βD,i for i = VS and BU can be obtained as dispersion of 
response samples from the previous MC results, where all the uncertain 
parameters vary under their assigned probabilistic distributions: the 
samples dispersions conditional to the IM values evaluated from MC, are 
shown in Fig. 14 for the two different D regimes and together with their 
average values, equal to βD,VS = 0.45 and βD,BU = 0.25 (dashed lines in 
Fig. 14), which are the D dispersion values used below in the MAF 
evaluation. It is worth noting that the demand dispersion appearing at 
17 m/s in Fig. 14 does not have any physical meaning but is rather an 
outlier value due to the limited samples falling around that V10 value in 
the MC samples population. 

As said above, on the capacity side (perception thresholds) the me

dian and dispersion values considered are Ĉ
APT 

= 0.101 m/s2, 

βAPT
C =0.143, Ĉ

OFF 
= 0.153 m/s2 andβOFF

C = 0.114. 
One important point concerns the median demand interpolation. In 

order to maintain the consistency with the original SAC-FEMA 
approach, the power interpolation law shown in Equation (2) is used. 
This choice actually is not the best one for wind response demands due 
to the fact that the power law has to pass from the origin and, with 
respect to seismic induced demands, as already said, the tangent 
steepness to the curve, in the im-D̂ plane, increases rapidly with the 
increasing IM values. Due to this, if the whole IM range is considered for 
median BU and VS demand interpolation purposes, as shown in Fig. 15, 
the fitting is not adequate at large IM values (which are expected to 
provide the main contribute to the MAF), something leading to an un
satisfactory MAF estimation. To avoid this drawback, an “improved” 
median demand interpolation is proposed by considering a reduced IM 
values range for evaluating ai and bi, for both i = VS and BU. By 
selecting, as IM minimum interpolation value, the one that corresponds 

to the lower perception threshold (D̂i = Ĉ
APT

; i = VS and BU) for the 
building, the interpolation is really improved at higher D̂i values (see 
Fig. 16), something leading to a good approximation of the PAPT and POFF 

by the MAF estimated with the SAC-FEMA WIND. 
With the goal of showing the importance of the improved interpo

lation, the obtained value of the parameters and the MAF obtained by its 
implementation are shown in tables 3 and 4 for j = APT and j = OFF 
respectively, and they are compared with the same values coming up by 
the “basic” interpolation where the whole IM range is considered. The 
obtained MAFs are also compared with the comfort SLS probabilities 
PAPT MC and POFF MC, obtained by the MC analysis, allowing a critical 
evaluation of the SAC-FEM procedure. 

A satisfactory result for the MAF should be conservative with respect 
to the MC result, and it should differ no more than 25% from it, which is 
the uncertainty range considered as acceptable for failure probability 
estimations [81]. 

5. Discussion 

From the results shown above, the following considerations can be 
made regarding the SAC-FEMA WIND method for MAFs evaluation in 
case of occupant’ comfort SLS:  

• the differentiation between different aerodynamic response regimes 
for tall building (VS and BU in the examined case) is crucial for the 
correct schematization of the physic of the problem;  

• the quality of the D̂i interpolation is also crucial for the correctness of 
the obtained MAFs. The proposed interpolation strategy for D̂i, 

consisting in taking imĈ
APT 

as lower value of the im regression values 
interval, does lead to a satisfactory result for MAFs (in the sense 
specified above), while a full im interval for interpolation does not; 

It is important to say that, even if it has been applied to the MAF 
evaluation for tall buildings occupants’ comfort SLS, the proposed SAC- 
FEMA WIND method has a general validity, and its extension to other 
LSs is straightforward and does not imply any change to the obtained 
format, by maintaining the differentiation between involved aero
dynamic regimes. To use the SAC-FEMA WIND for the evaluation of the 
MAF of ULSs, all we need is choosing appropriate Demand and Capacity 
parameters, and using appropriate analysis techniques. For example, in 
case of ULSs related with the nonlinear inelastic response of wind- 
excited buildings, the peak IDR can be used as Demand parameter, 
and the incremental analyses for the evaluation of the median and the 
dispersion of the Demand can be implemented by nonlinear models in 
time domain, while the Capacity can be characterized by median and 
dispersion values already in use for earthquake analysis. 

The application of the method to other structural typologies is also 
straightforward, since the chosen hazard IM is “structure independent” 
(is related only to the site climatology and not to structural features) and 
has general validity for all structural typologies. Obviously, appropriate 
analysis techniques and Demand/Capacity parameters must be selected 
for the investigated structural typologies and LS. 

6. Conclusions 

A novel SAC-FEMA WIND approach is proposed for Performance- 
Based assessment of structures under wind loads. Then it is applied to 
a 74-storey steel high-rise building to evaluate the Mean Annual Fre
quency (MAF) for the comfort serviceability limit state (SLS) in the 
across wind direction. The proposed approach is an extension to wind 
engineering problem of an already existing method, initially formulated 
for earthquakes. Such extension required the definition of detailed 
procedures to evaluate the effect of the wind incidence occurrence 
causing different response regimes (i.e. vortex shedding or buffeting). 
The SAC-FEMA WIND resulting MAF has been compared with the same 
SLS probability as obtained by a Monte Carlo simulation, showing 
satisfactory accordance and conservative estimation. 

The development of the SAC-FEMA WIND method is an important 
step toward the next-generation Performance-Based Wind Engineering 
(PBWE) for structures. In fact, as already made in Earthquake Engi
neering, the definition Standards-oriented probabilistic PBE formats 
(like the one implemented in the SAC-FEMA WIND) will certainly in
crease the PBWE application in engineering practice. 

In addition to the above, it is important to highlight that a certain 
uniformity of methods and formats for PBE of structures under different 
hazards, is one of the issues to address for the true implementation of 
Performance-Based Multi-Hazard Engineering (PB-MH-E) [48]: the SAC- 
FEMA WIND represents then a step forward the PB-MH-E of structures 
under wind and earthquakes. 

The SAC-FEMA WIND method has been proposed here to specifically 
study the occupants’ comfort in tall buildings under wind. Further 
research is needed to:  

- calibrate some of the analysis procedures and parameters used in the 
method. For example, a deeper investigation regarding the appro
priate values for the parameters αVS and αBU defining the amplitude 
of the VS and BU sectors in the wind rose or regarding the 
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quantification of the capacity dispersion, by including the uncer
tainty in interpreting/quantifying the results of any given literature 
study to derive the LS capacity [77];  

- applying the method to non-square floor buildings;  
- applying the methos to the evaluation of MAFs of other Limit States. 
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Appendix 

The effect of the αVS amplitude on the resulting MAF has been 
investigated by comparing the result obtained for the evaluated MAFs by 
three different αVS values: 20◦, 30◦ (chosen value) and 40◦. Fig. A1 (to be 
compared with Fig. 11 above) shows the different values in terms of 
response classification at varying θ values, while Tables A1 and A2 show 
the effects of different αVS values on the computed MAFs and the pa
rameters. It is evident that the uncertainties affecting the choice of αVS 
slightly influences the final result, than the procedure can be declared as 
robust with respect to this uncertainty. 

Fig. A1. Classification of the building response at different definition of the VS and BU sectors. αVS = 20◦ (top) and αVS = 40◦ (bottom).  
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OFF)
Eq. (6) 

0.0175 0.0058 0.0162 0.0056 0.0160 0.0053 

ai; bi demand Eq (2) 2.954e-4; 4.54 0.0126; 3.1712 2.954E-4; 4.54 0.0126; 3.1712 2.954E-4; 4.54 0.0126; 3.1712 
ϕOFF

i Eq (9) 0.9197 0.7996 0.8663 0.8542 0.8385 0.8802 
qi Eq (8) 0.9285 0.8147 0.8734 0.8732 0.8445 0.9018 
βD,i 0.314 0.359 0.449 0.273 0.519 0.229 
βOFF

C 0.114 0.114 0.114 0.114 0.088 0.088 
ni Eq (13) 0.20 0.80 0.31 0.69 0.419 0.581 
λOFF

i Eq (7) 0.0206 0.0107 0.0219 0.0086 0.0232 0.0075 
λOFF Eq (13) 0.0127 (þ15.5% with respect to POFF MC) 0.0127 (þ15.5% with respect to POFF MC) 0.0141 (þ28.2% with respect to 

POFF MC)  

F. Petrini and M. Francioli                                                                                                                                                                                                                    

https://doi.org/10.1016/0167-6105(83)90125-3
https://doi.org/10.1016/j.probengmech.2008.01.007
https://doi.org/10.1016/j.probengmech.2008.01.007
https://doi.org/10.12989/was.2020.31.2.103
https://doi.org/10.1016/j.strusafe.2011.07.001
https://doi.org/10.1016/j.strusafe.2011.07.001
https://doi.org/10.1016/j.engstruct.2010.10.024
https://doi.org/10.1016/j.probengmech.2011.08.013
https://doi.org/10.1016/j.probengmech.2011.08.013
https://doi.org/10.1080/15732479.2011.574815
https://doi.org/10.1080/15732479.2011.574815
https://doi.org/10.1016/j.strusafe.2013.07.002
https://doi.org/10.1016/j.strusafe.2013.07.002
https://doi.org/10.1016/j.engstruct.2014.07.026
https://doi.org/10.1016/j.engstruct.2014.07.026
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001223


Structural Safety 99 (2022) 102255

15

[11] Cui W, Caracoglia L. Simulation and analysis of intervention costs due to wind- 
induced damage on tall buildings. Eng Struct 2015;87:183–97. https://doi.org/ 
10.1016/j.engstruct.2015.01.001. 

[12] Tabbuso P, Spence SMJ, Palizzolo L, Pirrotta A, Kareem A. An efficient framework 
for the elasto-plastic reliability assessment of uncertain wind excited systems. 
Struct Safety 2016;58:69–78. https://doi.org/10.1016/j.strusafe.2015.09.001. 

[13] Chuang WC, Spence SMJ. A performance-based design framework for the 
integrated collapse and non-collapse assessment of wind excited buildings. Eng 
Struct 2017;150:746–58. https://doi.org/10.1016/j.engstruct.2017.07.030. 

[14] Ierimonti L, Caracoglia L, Venanzi I, Materazzi LA. Investigation on life-cycle 
damage cost of wind-excited tall buildings considering directionality effects. 
J Wind Eng Ind Aerod 2017;171:207–18. https://doi.org/10.1016/j. 
jweia.2017.09.020. 

[15] Tessari RK, Kroetz HM, Beck AT. Performance-based design of steel towers subject 
to wind action. Engin Struct 2017;143:549–57. https://doi.org/10.1016/j. 
engstruct.2017.03.053. 

[16] Cui W, Caracoglia L. A unified framework for performance-based wind engineering 
of tall buildings in hurricane-prone regions based on lifetime intervention-cost 
estimation. Struct Safety 2018;73:75–86. https://doi.org/10.1016/j. 
strusafe.2018.02.003. 

[17] Fu J, Zheng Q, Huang Y, Wua J, Pi Y, Liu Q. Design optimization on high-rise 
buildings considering occupant comfort reliability and joint distribution of wind 
speed and direction. Engin Struct 2018;156:460–71. https://doi.org/10.1016/j. 
engstruct.2017.11.041. 

[18] Spence SMJ. Optimization of uncertain and dynamic high-rise structures for 
occupant comfort: An adaptive kriging approach. Struct Safety 2018;75:57–66. 
https://doi.org/10.1016/j.strusafe.2018.05.008. 

[19] Caracoglia L. Unified stochastic dynamic and damage cost model for the structural 
analysis of tall buildings in thunderstorm-like winds. ASCE-ASME J. Uncertain. Eng 
Syst, Part A: Civil Eng. 2018;4(4):04018043. https://doi.org/10.1061/ 
AJRUA6.0000999. 

[20] Bezabeh MA, Bitsuamlak GT, Popovski M, Tesfamariam S. Probabilistic 
serviceability-performance assessment of tall mass-timber buildings subjected to 
stochastic wind loads: part I-structural design and wind tunnel testing. J Wind Eng 
Ind Aerod 2018;181:85–103. https://doi.org/10.1016/j.jweia.2018.08.012. 

[21] Bezabeh MA, Bitsuamlak GT, Popovski M, Tesfamariam S. Probabilistic 
serviceability-performance assessment of tall mass-timber buildings subjected to 
stochastic wind loads: part II- structural reliability analysis. J Wind Eng Ind Aerod 
2018;181:112–25. https://doi.org/10.1016/j.jweia.2018.08.013. 

[22] Chuang W-C, Spence SMJ. An efficient framework for the inelastic performance 
assessment of structural systems subject to stochastic wind loads. Eng Struct 2019; 
179:92–105. https://doi.org/10.1016/j.engstruct.2018.10.039. 

[23] Suksuwan A, Spence SMJ. Performance-based design optimization of uncertain 
wind excited systems under system-level loss constraints. Struct Safety 2019;80: 
13–31. https://doi.org/10.1016/j.strusafe.2019.03.004. 

[24] Suksuwan A, Spence SMJ. Performance-based bi-objective design optimization of 
wind-excited building systems. J Wind Eng Ind Aerod 2019;190:40–52. https:// 
doi.org/10.1016/j.jweia.2019.03.028. 

[25] Cui W, Caracoglia L. Performance-based wind engineering of tall buildings 
examining life-cycle downtime and multisource wind damage. J Struct Eng 2020; 
146(1):04019179. https://doi.org/10.1061/(ASCE)ST.1943-541X.0002479. 

[26] Cui W, Ma T, Caracoglia L. Time-cost ‘‘trade-off’’ analysis for wind-induced 
inhabitability of tall buildings equipped with tuned mass dampers. J Wind Eng Ind 
Aerod 2020;207:104394. https://doi.org/10.1016/j.jweia.2020.104394. 

[27] Petrini F, Giaralis A, Wang Z. Optimal tuned mass-damper-inerter (TMDI) design in 
wind-excited tall buildings for occupants’ comfort serviceability performance and 
energy harvesting. Eng Struct 2020;204:109904. https://doi.org/10.1016/j. 
engstruct.2019.109904. 

[28] Elezaby F, El Damatty A. Ductility based design approach of tall buildings under 
wind loads. Wind and Structures 2020;31(2):143–52. https://doi.org/10.1298 
9/was.2020.31.2.143. 

[29] Ouyang Z, Spence SMJ. A Performance-Based Wind Engineering Framework for 
Envelope Systems of Engineered Buildings Subject to Directional Wind and Rain 
Hazards. J Struct Eng 2020;146(5):04020049. https://doi.org/10.1061/(ASCE) 
ST.1943-541X.0002568. 

[30] Ouyang Z, Spence SMJ. Performance-based wind-induced structural and envelope 
damage assessment of engineered buildings through nonlinear dynamic analysis. 
J Wind Eng Ind Aerod 2021;208:104452. https://doi.org/10.1016/j. 
jweia.2020.104452. 

[31] Zhang L, Caracoglia L. Layered Stochastic Approximation Monte-Carlo method for 
tall building and tower fragility in mixed wind load climates. Eng Struct 2021;239: 
112159. https://doi.org/10.1016/j.engstruct.2021.112159. 
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