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1. Introduction 
 

The state-of-the-art of deterministic wind design of tall 

reinforced concrete (RC) chimney is quite advanced. Apart 

from Indian Standard (IS) code (IS 4998-I 2015), there have 

been notable researches focusing best possible shape of 

chimney (Park et al. 2016), wind effect on chimney (Karaca 

and Turkeli 2014, Liang et al. 2018), seismic retrofitting 

(Bru et al. 2017) and condition assessment by modal testing 

(Sancibrian et al. 2017). These researches are mostly in the 

deterministic domain, i.e. assuming all the involved 

parameters and load effects are at fixed values. However, it 

is well established now that such deterministic safety 

assessments disregarding the uncertainty effect may invite 

catastrophic consequences (Venanzi et al. 2015). The 

uncertain parameters will vary randomly instead of staying 

at their pre-assumed fixed values. As a result, the limit state 

functions will also vary randomly. Such variation of limit 

state may lead to even practically unsafe situation, though 

the design is apparently safe in the deterministic domain. In 

this regard, the influence of parameter uncertainty on 

chimney has been studied by Kareem (1988). Reliability 

assessment of RC chimney was presented by First Order 

Second Moment method in Kareem and Hseih (1986) and 

by Monte Carlo simulation (MCS) in Kareem (1990).  
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The MCS based approach is particularly suitable for 

higher levels of uncertainty. The safety of a structure 

subjected to uncertain wind loading can be best assessed by 

a fragility analysis. Fragility is the probability that a 

response quantity of both structural and non-structural 

system exceeds a critical threshold if subjected to dynamic 

loading of specified intensity. In fact, there have been 

plenty of researches on wind fragility analysis (WFA) of 

structures like buildings (Smith and Caracoglia 2011, 

Bhandari et al. 2018), container cranes (Gur and Ray-

Chaudhuri 2014), wood-frame structures (Lee and 

Rosowsky 2006), and towers (Giaccu and Caracoglia 2018). 

The WFA of urban trees in high wind areas of Southeast 

China (Peng et al. 2018a) is also of worth mentioning here. 

However, WFA of chimney has been a comparatively less 

explored field, though seismic fragility assessment of tall 

chimneys is comparatively well explored (Zhou et al. 2015, 

Zhou et al. 2017).  

In recent years, WFA of chimney was accomplished in 

the frequency domain by Ambrosini et al. (2002). However, 

the authors disregarded temperature effects in assessing the 

safety of the chimney. Moreover, for chimney-like structure, 

the temperature effect is indispensable and is most likely 

that high-temperature difference may prevail in the chimney 

when a storm strike. That is why the present standards 

(IS:456 2000, IS:4998-I 2015) consider the combined effect 

of wind temperature as a ‘must check’ limit state of failure. 

Thus, WFA remains incomplete unless the combined limit 

states of wind and temperature are considered. In fact, this 

limit states generally governs the design of RC chimney 

(Bhavikatti 2014). The present study investigates WFA of 

chimney considering temperature effects, where uncertainty 
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in both wind and temperature has been incorporated. Since 

the WFA of RC chimney including temperature effect is 

observed to be scarce in the existing literature; it constitutes 

the uniqueness of the present study. 

Conventionally, the dynamic analysis of structures under 

wind excitation is carried out as an equivalent static wind 

load analysis by means of the gust factor method (Chen and 

Kareem 2004). However, during extreme wind events, there 

is a high chance of temporal wind speed fluctuation and 

spatial variation in the wind field. This approach is 

incapable to capture the influence of spatially varying wind 

field on the response of structures such as large chimneys. 

Thus, to investigate the effect of spatially varying wind 

field on structures, time-history analysis is necessary for 

accurate quantification of response (Deodatis and Micaletti 

2001, Martinez-Vazquez 2016, Zeng et al. 2017). It is now 

understood that the traditional deterministic method of 

wind-resistant design cannot ensure the expected 

performance level and guarantee the safety of structure 

(Chen et al. 2017). Thus, probabilistic quantification of 

wind-induced vibration and reliability-based wind-resistant 

design are indeed required in practice for wind-sensitive 

structures.  

The wind effect is simulated in this paper by generating 

artificial wind field using weighted amplitude wave 

superposition technique. In this regard, Kaimal’s power 

spectral density function (PSDF) (Kaimal et al. 1972) is 

used. Effect of coherence is also taken into account 

following Li et al. (2004). This approach of artificial wind 

force generation has been successfully used in WFA of 

structures (Gur and Ray-Chaudhuri 2014, Bhandari et al. 

2018). Other ways of obtaining wind force distribution over 

height, space and time are by wind tunnel experiments or by 

computational fluid dynamics. However, these approaches 

will require execution of a large number of 

experimentations (or computer simulations) and thus result 

in exorbitantly high simulation time to generate the random 

wind field. Hence, in the present study, the random wind 

field is simulated by generating artificial wind force time-

histories considering uncertainty in the related parameters. 

The record-to-record variation of random wind speed for 

the same wind hazard data is captured by applying dual 

response surface method (DRSM). Once the artificial wind 

force time-histories are generated, the response of RC 

chimney is easily obtained by performing linear time-

history analyses of finite element model of the chimney. 

The temperature effect is combined with the most critical 

wind response values.  

It may be noted here that the response of the structure is 

implicit with respect to input parameters. Thereby, 

execution of the WFA by conventional direct MCS 

framework would involve an exorbitantly large number of 

finite element analyses (FEA). To obtain one point on the 

fragility analysis by the direct MCS, one needs to execute 

the simulation until the MCS converges. Say, the MCS 

converges at 1,000 simulations. This means the FEA of the 

chimney has to be repeated for 1,000 times. Now, for one 

complete response evaluation of the RC chimney (starting 

from wind force generation to the completion of linear 

time-history analysis) the time requirement is generally 

around 15 minutes with 8GB RAM and 3.7 GHz processor 

unit. Hence, the time required for obtaining a single point in 

the fragility curve will be 1,000 15=15,000 minutes, i.e. 

416 hours. Now, to obtain a complete fragility curve at 

different wind speed intensities, this process has to be 

repeated for multiple times. Thus, the WFA in the direct 

MCS framework is a computationally exhaustive approach 

and there must be some tricks to alleviate this onerous 

computational time requirement. 
This issue of extensive computational time required for 

the WFA by the direct MCS is tackled in the present paper 
by proposing a DRSM based WFA formulation. In recent 
years, a trend has been observed in seismic fragility analysis 
of structure to apply the single level RSM (Bhattacharjya 
and Chakraborty 2018, Feng et al. 2018) or the DRSM 
(Ghosh et al. 2017a, Ghosh et al. 2017b) within the MCS 
framework which decouples FEA and response analysis 
modules from the main simulation loop. In the single level 
RSM based approach, one response equation for limit state 
function is generated as a function of input parameters. 
Then, the MCS is adopted to incorporate uncertainty in the 
input parameters. The single-level RSM may not be 
adequate for WFA of RC chimney in the time domain due to 
the random nature of wind. In fact, the artificially generated 
wind force time-history will vary even for the same set up 
of wind speed, wind incidence angle and other system 
parameters. This aspect of record-to-record variation of 
wind force time-history cannot be considered using single-
level RSM (Bhandari et al. 2018). On the other hand, in the 
DRSM, for the same set up of input parameters, a number 
of wind speed time-histories are generated. Thus, at each 
design of experiment (DOE) point, two response surfaces 
are formed, one for mean response and another for the 
standard deviation (SD) of the response. The number of 
FEA runs will obviously increase by the DRSM compared 
to single-level RSM. However, the computational time by 
the DRSM is an order lesser than the direct MCS approach. 
Moreover, the application of single-level RSM in WFA may 
be erroneous as it does not consider the record-to-record 
variation of wind speed time-histories. It is of worth 
mentioning at this point that the application of DRSM is not 
yet investigated in WFA and hence builds another 
uniqueness of the study. It may be further noted that by the 
proposed DRSM based WFA approach, the MCS is no 
longer needed to be performed once the two response 
surface equations are developed by the DRSM. Thus, a 
substantial amount of computational time is saved by the 
proposed approach. 

 

 
2. Wind fragility analysis 

 

The structural safety under random load is generally 

evaluated in terms of fragility, i.e. the probability of 

exceeding allowable response level of structure for a 

specified intensity of wind load. Using the wind hazard, 

wind incident angle and dynamic response statistics, the 

risk of a structure under stochastic wind load is obtained as: 

    
2π

=0 =0

vma

a v
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P y f v, dvdP y

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where,  a v
P y y


 
  ,

is referred as fragility, Fr(v,ϕ), 

which is the focus of the present study. The fragility is the 

probability that the response ‘y’ will exceed the allowable 

threshold response ya when subjected to the wind of speed v 

attacking at an angle, ϕ. In Eq. (1), maxv  is the maximum 

value of wind speed considered in the analysis.  f v,  is 

the joint probability density function (PDF) of the 

maximum wind speed (i.e., wind hazard). For axis 

symmetrical problem like chimney, fragility is invariant of 

ϕ and thus Eq. (1) can be re-written as: 

    

   

0

vmax

f
v

vmax

v=0

a v

r

P P y f v dv

F v f v

y

dv



    
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 (2) 

In the present paper, maximum stresses in concrete and 

steel under combined wind and temperature effects are 

considered as the response quantities, which are obtained by 

FEA of chimney. Let,   Θ  denotes the RSM yielded 

explicit functional form of critical limit state ‘y’ resulting 

out of the response quantities and Θ  represents a vector 

of random parameters (which are the regressors of RSM). 

The MCS is applied over   Θ . If the MCS converges at 

N number of simulations and 
fn  is the number of 

simulations for which    ay = > y Θ , the fragility of Eq. 

(2) can be expressed as: 

       ar fvF v P y > y | n N Θ  
 

  (3) 

Since the effect of temperature difference ΔT also acts 

as another hazard, the above equation is re-written as: 

       Δ '
r fa Tv, F v, T y n NyP  Θ  

 
   |  (4) 

In the above, '
fn  is the number of simulations for 

which the limit state is violated. The relationship between y 

and uncertain parameters, Θ  is implicit. As already 

discussed, the DRSM is used in the present paper to obtain 

an explicit functional relationship between y and Θ . This 

is presented in the next section. 

 

 

3. The dual RSM 
 

The input variable space is usually separated into two 

groups by the DRSM, viz. i) the structural parameters and 

ii) the stochastic sequences. Stochasticity due to the wind is 

implicitly incorporated in the analysis by using a suite of 

wind force time-histories to consider the record-to-record 

variations. In the DRSM, at first for each DOE point (each 

DOE point corresponds to a particular v), a number of wind 

speed time-histories are generated. The mean and SD of 

response are obtained for each DOE point. This is repeated 

for all DOE points (which includes a set of different v). In 

this way, two vectors, viz. a mean vector y  and a SD 

vector, y  of the desired responses `y` are generated. 

Then the response surface for mean and SD are obtained for 

the considered responses i.e. 

( ) and ( )y g y h Θ Θ   (5) 

A goodness of fit test is conducted to ascertain the 

distribution of ‘y’ based on the available DOE data. If ‘y’ is 

observed to follow extreme value type I distribution, the 

cumulative distribution function (CDF) of y is given as: 

    Y n a nF y exp exp y u    
 

 (6) 

with,  1 6n y   and  0 5772n nu y .   . 

Thus, the fragility function of Eq. (3) can now be 

expressed as: 

       1 1r Ya aaF v P Py y y < y F y    >  (7a) 

Using Eqns. (5) - (6), Eq. (7a) can be re-written as: 
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 (7b) 

Thus, the fragility is a direct function of the two 

response surfaces ( )g Θ  and ( )h Θ . Once ( )g Θ  and 

( )h Θ  are obtained, the MCS is no longer required to 

calculate fragility. In this way, substantial computational 

time can be saved in the WFA by the proposed approach 

with respect to the conventional MCS based approach. 

Generally, the RSM expressions are obtained by 

conventional least-squares method (LSM). However, recent 

researches (Zhao et al. 2017, Bhattacharjya et al. 2019) 

indicate the possibility of error inclusion by the LSM. Thus, 

in the present paper, a more efficient moving-least-squares 

method (MLSM) has been adopted in the DRSM. 

 

 

4. The MLSM based DRSM 
 

The dynamic response quantity of the structure 

 y  Θ  is generally approximated by the LSM based 

RSM. Consider, ℜ response values yℜ, corresponding to ℜ 

numbers of observed input data ij (which denotes the ith 

observation of the regressor j  in the DOE). The 

relationship between the predicted response, ŷ  and the 

regressor variables, Θ  is expressed by the polynomial 

RSM as (Myers et al. 2016): 
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  2
0

1 1 2

ˆ i j

n n n

i i ii ij i
i i i j

y       Θ
   

       (8) 

where, n is the number of regressors. Now, after assembling 

all the points in dataset, the above relationship can be cast 

in the matrix form as ŷ Qβ , where, Q  and β  are the 

design matrix (which contains the input data from the 

DOE), and the unknown co-efficient vector, respectively. 

Then, the relationship between the actual response vector y 

and the predicted response ŷ  can be expressed as: 

ˆy y ξ Qβ ξ     (9) 

In the above, ξ  is the error vector. The unknown 

polynomial coefficient vector is obtained by minimizing an 

error norm which represents the sum of the squares of errors 

as: 
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2
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in which, *Q is the design matrix whose elements are 

evaluated at the DOE points. Minimizing error norm yields: 

-1
*T * *T

β = Q Q Q y 
 

 (11) 

It can be noted from above that the coefficient vector by 

the LSM remains invariant over the whole domain of 

interpretation. In other words, the LSM yields a global fit. 

As a result, the problem of under-fitting may arise for the 

LSM, yielding large approximating errors. In this regard, 

the MLSM based RSM predicts a local approximation of 

the scatter data based on the point of interest (prediction 

point). The MLSM based RSM is a weighted LSM that has 

varying weight functions with respect to the position of 

approximation. The weight associated with a particular 

sampling point iΘ  decays as the prediction point Θ  

moves away from iΘ . The weight function is defined 

around Θ  and its magnitude changes with Θ . The 

MLSM captures localized variations of the response by 

virtue of this weight function and significantly reduces the 

curse of underfitting. The modified error norm yErr Θ( )  

can be defined as the sum of the weighted errors as: 

 
(12) 

Here,  W Θ is the diagonal matrix of the weight 

function and it depends on the location of Θ .  W Θ  is 

obtained by utilizing a weighting function as (Taflanidis and 

Cheung 2012): 

2 2 2
1 1
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

d

Θ-Θ d

d d

 (13) 

where,   is the diameter of the sphere of influence 

around iΘ , which is chosen to cover a sufficient number of 

neighbouring points evading the under-fitting problem. In 

the present study,   is chosen as twice the distance 

between the most extreme experimental point out of 

(1+2n)th scatter data points (Goswami et al. 2016). id  is 

the Euclidean distance between the sampling point, iΘ , 

and the prediction point, Θ ; and c,   are the free 

parameters to be selected for better efficiency. It is of worth 

mentioning here that there is a chance of overfitting by both 

the LSM and the MLSM. In such a case, the response 

surface model captures the noise or random fluctuations in 

the training data. As a result, because of the captured noise, 

the developed response surface model may fail to accurately 

predict the response for new datasets. Now, for the LSM, 

there is no regulating parameter restricting the overfitting 

problem. However, for the MLSM, the parameter c serves 

to take care of this aspect. When a higher value (>1.0) of c 

is chosen, the MLSM approaches towards a conventional 

LSM based RSM, i.e., the local approximation is no longer 

working. On the other hand, if a very low value (<0.1) is 

taken for c, then very few DOE points closer to the 

prediction point get hugely weighted compared to the other 

DOE points, resulting in overfitting. Hence, the selection of 

a value for c should be a balance between a local 

approximation and accuracy by avoiding near-singular 

problem. It has been already reported in the existing 

literature that if the parameters ‘c’ and ‘ ’ take the values 

0.4 and 1.0, respectively, both the problems of under-fitting 

and overfitting can be alleviated (Taflanidis and Cheung 

2012, Bhandari et al. 2018, Ghosh et al. 2018). Moreover, 

in the present study, the accuracy of the generated response 

surface is cross-validated by taking new test points which 

are not used to construct the response surface. If the 

validation is unsuccessful a fresh DOE is generally taken to 

re-construct the response surface. In this regard, one can 

refer re-sampling techniques like k-fold cross-validation 

approach (Reuter et al. 2017). 

The weight matrix  W Θ can be constructed by using 

the weighting functions in diagonal terms as: 

1
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0 0
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 
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 (14) 

The least-squares estimate of β  is then obtained as 

(Myers et al. 2016): 
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-1
*T *T*

β = Q W(Θ)Q Q W(Θ)y 
 

 (15) 

Once β  is evaluated by the above equation, the response:

 ŷ  Θ=  can be readily evaluated for any set of input 

parameters,Θ . 

In the present paper, the MLSM based DRSM is used to 

execute WFA. However, for the sake of comparison, the 

analysis has been also done by the most accurate direct 

MCS approach and the conventional LSM based DRSM. 

 

 

5. Generation of wind force time-history 
 

In the present study, the random wind field has been 

simulated by generating artificial wind force time-histories 

through spectral representation method (SRM). Due to its 

accuracy and simplicity, the SRM is a widely used method 

in the simulation of stochastic processes and random fields 

(Shinozuka 1971, Di Paola 1998, Benowitz and Deodatis 

2015, Liu et al. 2018). In fact, this spectral representation is 

derived based on real data. The stochastic wind field model 

presented in this paper is well accepted and has been 

already used in Gur and Ray-Chaudhuri (2014), Bhandari et 

al. (2018) and Chen et al. (2019).   

In general, the along-wind component of wind force 

acting at ith level at height z from the ground can be written 

as: 

 
21

( , )
2

D D iF z t = V z,t C A     (16) 

In above, the wind speed,  V z,t , is composed of time-

invariant mean component ( )V z , and a fluctuating 

component v(t) , known as gust; i.e. V(z,t) = V(z) + v(t) . 

The mean wind speed profile V(z)  is expressed by a 

power law (Simiu and Scanlan 1986) as:

 
1/

G GV(z) V z z


 , where, GV  is the gradient wind 

speed, Gz  is the gradient height, and   is an exponent. 

The values of Gz  and   depend on ground surface 

roughness. In the numerical study, Gz =12.5 m and  =7 

have been considered following Chen and Letchford (2004). 

CD is the drag coefficient, which is invariant over height. In 

the present study, the value of CD is obtained from IS 

875(III) (2015) since the structure considered is regular in 

shape and size. However, for irregular structures, CD may 

be estimated from a wind tunnel test or by computational 

fluid dynamic analysis.   

The gust component v(t) is a major source of 

randomness. Most commonly, the random nature of the gust 

is modelled by its PSDF. In this study, the gust component 

is generated by using Kaimal’s PSDF which can be 

expressed as: 

 

     5 3250 1 50 2

u

/

*

S ,z

u z V z z / V z



  



    

 (17) 

where,  2 f  is the frequency in rad/s, and f is in Hz. 

The shear velocity 
*

u  is computed by logarithmic law of 

mean velocity as (Ambrosini et al. 2002), 

 0*
u = V ln z / z , in which,   is the von Karman 

constant, taken as 0.4 (Tabbuso et al. 2016), and 0z  is the 

roughness length of the surface which depends on the 

surface properties only and can be taken as 0.01 for smooth 

surface (Chen and Letchford 2004). It may be noted here 

that the wind directionality with respect to the orientation of 

a structure and coherence seem to have substantial effects 

on wind response (Abrous et al. 2015, Benowitz and 

Deodatis 2015). Thus, in the present study, a more realistic 

wind field model accounting wind directionality and 

coherence is taken up. In natural wind fields, the wind 

speed and phase of the calculated points at different heights 

are different due to the turbulence. The associated 

correlation is generally expressed as a coherence function. 

The along-wind coherence ( , )jk dx   and across-wind 

coherence ( , , )jk dy dz   can be estimated as (Harris 

1990, Ambrosini et al. 2002): 

 ( , ) 2 ( )jk x jkdx exp C dx V z       
 

 (18) 

2 2

( , , )

( ) ( ) 2 ( )

jk

y z jk

dy dz

exp C dy C dz V z

 

 



    
  

 (19) 

In the above, dx, dy and dz are |xj-xk|, |yj-yk| and |zj-zk|, 

respectively (in m) for two points j [coordinate (xj,yj,zj)] and  

k [coordinate (xk,yk,zk)]. ( )jkV z  is 0.5 ( ) ( )i jV z V z  

m/s. xC , yC  and zC  are the decay parameters, which 

vary with mean wind speed, turbulence intensity, roughness 

length, separation distance, wind angle and temperature 

(Peng et al. 2018b). However, in the present paper, the 

values of xC , yC  and zC  are taken as 6.0, 16.0 and 

10.0, respectively, based on Chen and Letchford (2004), 

Saranyasoontorn et al. (2004), Zhang et al. (2008), Gur and 

Ray-Chaudhuri (2014), Hu et al. (2019) and Simiu and Yeo 

(2019). For the simulation of wind field, the original 

coordinate system (x,y,z) is transformed to the wind flow 

direction coordinate system ( 'x , 'y , 'z ) as: 

' cos cos(90 ) cos90

' cos(90 ) cos cos90

' cos90 cos90 cos 0

x x

y y

z z

 

 

    
    

     
    
    

 (20) 

where,   is the wind incidence angle. The spectral density 

matrix (SDM), ( )oS   can be expressed as (Popescu et 

al. 1998): 

11 12 13 1

21 21 31 2

1 2 3

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
( )

( ) ( ) ( ) ( )

o o o o

m

o o o o

o m

o o o o

m m m mm

S S S S

S S S S

S S S S

   

   


   

 
 
 
 
 
  

S  (21) 
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The diagonal elements of SDM, i.e. o
jjS  are the PSDF 

which are real and non-negative functions of  . The off-

diagonal terms of SDM, i.e. o
jkS  are the cross-spectral 

density functions which are complex functions of  . The 

elements of SDM can be taken as (Chen and Letchford 

2004): 

( ),   ,  o
jj jS S j m j = k   ; and  

( ) ( ) ,  , , o
jk j k jk jkS S S j m k m j k          

(22) 

In the above, Sj and Sk are the PSDF at jth and kth points, 

respectively. As the SDM is a Hermitian one, it can be 

factorized into the upper and lower triangular matrices by 

Cholesky’s method as follows: 

*T( ) ( ) ( )o   S H H  (23) 

where, ( )H  is a lower triangular matrix and 

 1( ) Im[ ( )] [ ( )]ij ij e ijtan R   H H
 . 

Finally, ( )t  can be simulated by using the Fast 

Fourier Transform (FFT) algorithm as (Chen and Zhang 

2009): 

1
( )

1 0

2
( ) Re (  

                                            , -1

j M
p

i jql
q l

v r t B exp ilr
M

j m p M






 

   
     

   

   

 (24) 

where, 

 2
( i )

jql jq jq qlB l exp i l exp i    Η          
; 

with u N  , 2t M   , 2 fM = N , and ql  
is the random phase angle uniformly distributed over 0 to 
2π. u  is the uppercut frequency, fN  is the number of 
frequency divisions. Finally, the time-history for ( , )DF z t  
is obtained by Eq. (16). Since, the geometry of a chimney is 
symmetrical with respect to the central vertical axis, the 
effect of wind directionality is not studied here. However, 
this is an important consideration for other tall structures 
like towers and buildings and should be considered in wind 
load generation. In this regard, the articles (Ierimonti et al. 
2017, Bhandari et al. 2018, Cui and Caracoglia 2018) may 
be referred. 

For the across-wind component, effect of vortex 
shedding is an important source of excitation. Large 
amplitude vibration may take place in a plane normal to the 
wind flow direction when the vortex shedding frequency is 
in resonance with one of the natural frequencies of the 
chimney. The time-varying vortex shedding force can be 
expressed as: 

   
21

( , )
2

L L iF z t = V z C z,t A     (25) 

The stochastic lift force co-efficient,  LC z,t is obtained 
by weighted aptitude wave superposition technique (Lipecki 
and Flaga 2017) with the PSDF of  LC z,t  as (Vickery 
and Basu 1983): 

   

       

2

2 2
0 0

,

1 2 1

C CL L
S z z

z exp z

 

     



   

 (26) 

where, 0 02 f   is the vortex shedding frequency and 

   0 tf S V z D z . tS  is the Strouhal number, assumed 

as 0.20 (for 26m sD V  ) and 0.25 (for 26m sD V 

) (IS:875-III 2015).  z  is the band-width parameter of 

the PSDF assumed as 0.25 (Xu et al. 2017).  CL
z is the 

SD of LC  which is assumed as invariant over height and 

taken as 0.4 (Huang and Chen 2007).  D z  is the outside 

diameter of the chimney at height z from the ground level. 
Finally, the along-wind force and across-wind force are 

combined as: 

      2 2

D LF z,t F z,t F z,t   (27) 

More details about evaluation of LC  and combination 

of ( , )DF z t  and ( , )LF z t  can be found in Venanzi and 

Materazzi (2012). 

 

 

6. Incorporation of temperature effect 
 

In RC chimney, brick liner reduces the temperature 

difference between outer and inner faces of chimney 

substantially. However, the remaining temperature 

difference, that yet prevails among the two surfaces are 

quite considerable. Let, this temperature difference be ΔT. 

Figs. 1(a), 1(b) and 1(c) depict the vertical section of 

chimney showing the thickness (t), temperature gradient 

along the thickness, and stress variation along the thickness, 

respectively. It can be derived that the maximum 

compressive stress in concrete ( T
c ) and tensile stress in 

steel ( T
s ) due to temperature difference ΔT are (Bhavikatti 

2014): 

 ,   =  T T
c c s sE T k E T k         (28) 

In the above, kt is the depth of the neutral axis (Fig. 

1(c)), which can be obtained as: 

2 2( 2 )k mp m p mp     (29) 

where, p is the area percentage of steel reinforcement and m 

is the modular ratio=Es/Ec. The hoop stress induced in the 

circumferential steel due to ΔT can be written as: 

  sh cσ mσ φ k / k      (30) 

Here φ  is the centroidal distance of horizontal 

reinforcement from the extreme compressive fibre. 

2 2( 2 )k mp m p mp      and c ck E T    . 

Thus, the stresses in steel and concrete can be directly 

determined by the Eqns. (28) - (30) if the reinforcement in 

the chimney is known. Then, the stresses due to wind and 

temperature are combined (since, wind and temperature are 

mutually exclusive events) to obtain critical limit states for 

stress in steel and concrete. Now, to consider the effect of  
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Fig. 1 (a) A sectional elevation of chimney, (b) temperature 

variation along the thickness, and (c) stress distribution 

 

 

uncertainty, DRSM based wind fragility procedure is 

accomplished. This is detailed in the next section. 

 

 

7. Implementation of the DRSM based WFA 

 

The implementation procedure is described below by 

means of a flow chart in Fig. 2. At first, the uncertain 

parameters are selected. Thereafter, their mean, SD and 

statistical distribution are decided based on the existing 

literature. Accordingly, the design matrix with ℜ design 

points (ℜ=20 here) is constructed following Latin 

Hypercube Sampling (LHS) technique (McKay et al. 2000). 

Then, at each DOE points, l artificial stochastic wind force 

time-histories are generated (l=10 here). The wind force is 

computed following Eq. (27). Linear time-history analysis 

of the finite element model of the chimney is performed at 

all the DOE points and for each of the l artificially 

generated wind force time-histories. In the present study, 

V is varied from 10 m/s to 70 m/s at an interval of 10 m/s. 

Now, for each V , a bin of l stochastic wind force time-

histories is generated. Thus, the time-history analysis is 

executed for ℜ (wind speeds)   l (artificial wind force 

time-history) i.e. ℜ   l times (=200 in the present case). 

For each set up of V , the mean and SD of maximum 

response (maximum stresses here) are stored for 

construction of response surfaces. Parallelly, for different 

ΔT as per DOE, the maximum stress in steel and concrete 

are calculated and combined with wind effect to obtain the 

critical limit state of stress. Finally, two response surfaces, 

one for the mean response, and another for the SD of 

response are generated for subsequent WFA. 

 

Fig. 2 Implementation of the WFA in the DRSM framework 

 

 

Fig. 3 Sectional elevation of the RC chimney 

 

 

The key concept of the DRSM are i) the generation of a 

number of wind force time-history for each set up of V to 

capture record-to-record variation of wind speed, and ii) 

construction of two response surfaces, one for mean and 

another for SD of response for accomplishment of WFA as 

defined in Eqs. (6) and (7(a) - 7(b)). Thereafter, wind 

fragility of RC chimney for different set up of ΔT and V is 

computed using the developed response surfaces. Once, the 

dual response surfaces are generated, the WFA can be 

accomplished without applying direct MCS (see Eqs. 7(a) -

7(b)). Thus, a substantial amount of computational time is 

expected to be saved by the proposed approach. 

 

 

8. Numerical study 
 

The proposed WFA of RC chimney is elucidated by 

considering a 70 m high RC chimney (Fig. 3). The chimney 

structure is considered to be fixed at the bottom and the top 

is free. The outside diameter of the chimney is 4.8 m at the 

base and is uniformly tapered to 4 m at the top. The  
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Fig. 4 Wind speed time-history at 30 m level of the chimney 

for V = 50 m/s 
 

 
Fig. 5 Wind speed time-history at 70 m level of the chimney 

for V = 50 m/s 
 

 

thickness of the chimney is 400 mm at the base which is 

uniformly reduced to 200 mm at top. A deterministic design 

yields 1% vertical reinforcement and 10 mm bars @ 200 c/c 

as hoop reinforcement (Bhavikatti 2014). The thickness of 

the brick lining and air gap both are 100 mm. M25 grade 

concrete and Fe500 grade steel are adopted. Four 

temperature differences are considered, viz. 50°C, 100°C, 

150°C and 200°C. Coefficient of thermal expansion is taken 

as 11 10-6/°C. The chimney has been considered to be 

uniformly tapered circular in cross-section and modelled 

with shell elements in FEA software SAP2000. 

The wind speed time-histories are generated by using 

the wind field model as detailed in section 5. Wind speed is 

varied from 10 m/s to 70 m/s at an interval of 10 m/s and a 

set of artificially generated wind speed time-histories are 

obtained at each wind speed. It can be noted that though 

V  rarely exceeds 50 m/s, still such a wide range of V is 

considered to yield complete wind fragility curves. Wind 

speed time-histories are generated at fourteen nodes along 

the height spaced at 5 m c/c. Two typical along-wind wind 

speed time-histories obtained for mean wind speed 50 m/s  

 
Fig. 6 Two typical wind speed time-histories showing 

variations for V =50 m/s 
 

 

at 30 m and 70 m level of the chimney are shown in Figs. 4 

and 5, respectively. The root mean squares dispersion value 

about the mean for these two time-histories are 3.43 m/s 

and 4.74 m/s, respectively. The associated average 

dispersions are 10.08% and 22.85%, respectively. For a 

particular realization of V  (50 m/s), two wind speed 

signatures are plotted in Fig. 6 (TH I and TH II) to reflect 

the variability in the wind load. It is interesting to observe 

that the wind speed signatures significantly vary even for 

the same realization of V and other load-related 

parameters. The average dispersion value of wind speed 

about the mean is 8.47% and 10.05% for TH I and TH II, 

respectively. This figure indicates the necessity of applying 

DRSM in order to capture this record-to-record variation of 

wind speed. 

A comparative study is carried out with different 

available Indian Standards (IS) relevant to chimney design. 

The maximum wind speed variation is plotted in Fig. 7 for 

varying height of the chimney by i) IS 875(III) (1987) (with 

gust), ii) IS 4988-I (2015) (with gust), iii) IS 875(III) (2015) 

(with gust), and iv) IS 875(III) (2015) (without gust). IS 

4988-I (2015) is a specific code for chimney design; 

whereas, IS 875 (III) (2015) is a general code for any 

structure in India. IS 875(III) (1987) is the most 

conservative approach when gust is considered. In the 

present study, the ratio of minimum lateral dimension to 

wall thickness is much lesser than 100 (IS:875-III 2015). 

Hence, the ovalling effect is not considered. In Fig. 7, the 

present stochastic wind field approach of wind pressure 

distribution is not considered. This is because the pressure 

by the stochastic wind field approach is temporally varying 

and stochastic in nature unlike the other pressure calculation 

methods of Fig. 7. Moreover, as per the coherence theory, 

the maximum wind pressure at all the stories will not be 

attained simultaneously. Thus, in order to check the 

compatibility of the time-histories of wind pressure with 

other methods presented in Fig. 7, the maximum horizontal 

deflection is compared in Table 1. It may be observed from 

Table 1 that the stochastic wind field approach yields more 

deflection than IS 4998-I (2015), but is less than the most 

conservative IS 875(III) (1987) approach. It is important to  
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Fig. 7 Wind pressure variation with respect to the height of 

the chimney 
 

Table 1 Maximum deflection by various wind estimation 

approach 

Approach 
IS: 4998-I 

(2015) 

IS:875-III (1987) 

(with gust) 

Stochastic 

wind field 

Maximum top 

deflection 
63.75 mm 86.9 mm 74.8 mm 

 

 

note that by the stochastic wind field approach, at first, ten 

wind force time-history sets are simulated using Eq. (27) to 

consider record-to-record variation of wind speed. Each set 

comprises of fourteen wind force time-histories for fourteen 

equidistant levels of the chimney along the height. V  is 

taken as 50 m/s. Then, linear time-history analyses are 

performed using FEA software SAP2000 for each of these 

wind force sets. The timely-maximum value of lateral 

deflections is extracted for each level of the chimney for all 

these wind force time-histories, which yield ten timely-

maximum lateral deflection profiles over the height of the 

chimney for each of the ten sets of wind force. Finally, the 

mean deflection profile is found out by averaging these ten 

deflection profiles, the maximum of which (obtained at top 

node of the chimney) is presented in Table 1. The stochastic 

wind field being more detailed and realistic approach is 

adopted in the present study for the WFA. 

The behaviour of the chimney is found to be well within 

the elastic limit under the stochastic wind field. The 

maximum value of the top deflection observed is 74.8 mm 

and the allowable elastic limit of deflection of the RC 

chimney is Hs/500 (=140 mm) (IS:4998-I 2015), where Hs 

is the total height of the structure (Hs=70 m considered in 

this numerical study). Hence, a linear time-history analysis 

has been performed in SAP2000. Also, the material is 

considered to be homogeneous and isotropic for linear 

dynamic analysis. Geometric and material non-linearities 

are neglected.  

It can be further noted here that a more general way to 

treat effect of temperature is to apply a non-linear dynamic 

analysis of the structure incorporating the effect of 

cracking, stiffness degradation and tension stiffening. In 

this regard, Hognestad’s model (Hognestad 1951) or EN 

1992-1-2 (2004) may be referred. However, in the present  

 
Fig. 8 Validation of the RSM 

 

Table 2 Random Parameters considered in fragility analysis 

Parameters Mean 
COV 

(%) 
PDF Reference 

CD 0.9 10 normal 

Le and 

Caracoglia 

(2020) 

γc 25 kN/m3 10 normal 

Masoomi and 

van de Lindt 

(2016) 

γb 20 kN/m3 10 normal 

Masoomi and 

van de Lindt 

(2016) 

m 13 10 normal 
Low and Hao 

(2001) 

V  varies 30 
extreme 

value type I 

Morgan et al. 

(2011) 

α 11x10-6/°C 10 normal - 

Es 
2.1x108 

kN/m2 
10 normal 

Masoomi and 

van de Lindt 

(2016) 

ΔT 50°C-200°C 30 lognormal - 

 

 

study, linear dynamic analysis has been adopted to cater to 

temperature effects in a simplified way without considering 

material and geometric non-linearities. This simplified 

approach is a widely used design practice in India (Manohar 

1985, Bhavikatti 2014).  

The response surfaces for the mean and SD of maximum 

stress under combined wind and temperature effect is 

obtained by the DRSM. Validation of the actual finite 

element result of mean maximum stress in concrete with 

respect to DRSM predicted value is shown in Fig. 8. As 

discussed, MLSM based RSM (Bhandari et al. 2018) has 

been adopted in the present study in place of conventional 

LSM based RSM. It may be observed that the MLSM based 

RSM captures the trend of actual finite element results quite 

satisfactorily than the conventional LSM based RSM. 

Hence, the MLSM is applied here to work out the rest of the 

WFA results. The coefficient of determination value (R2) 

(Wright 1921) and root mean square error (RMSE) 

(Barnston 1992) by the MLSM based RSM are 0.95 and 

0.0053, respectively, whereas for LSM based RSM those 

are 0.83 and 0.000413, respectively which attests the  
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Fig. 9 A typical goodness of fit test 

 

 
Fig. 10 The convergence of the MCS 

 

 

accuracy of the MLSM based RSM approximation. The 

WFA is accomplished using LHS incorporating temperature 

effect and the uncertainty in the system parameters. The 

regressors those have been considered to construct response 

surfaces are: 

• Drag coefficient (CD) • Wind speed (V ) 

• Unit weight of concrete (γc) 
• Coefficient of thermal 

expansion (α) 

• Unit weight of brick lining (γb) 
• Modulus of elasticity of steel 

(Es) 

• Modular ratio (m) • Temperature difference (ΔT) 

The statistical properties of these regressors are 

presented in Table 2. 

To ascertain CDF of the distribution of stresses, a 

goodness of fit test has been performed. Fig. 9 shows the 

frequency diagram for maximum stress in concrete. It can 

be observed that extreme value type I fits best with the 

statistical trend of actual maximum stress in concrete 

obtained by FEA. This inference is further validated by a K-

S test (Massey 1951). The p-value statistics obtained for the 

normal, lognormal, Weibull and extreme value type I 

distributions are 0.11146, 0.84096, 0.57489 and 0.88529, 

respectively. Since, the extreme value type I distribution 

yields the highest p-value among these distributions, it can 

be concluded that the response conforms to the extreme 

value type I distribution more appropriately. For WFA the 

limit states of failure considered are: i) maximum stresses in 

concrete in chimney due to combined effect of self-weight, 

wind and temperature, ii) associated maximum stress in  

 
Fig. 11 Wind fragility of RC chimney by conventional 

single-level RSM 
 

 
Fig. 12 Wind fragility of RC chimney by the DRSM 
 

 

vertical reinforcement, and iii) hoop stress in horizontal 

reinforcement. The allowable limits are 8.5 MPa, 230 MPa 

and 230 MPa, respectively. The fragility is evaluated 

assuming response distributed as extreme value type I (see 

Fig. 9). Accordingly, Eq. (7) is used to evaluate the fragility. 

The MCS is no longer required by the proposed DRSM 

based approach once the dual response surfaces are 

generated. However, to validate the efficiency of the 

proposed approach the WFA is also carried out by the direct 

MCS approach. The direct MCS converges at 2600 number 

of simulations. The WFA has been also executed by 

conventional single-level RSM, wherein the MCS is applied 

over a general response surface of maximum stress. This 

approach does not take into account the record-to-record 

variation of wind speed time-histories. The MCS based 

single level RSM converges at 6000 simulations. A typical 

convergence study is presented in Fig. 10. 

The fragility curves are shown through Figs. 11-14. 

Figs. 11 and 12 presents the fragility curves by the 

conventional single-level RSM and the proposed DRSM, 

respectively. The fragility curves are presented in terms of 

probability of failure (Pf) of the chimney for varying wind 

speed and temperature difference (in °C). It may be noted 

that at smaller wind speed both the approaches produce 

analogous results. For example, when V =25 m/s and 

ΔT=100°C, Pf values are 11% and 15% by the single-level 

RSM and DRSM, respectively. Pf=43% and 40% by the  
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Fig. 13 Comparison of fragility curves for varying wind 

speed at ΔT=150°C 
 

 
Fig. 14 Comparison of fragility curves for varying wind 

speed at ΔT=200°C 
 

 

single-level RSM and DRSM, respectively, when V  is 18 

m/s and ΔT=200°C. However, there is a significant 

difference between the fragility curves by conventional 

single-level RSM and the proposed DRSM for higher wind 

speed values. For example, when V  is 48 m/s and 

ΔT=100°C, the single level RSM predicts Pf =86%, 

whereas, the DRSM predicts Pf= 63%. At V =54 m/s, the 

single level RSM predicts Pf =98%, whereas, the DRSM 

yields Pf=85%. It can be noted from both of these figures 

that when V = 45 m/s or more, wind governs the design. In 

such a case, Pf is almost the same for all values of ΔT. It can 

be observed from these figures that the conventional single-

level RSM predicts the values of Pf in the higher side than 

the DRSM. This may be due to the fact that the single-level 

RSM considers one typical wind speed time-history for 

each V ; whereas, in the DRSM a suite of load time-history 

records corresponding to particular wind speed is 

considered. In the present case, the single-level RSM is 

biased towards the higher prediction of risk, but the reverse 

may also happen. In fact, as the single-level approach does 

not consider the record-to-record variation of wind speed 

time-histories, the results may be biased towards the lower 

or higher side (as in the present case) than the actual. It may 

be further observed that over ΔT=150°C, the temperature  

Table 3 Computational efficiency by the proposed DRSM 

based fragility analysis procedure 

Approach 
Direct 

MCS 
MLSM_DRSM LSM_DRSM 

Number of FEA run 2600 200 160 

Computational 

time requirement 
847 hours 35 hours 28 hours 

 

 

stress is so pronounced that Pf is very high even at V =35 

m/s. At low wind speed (V <30 m/s), say around 20 m/s, 

the temperature difference of 100°C and 150°C yield Pf of 

10.5% and 24%, respectively. However, below 100°C, the 

wind effect is more pronounced than the temperature effect. 

Although the deterministic design by IS code method 

(IS:4998-I 2015) is observed to be safe, Fig. 12 shows 21% 

probability of failure at V = 33 m/s and ΔT=50°C. 

The probability of failure is plotted for varying V  with 

ΔT =150°C and 200°C in Figs. 13 and 14, respectively. The 

results by the LSM based DRSM, the most accurate direct 

MCS approach and the proposed MLSM based DRSM 

approach are also shown in the same figure. The proposed 

MLSM based DRSM conforms well to the most accurate 

direct MCS approach endorsing the accuracy of the 

proposed approach. On the other hand, the conventional 

LSM predictions significantly deviate from the most 

accurate direct MCS approach indicating inaccurate 

prediction by the LSM. 

The computational efficiency by the proposed DRSM 

based WFA is indicated in terms of the number of FEA runs 

in Table 3. The total computational time required by the 

three approaches is shown in the same table. A processor 

with 8 GB RAM and 3.7 GHz clock speed has been used to 

carry out the fragility analysis. The computational time 

shown here is inclusive of construction of DOE, generation 

of metamodel and subsequent fragility evaluations. Table 3 

clearly establishes the computational viability of the 

proposed approach. 

The proposed DRSM based WFA approach is efficient 

for probability of failure more than 10-3. However, for 

estimating very low probability of failure, techniques like 

Importance sampling (Denny 2001), kriging (Rasmussen 

and Williams 2006), polynomial-chaos expansions 

(Chakraborty and Chowdhury 2017), support vector 

machines (Gunn 1998), and ensemble of suitable 

metamodels (Acar and Rais-Rohani 2009) may be explored, 

which is under consideration at this stage. 

 

 

9. Conclusions 
 

Wind fragility analysis of an RC chimney is presented 

incorporating temperature effects. The stochastic artificial 

wind force time-histories are generated by SRM using 

Kaimal’s PSDF. The limit states of failure composed of 

exceeding maximum stresses in steel and concrete, which is 

obtained by a linear time-history analysis of the finite 

element model of the chimney. The implicit limit state 

function for the failure of the chimney is approximated by 
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DRSM framework. The proposed scheme of WFA using 

DRSM considers the record-to-record variation of wind 

speed time-histories and provides a more rational basis for 

WFA than the conventional single-level RSM. Based on the 

numerical study following conclusions can be summarized: 

• The WFA disregarding temperature effects will provide 

unsafe predictions. It has been observed that over 

temperature difference of 150°C, the temperature stress 

is so pronounced that the probability of failure is very 

high even at low wind speed. However, below 100°C, 

wind governs the design. It has been further observed 

that the deterministic design by IS code method is safe 

at a wind speed of 33 m/s, whereas the proposed method 

yields 13% probability of failure at that wind speed.  

• The results show that the DRSM captures the trend of 

actual FEA quite satisfactorily. There is a significant 

deviation in fragility curves between conventional 

single-level RSM and the proposed DRSM approach of 

WFA, particularly in higher wind speeds (more than 33 

m/s). In the present case, the single-level RSM yields 

higher risk values than the DRSM. This is because the 

WFA by conventional single-level RSM considers only 

one sample of wind speed time-history, which may be 

inadequate for accurate risk prediction. On the other 

hand, sufficient wind speed time-history records are 

taken in DRSM which captures the temporal variation of 

wind speed in a more detailed way (such as computing 

the mean, SD and CDF of wind speed). 

• By the proposed DRSM based WFA approach, once 

the dual response surfaces are generated, MCS is not 

needed to be performed to calculate fragility. As a result, 

the present approach requires substantially lesser 

computational time than the conventional direct MCS 

based approach.  

Among the future scope of work, more accurate 

modelling of temperature difference may be explored. The 

temperature difference may be assumed as uncertain-but-

bounded type. In the present study, the wind fragility is 

obtained assuming that the high wind loads (which may 

even cause resonance at critical wind speeds) and high 

temperature may occur simultaneously. In fact, for a 

controlled operation of chimney, the probability of their 

joint occurrence will be at low value; but, for uncontrolled 

(or unsupervised) operations, there will be a chance of 

occurrence of these two extreme events simultaneously. If 

the two events are mutually exclusive, the total failure 

probability will be affected. This needs further study using 

site hazard curves and detailed statistical data. For practical 

interest, the proposed procedure may be implemented for 

other height and aspect ratios of the chimney with site 

specific wind and temperature difference data. The 

proposed approach being generic in nature, can be explored 

for steel chimneys as well, but the effect of ovalling must be 

considered in such cases. 
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List of Acronyms 

CDF 
cumulative distribution 

function 
MLSM 

moving-least-squares 

method 

COV coefficient of variation PDF 
probability 

distribution function 

DOE design of experiment PSDF 
power spectral 

density function 

DRSM 
dual response surface 

method 
RC reinforced concrete 

FEA finite element analyses RMSE 
root mean square 

error 

FFT Fast Fourier Transform RSM 
response surface 

method 

LHS 
Latin Hypercube 

Sampling 
SD standard deviation 

LSM least-squares method SDM 
spectral density 

matrix 

MCS Monte Carlo simulation WFA 
wind fragility 

analysis 
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