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Abstract: Increased temperature due to global climate change is increasing the magnitude and fre-

quency of extreme winds making billboard structures more vulnerable. This paper proposes a meth-

odology to determine the structural safety of flexible outdoor single-post billboards. A CFD model 

of a flexible single-post billboard was performed as an example. Resultant wind forces were ob-

tained for the previous model using different wind speeds. A mechanical numerical model of the 

billboard was realized, and this was subjected to the resultant wind forces. Internal forces for the 

most vulnerable places of the billboard were obtained for all different adopted wind speeds. Next, 

a reliability analysis of the billboard was performed considering several values for the bias factor 

and coefficient of variation for the internal forces caused by wind. Safety levels determined from 

the reliability analysis indicate that a billboard designed with a nominal wind speed of 180 km/h 

cannot achieve the target probability index of 3.2 for wind speed higher or equal to 200 km/h for 

any of the adopted probabilistic parameters. Significant differences in the found safety levels for the 

evaluated probability parameters indicate that billboard structures could undergo safety values be-

low the target one with changes in the case where wind characteristics endanger this type of struc-

ture. 
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1. Introduction 

Since the end of the 20th century, the use of billboards has increased considerably 

because they are a means of outdoor advertising that can meet the sales and image expec-

tations of advertisers, in addition, they are highly effective, productive, profitable and low 

cost. Increased temperature caused by global climate change increases the number of hur-

ricanes and extreme wind events. This frequency and wind speed increase could make 

structures such as billboards more vulnerable. 

These structures are built based on steel angles and tubular elements, many of them 

supported by a single column without redundancy capacity, and with a significant area 

in contact with the wind as can be seen in Figure 1. 
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Figure 1. Typical single post billboards. 

In addition, many billboards have been built without complying with construction 

regulations and, on many occasions, do not consider the criteria established in the struc-

tural design codes and regulations of mentioned structures. Therefore, they are vulnerable 

to wind gusts caused by hurricanes, storms and other atmospheric events. Some authors 

have reported damage in this type of structure, for instance, Wang et al. [1], Wen and Xie 

[2], Warnitchai et al. [3] and Li et al. [4]. The lack of an adequate structural design in this 

type of structure can cause partial or total damage, causing material and human losses. 

The most vulnerable part of billboards is the supporting structure. Their typical failures 

are caused by exceeding the capacity of flexure-compression of the main tube, flexural 

capacity of the base plate and tensile capacity of the anchor rods. To detect these damages 

in advance, several techniques based on structural health monitoring (SHM) can be ap-

plied. This considers locating sensors to monitor the structural behavior by applying dif-

ferent damage detection methods. SHM has been applied successfully in structures such 

as wind turbines, which are similar to billboards [5]. One example of these typical failures 

is shown in Figure 2. 

 

Figure 2. Typical failure in the support of single-post large billboards. Source [4]. 

Wind is an atmospheric phenomenon whose pressures on structures fluctuate. The 

magnitudes of the pressures depend on height, structural configuration, wind direction 



Appl. Sci. 2023, 13, 6197 3 of 23 
 

angle, also called angle of a�ack, wind turbulence and various other factors. Although 

these factors have been mostly included in the wind design manuals and codes, there are 

uncertainties in the structural response when there are flexible billboards that can have an 

important aeroelastic effect. 

Despite the structural simplicity of billboards, their wind interaction is complex and 

depends on the size of the plate, total height, clear height and wind direction angle, among 

others. In professional practice, the billboard design is usually done by static methods, 

well-established in wind manuals and codes [6–8], underestimating the dynamic response 

when the billboard is flexible or is under high intensity wind gusts. 

Due to the complexity of wind interaction with billboards, it has been necessary to 

carry out experimental tests. For instance, Letchford [9] studied the limit layer phenomena 

in rectangular signboards with different configurations by wind tunnel tests. He deter-

mined that important differences were found for drag forces for elevated panels. In this 

context, Li et al. [4] studied the wind dynamic effect in a tunnel test, of a single column, 

supported two-plate billboard structure. They determined the coefficients for a simplified 

wind design of this kind of structure. In this study a simplified procedure for the torsional 

analysis response was proposed. Paulo�o et al. [10] researched the magnitudes of the pres-

sure coefficients in rectangular plates by scale models tested in wind tunnels. Using scale 

model billboards, Warnitchai et al. [3] studied the effect of different wind direction angles 

in both the drag coefficient and the resultant torsional moment. Zuo et al. [11] performed 

experimental tests on rectangular signs in a wind tunnel. They determined that scale mod-

els with lateral holes are more prone to torsion. Moreover, they found that box signs 

would be over-designed according to current practice. 

Experimental and full-scale tests need facilities, special sensors and equipment, 

which are not available in many cases. For this reason, computational fluid dynamics 

(CFD) has increased in importance to simulate the effect caused by wind in structures. In 

this way, Aly and Benson [12] performed CFD in standard, curve and porous signs. They 

found out that higher holes decrease drag forces compared with smaller ones. 

To determine the safety level of these structures, a reliability analysis is necessary. 

Hoang [13] carried out a Monte Carlo simulation of rectangular signs considering as var-

iables, wind speed, yield strength and column section properties. He determined that 

small changes in the wind speed led to larger differences in the safety level. 

The objective of this research is to propose a methodology for determining the safety 

level of flexible single-post billboards subjected to the effects of wind. To achieve that, 

CFD analysis was performed in an adopted example of a billboard. Several wind speeds 

were chosen, and resultant forces were obtained and applied later in a finite element 

model of this structure. Structural reliability analyses were performed, and reliability in-

dices were obtained for each wind speed, probabilistic parameters of wind effects and 

three limit state functions according to the most vulnerable locations in the structure were 

determined. 

The content of this paper is organized as follows: the proposed methodology is pre-

sented in Section 2, where the theoretical background of reliability analysis is explained 

(Section 2.1) and descriptions of the structural and fluid models (Sections 2.2 and 2.3, re-

spectively) are given. The structural behavior of the described models and its validation 

is shown in Section 3. Next, the reliability analyses for the evaluated limit state functions 

are carried out in Section 4 where the main results are discussed. 

2. Methodology 

A general methodology is proposed to be applied to any flexible single-post billboard 

for determining its safety level. According to Figure 3, the proposed methodology recom-

mends, first, determining the cross-sectional dimensions of the structural elements ac-

cording to wind [6] and structural steel code [7]. Next, gust loading factor (GLF) can be 

obtained for the adopted wind code. Later, CFD analysis is performed and drag forces are 

increased by the GLF. Using the forces that result from the CFD analysis, a linear elastic 
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structural analysis is carried out. Internal forces are obtained in the most demanded part 

of the structure. In this case, it was determined in the base of the column, base plate and 

anchor rods. Wind speed and its corresponding effects are site dependent. These could 

suffer modifications when the number of acquired wind speeds increases. Therefore, it is 

proposed to carry out the analysis not only for the wind speed proposed by the wind code 

established for the billboard site, but also for an interval of wind speeds. Bias factor, λ, 

and coefficient of variation, COV, of wind speed are probabilistic parameters with high 

uncertainty. In consequence, an interval of these variables is also adopted. For any wind 

speed, λ and COV of wind speed effects, a reliability analysis is performed, providing the 

determination of the reliability index as a result. When all the variables are evaluated in 

the reliability analysis the vulnerability curves are obtained. Besides these procedures, it 

is recommended to perform a pushover analysis of the structure with the same load pro-

file determined from the CFD analysis. 

 

Figure 3. Flowchart of the proposed methodology. 

2.1. Fundamentals of Structural Reliability 

The safety level of structures can be determined, in most cases, by two different ap-

proaches. One of them is by using Monte Carlo simulations where, for the case study, the 

wind speed and cross-sectional dimensions are varied into certain intervals. Probabilistic 

distributions of the resistances and effect of the forces are obtained, and the probability of 

failure and reliability index of the structure could be determined. However, this approach 

is usually a time-consuming computation. The other approach consists of obtaining the 

main probabilistic values of the studied variables, namely, bias factor, λ, and coefficient 

of variation, COV. These values have been obtained in other studies for a variety of steel 

resistances and wind speed effects. Therefore, the last approach was adopted for perform-

ing the reliability analysis in this study. 

For calculating the probability of failure and corresponding reliability index, a limit 

state G(X) function where X represents the random variables is defined. In this case, two 

random variables were considered, with loads indicated as S and resistances as R. In this 
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way the failure region is when G(X) < 0 and the safety region is when G(X) > 0. Conse-

quently, the probability of failure can be determined by Equation (1). 

�� = �[� − � < 0] = � ��(�) ��(�)���� = � ��(�) ��(�)�� 

�

��

 

�����

 (1)

where fR and fs are the probability density functions of the resistance and loads, respec-

tively. FR is the cumulative probability density function of the resistances. 

Normally, probability of failure, PF, gives values near zero and it is difficult to deter-

mine differences between two or more cases. In this case, it is be�er to use the reliability 

index, β, with common values in the interval between 0 and 10. A relationship between 

probability of failure and reliability index can be expressed by Equation (2). 

� = Φ��(1 − ��)  (2)

where Φ−1 indicates the inverse of the normal standard probability distribution. 

If loads and resistances are normal distributed variables, the reliability index is de-

fined as the standard deviation times the distance between the mean value of the G(X) = 

R − S and the vertical axis, as it is shown in Figure 4. Frequently, loads and resistances are 

not normally distributed. Moreover, the algorithms to determine the safety level parame-

ters depend on whether the limit state function is linear or not. Therefore, reliability anal-

ysis methods have been divided in two, namely: first-order reliability methods (FORM) 

for linear limit state functions and second-order reliability methods (SORM) for non-linear 

limit state functions. In this study, reliability analysis was performed with the help of the 

FERUM computer program [14], which employed the algorithms proposed by [15] and 

[16] for the FORM and SORM solutions, respectively. 

 

Figure 4. Probability of failure and reliability index for normal probability distribution variables. 

Adopted from Salgado et al. [17]. 

2.2. Description of Structural Model 

The ANSYS commercial finite element package [18] was used to perform the struc-

tural and fluid computational models of one flexible single-post billboard under different 

wind speeds. 

In the structural model (Figure 5), isoparametric solid elements identified as 

SOLID186 were used to simulate the panel, header, vertical steel pole support, base plate, 

angles, brackets, pedestal, nuts and anchor rods. This type of element is a higher order 3-

D solid element with quadratic displacement behavior. The element is defined by 20 nodes 

having three degrees of freedom per node: translations in the nodal x, y and z directions. 

The element supports plasticity, hyperelasticity, creep, stress stiffening, large deflection 

and large strain capabilities. It also has mixed formulation capability for simulating de-

formations of nearly incompressible elastoplastic materials, and fully incompressible hy-

perelastic materials. SOLID187 element was also used for modeling zones of the single-

post billboard where irregular meshes were required: some zones of vertical steel pole 

support, base plate and brackets. This solid is a higher order 3-D, 10-node element, which 
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includes a quadratic displacement behavior, and this has three translational degrees of 

freedom at each node. To reduce the computational effort, the damage in the pedestal was 

ignored. 

 

 

(a) (b) 

 
(c) 

 
 

(d) (e) 

Figure 5. Three-dimensional nonlinear numerical model of a flexible single-post billboard, based on 

FEM using ANSYS [18]: (a) isometric view (panel, vertical steel pole support and angles); (b) back 

view including the header; (c) mesh independence study; (d) isometric view (vertical steel pole, 

brackets, pedestal, nuts and anchor rods); (e) lateral view (vertical steel pole, brackets, pedestal, nuts 

and anchor rods). 

For static structural analysis, the joints between anchor rods and base plate and the 

joints between anchor rods and the pedestal were modeled by using contact elements (Fig-

ure 5), whilst modal analysis was not included in these types of the elements due to the 
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nature of this analysis; any nonlinearities such as plasticity and contact elements are ig-

nored. Contact elements used are identified in ANSYS as CONTA174 and TARGE170; 

with these types of elements it is possible to create discontinuous finite element models. 

Thus, these elements can be used to model the following characteristics: 

 The sliding, closure or opening of joints is allowed. 

 When the joint is closed, there are transmissions of compressive and shear stresses 

but not of tensile stresses. 

 When the joint is opened, there is no transmission of stresses. 

 The transmission of shear stresses is according to Coulomb’s law. 

 Changes in the geometry can be detected because of the relative movement of the 

elements that form the joint. 

For the joints, sliding between surfaces was considered according to Coulomb’s law 

by using one coefficient of friction (isotropic friction) of 0.44 [19]. A mesh independence 

study was performed by considering the maximum total displacement obtained from the 

billboard as a function of the number of nodes generated in each simulation, obtaining a 

variation of this maximum displacement of less than 2% (Figure 5c), concluding that with 

572,316 nodes generating 325,205 elements an average mesh quality of 0.74 is achieved; 

consuming a computational effort of 30 min by a workstation using 10 cores and 40 GB of 

RAM. The mechanical and geometrical properties used in the structural model are de-

picted in Tables 1 and 2, respectively. 

Table 1. Mechanical properties of materials used in the flexible single-post billboard. 

Material Parameter Value Unit 

Structural steel 

Poisson ratio ν 0.3  

Elastic modulus E 200,000 MPa 

Shear modulus G 76,923 MPa 

Yielding stress fy 360 MPa 

Ultimate stress fu 460 MPa 

Concrete 

Poisson ratio ν 0.2  

Elastic modulus E 22,000 MPa 

Shear modulus G 9166 MPa 

Table 2. Geometrical properties used in the flexible single-post billboard. 

Structural Element Section Dimensions 

Post Circular tube 
D = 1016 mm 

t = 22.2 mm 

Panel Angles LI 63.5 × 12.7 mm 

Pedestal Circular tube 
D = 550 mm 

t = 19.1 mm 

Base plate Square plate 

B = 1400 mm 

H = 1400 mm 

t = 44.5 mm 

Brackets 
Trapezoidal 

plate 

Bs = 50 mm 

Bi = 150 mm 

H = 250 mm 

Anchor rods Cylindrical 
D = 63.5 mm 

h = 300 mm 

Nuts  

D = 98.425 mm 

d = 50.8 mm 

h = 63.62 mm 
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Geometrical properties of the billboard were determined after several cycles of mod-

ification of its main structural elements comparing their resistances and corresponding 

internal forces calculated for the initial reference wind speed of 180 km/h. The structural 

steel design of the main structural elements included in Table 2 was performed using the 

ANSI/AISC 360-22 [20] steel design code. 

Finally, contact elements identified as SURF154 were used in the static structural 

analysis to apply the pressure to the billboard. This element allows complex pressure 

loads. 

2.3. Description of Fluid Model 

Simulations to determine the pressures generated by the wind on the billboard were 

carried out using ANSYS CFX 16.2 commercial fluid dynamics software. In the fluid 

model, tetrahedral solid elements with 4 nodes identified as MESH200 were used to sim-

ulate the air volume used in computational fluid dynamics, CFD, analysis as depicted in 

Figure 6. This volume considered as a continuous flow of air was an ideal gas at 25 °C at 

a reference pressure of 1 atm and initial speeds in u, v and w of 0 km/h with a relative 

pressure of 0 Pa. The dimensions of the volume (80 m × 70 m × 318 m) guarantee the de-

velopment of the fluid and avoid interference between the walls and the billboard. In the 

numerical model, the Z and X axes were parallel to the westerly and southerly wind di-

rections, respectively. 

 
(a) 

 
(b) 
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(c) 

Figure 6. CFD model: (a) air volume, boundary conditions, geometry of the billboard and wind 

directions; (b) longitudinal section; (c) cross section. 

The analysis was defined as steady-state isothermal using the shear stress transport 

(SST) turbulence model and the convergence criterion was defined as 1 × 10−4. The three 

walls (top and sides) of the control volume were considered as free slip walls and the floor 

and all the surfaces that make up the geometry of the billboard and the area that the floor 

represents were considered as non-slip walls. To represent the variable wind speed at the 

domain input fluid, the power law was considered (Equation (3)). 

�(�) = ���� �
�

����
�

�

 (3)

where uref and yref represent the reference speed and the reference height, respectively. To 

depict the most severe scenario, it was considered that the billboard was in a flat terrain 

without sudden topography changes and with obstacles less than 5 m height, and located 

in the Port of Veracruz, one of the cities with the most severe high intensity winds in Mex-

ico. With these characteristics, the reference speed was set to 180 km/h, and the reference 

height was set to 10 m (CFE, [6]). For its part, the exponent α represents the stability of the 

atmosphere and for the study cases where the billboard is located near the coast, it was 

considered as 0.14 [21], whilst the volume outlet was considered as an outlet type and a 

relative pressure was assigned of 0 Pa. 

To determine the vulnerability of the billboard, as an example, several wind reference 

speeds were adopted. Wind references along the Mexican coast can vary between 160 up 

to 220 km/h (CFE, [6]). Therefore, it is interesting to know how variations of the initial 

reference speed of 180 km/h causes changes in the safety levels of the structure. Here, 

wind reference speeds ranged from 160 to 220 km/h with increments of 10 km/h, to cap-

ture variations and trends of the safety levels, were considered for further analyses. More-

over, to take into account the dynamic interaction between the billboard structure and the 

wind, a gust load factor, GLF, was determined according to specifications given in CFE 

[6]. Table 3 indicates the wind reference speeds, and their gust loading factors (GLF) used 

in the computational fluid dynamics model. GLF indicates how many times the wind 

static response calculated with the CFD analysis needs to be incremented. From Table 3, 

it can be deduced that an important dynamic interaction, bigger than 2.0, is obtained for 

all wind reference speeds with higher values of GLF when wind reference speed increases. 
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Table 3. Wind reference speeds and GLF used in the analysis. 

Wind Reference Speed 

(km/h) 
Gust Loading Factor (GLF) 

160 2.148 

170 2.504 

180 2.586 

190 2.666 

200 2.742 

210 2.815 

220 2.886 

3. Wind Simulation Results and Validation with Experimental Results 

CFD analysis applied to the conditions stablished in Section 2.3 for the wind refer-

ence speeds adopted here gave the following results: 

As an example, the case of wind reference speed of 180 km/h was chosen. Similar 

results were obtained for other wind reference speeds. Its wind profile along the wind 

tunnel is depicted in Figure 7. 

 
(a) 

 
(b) 

Figure 7. Longitudinal wind speed profile along wind tunnel: (a) Full view; (b) post billboard view. 
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From Figure 7 it can be deduced that the head-on wind speed profile before arriving 

the billboard indicates incremental speeds along its height between 100 near the bo�om 

of the billboard to 190 km/h in the highest location of it. 

The wind streamline deduced from Figure 7 is similar to those presented by Simiu 

and Yeo [22] for a square section, where the separation region in Figure 7 is at the top and 

bo�om of the panel and the wake region is the place exactly back of the panel with a 

significant decrement of the wind speed. 

Figure 8 shows the wind pressure for both evaluated directions. Pressure in the panel 

for the case of head-on direction is almost the same for all the panels, meanwhile the case 

of north eastbound direction has a variation of the wind pressure along the width of the 

panel as expected. This caused the torsional moment in this direction. 

 
(a) 

 
(b) 

Figure 8. Wind pressure at 180 km/h: (a) head-on direction; (b) north eastbound direction. 
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Using data extracted from Figures 7 and 8, namely, the wind speeds and wind pres-

sures, it was possible to determine the panel drag coefficient using Equation (4) and the 

required data shown in Tables 4 and 5 for the head-on and east northbound wind direc-

tions, respectively. 

�� =
��

1/2���
� (4)

where P0 is the panel wind pressure,  is the mass density specified here as 1.293 kg/m3 of 

the wind and VD is the mean value of the wind in the panel. 

Table 4. Determination of drag coefficients from CFD analysis for head-on wind direction. 

Wind Reference 

Speed 

(km/h) 

Panel 

Pressure P0 

(MPa) 

Wind Speed Middle 

Panel 

VD (km/h) 

Drag 

Coefficient Cf 

160 1540 152 1.42 

170 1740 158 1.48 

180 1953 168 1.47 

190 2178 177 1.48 

200 2417 188 1.45 

210 2668 197 1.46 

220 2932 209 1.43 

Table 5. Determination of drag coefficients from CFD analysis for north eastbound wind direction. 

Wind Reference 

Speed 

(km/h) 

Panel 

Pressure P0 

(MPa) 

Wind Speed Middle 

Panel 

VD (km/h) 

Drag 

Coefficient Cf 

160 1540 153 1.40 

170 1740 160 1.45 

180 1953 169 1.46 

190 2178 178 1.47 

200 2417 190 1.43 

210 2668 199 1.44 

220 2932 210 1.42 

According to CFE [6], which presents drag coefficients based on experimental studies 

carried out by Letchford [9], drag coefficients for both wind directions for the evaluated 

billboard were determined at 1.45, which is in accordance with the results determined 

from Tables 4 and 5 with mean values of 1.46 and 1.44 for the cases of head-on and north 

eastbound directions, respectively. 

Drag forces are validated by the internal forces obtained for the application of the 

wind loads in the structural numerical model of the billboard as shown in Section 4.1. 

4. Structural Behavior 

4.1. Linear Behavior 

Modal analysis of single-post billboards was carried out to obtain their dynamic 

properties, achieving these can determine the gust loading factors (GLF) depicted in Table 

3; these factors are used in the reference wind speeds applied to the numerical model. The 

first five mode shapes and their frequencies are depicted in Figure 9. Mode 1 moves in the 

northbound direction, parallel to the panel of the billboard (Figure 9a) with a period of 

0.96 s, whilst mode 2 is associated with the head-on wind direction (Figure 9b) and it has 

a period of 0.95 s. Mode 3 is the torsional mode along the tube (Figure 9c), having a period 
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of 0.16 s, whilst mode 4 (Figure 9d) and mode 5 (Figure 9e) are the second modes associ-

ated with transversal and longitudinal wind directions with periods of 0.14 s and 0.12 s, 

respectively. According to CFE [6], important dynamic effects can be obtained for struc-

tures with periods of wind direction from one second. Nevertheless, the GLF shown in 

Table 3 indicates high dynamic interaction with the wind-billboard even when the first 

mode, transversal to the panel, has a period of 0.95 s. 

  
(a) (b) 

 
 

 
 

(c) (d) 

 
(e) 

Figure 9. Mode shapes of single-post billboard: (a) mode 1, period = 0.96 s; (b) mode 2, period = 0.95 

s; (c) mode 3, period = 0.16 s; (d) mode 4, period = 0.14 s; (e) mode 5, period = 0.12 s. 

Using the wind forces determined from the CFD analysis for the different wind ref-

erence speed with their corresponding GLF, the total displacements were determined. As 
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an example, Figure 10 depicts the wind reference speed of 180 km/h, obtaining maximum 

displacements of 0.86 and 0.77 m on the top of the panel by considering wind direction 

angles of head-on and north eastbound, respectively. 

 
(a) 

 
(b) 

Figure 10. Displacements, in meters, obtained from the numerical model of single-post billboard 

under wind reference speed of 180 km/h: (a) wind direction angle at head-on; (b) wind direction 

angle of north eastbound. 
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The maximum displacements obtained for the seven wind reference speeds used in 

this study are depicted in Table 6. Maximum displacements of the billboard are bigger for 

head-on compared to north eastbound wind direction and differences become larger 

while increasing the wind speed, reaching a maximum of 13% difference for the wind 

reference speed of 220 km/h. The only exception was the case of 160 km/h. This behavior 

can be explained because wind force in the main tube for the north eastbound direction 

was projected in two orthogonal directions, therefore, its maximum displacements com-

bined with those forces caused by wind in the panel are becoming smaller compared to 

the case of the head-on direction where the entire force of the wind is pushing the bill-

board in one direction. In the case of the lowest wind speed of 160 km/h, and maybe for 

lower wind speeds as well, the wind force in the panel dominates and considering that 

wind direction at north eastbound provokes a torsional effect on the billboard, its total 

displacements dominate in this range of wind speeds. 

Table 6. Maximum displacements for different speeds. 

Wind Reference Speed 

(km/h) 

Maximum Displacements (m) 

Head-on North Eastbound 

160 0.48 0.50 

170 0.65 0.58 

180 0.72 0.65 

190 0.86 0.77 

200 0.98 0.87 

210 1.11 0.99 

220 1.25 1.10 

The internal forces calculated in the column base, the location of the maximum de-

mand, have similar values for both wind directions, having the highest values for all eval-

uated wind speeds for the north eastbound wind direction, as can be shown for base shear 

force (Figure 11a), bending moment (Figure 11b) and torsional moment (Figure 11c). 

These internal forces are required for the design procedure and reliability analysis de-

scribed later. For instance, base shear force and torsional moment are more relevant for 

the analyses of rods, meanwhile the bending moment is more relevant in the case of the 

column base and base plate analyses. It can be deduced that all internal forces increased 

by more than double comparing wind speeds at 160 km/h and 220 km/h. The torsional 

moment at head-on wind direction is negligible compared with the north eastbound wind 

direction, and no curve is shown in Figure 11c. Additionally, it can be noticed that internal 

forces increased in a parabolic way. 

  
(a) (b) 
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(c) 

Figure 11. Internal forces determined in the column base of the billboard for head-on and north 

eastbound wind speed directions across the adopted wind speeds: (a) base shear force; (b) bending 

moment and (c) torsional moment. 

To validate the wind forces obtained with the CFD numerical model, the internal 

forces evaluated in the column base depicted in Figure 9 were compared with those cal-

culated using the CFE [6]. Internal forces differences of this comparison are shown in Table 

7. 

Table 7. Differences in the internal forces determined by CFD analysis and experimental results. 

Wind Reference 

Speed 

(km/h) 

Shear Force (%) Bending Moment 

Torsion (%) 
Head-On 

North 

Eastbound 
Head-On 

North 

Eastbound 

160 0.10 11.17 1.71 9.78 2.47 

170 0.31 11.25 3.61 10.09 3.77 

180 0.50 13.80 2.17 7.59 1.72 

190 0.69 11.33 4.20 10.17 3.07 

200 0.95 11.58 4.44 1014 2.93 

210 1.17 11.70 4.68 10.20 2.94 

220 1.45 11.83 4.95 9.84 2.75 

average 0.74 11.81 3.68 9.69 2.31 

According to Table 7, shear force differences of the head-on wind direction have a 

mean of 0.74%, which indicates excellent correlation between numerical and experimental 

shear forces. In the case of north eastbound wind direction a mean of 11.81% was deter-

mined. This difference is considered due to the procedure for calculating the wind forces 

in the CFE procedure that does not take into account wind forces in the southbound di-

rection, only in the head-on wind direction. In the case of the bending moment compari-

son related to the head-on wind direction, a different mean of 3.69% was found. This dif-

ference is a�ributed to the incremental bending moment caused by the deformed shape 

of the structural model after the application of the wind loads determined from the CFD 

analysis. The same reason is given for the moment differences for the north eastbound 

wind direction, but now a different mean of 9.69% is also caused by higher wind forces 

found in this direction in the CFD simulation as indicated in the shear force differences. 

Finally, torsional moment differences were determined. Here, for calculating the eccen-

tricity of the wind force, the recommendation given by Letchford [9] of taking ten percent 

of the panel width was adopted. With this assumption, a torsional different mean of 2.31% 

was found. This difference is a good approximation of the CFD analysis compared with 

reported experimental results. 
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4.2. Structural Design 

After calculating the internal forces for all adopted reference wind speeds, the re-

sistant efficiencies of column, base plate and anchor rods were calculated according to the 

ANSI/AISC 360-22 [20] steel design code. The main purpose of that was to prove if bill-

board structural dimensions are adequate or not. Here, structural efficiency is defined as 

the ratio between the ultimate internal load, Fu, and the factored resistance, FR. In Figure 

12, the structural efficiencies in the above-mentioned structural elements of the billboard 

can be seen. The maximum allowable efficiency when internal loads are equal to re-

sistances is shown with a gray dashed line. Below this line all the evaluated elements are 

considered adequate. From Figure 12 it can be deduced that anchor rods were overde-

signed due to uncertainties about the ultimate tensile force having enough capacity to 

offer support with winds of up to 220 km/h. On the other hand, we have the case of the 

column base and base plate that have capacity to support wind speeds of up to 185 km/h 

and 190 km/h, respectively. Therefore, in the reliability analyses, only the base column 

and base plate were considered. It is important to emphasize that structural elements of 

billboard were designed for an initial wind reference of 180 km/h. 

 

Figure 12. Structural efficiencies determined for the base column, base plate and anchor rods. 

4.3. Non-Linear Behavior 

A non-linear analysis of the flexible single-post billboard with the main purpose of 

determining its maximum structural capacity was performed. The flexure-compression 

failure was simulated with this non-linear analysis. Firstly, a bilinear elastic-plastic behav-

ior, in both tension and compression, was defined for the main steel post tube. Its material 

properties were already established in Table 1. Additionally, a strain hardening slope of 

1% was defined for the post-yielding curve. The stress–strain curve of the steel single-tube 

column is shown in Figure 13. 

 

Figure 13. Stress–strain steel curve adopted for the non-linear analysis. 
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With the above-mentioned defined characteristics, a pushover analysis was per-

formed. The same lateral load profile determined by the pseudo-static wind forces using 

the wind code (CFE [6]) was used here. Displacement control of the highest elevation node 

in the central panel was monitored for every millimeter. Base shear force was calculated 

every step until the monitored node reached 3600 mm, a value higher than the maximum 

displacement of 1250 mm reported in Table 8 for the highest wind speed of 220 km/h. The 

capacity curve, defined as the displacement of the monitored node versus base shear force, 

was finally obtained. It is also interesting determining the moment–curvature curve for 

the column base with the purpose of calculating the maximum moment capacity of the 

structure. Both the capacity and moment–curvature curves of the base column are shown 

in Figure 14a,b, respectively. 

From Figure 14a, it is possible to determine that the yield shear capacity of the bill-

board structure is around 400 kN, corresponding to a displacement of the top of the bill-

board of about 1500 mm. In the case of the yield bending moment determined from Figure 

14b, a value of about 7000 kN-m was obtained with a yield curvature of about 0.5 × 10−5 

rad/mm. If we compare these results with the maximum displacement, base shear force 

and bending moment given in Table 6 and Figure 11a,b, respectively, it is found that even 

for the highest wind speed of 220 km/h the structure behaves elastically. 

 
 

(a) (b) 

Figure 14. Pushover analysis results; (a) capacity curve and (b) moment–curvature curve in the base 

of the column. 

5. Reliability Analysis 

The reliability analysis consisted of calculating the probability of failure, pf, using 

Equation (1) and the reliability index, β, estimated by Equation (2). In this study, a value 

of 3.2 was adopted for the target reliability index, βtarget, which indicates the adopted min-

imum safety level for structural elements subjected to wind load combinations, as indi-

cated by [23]. This value was used for comparison with the reliability indices determined 

from the different analyses performed here. 

5.1. Limit State Functions 

Three different limit state functions were considered for the reliability analysis. These 

limit state functions are according to the main failure cases reported in these structures, 

and they are: (a) column base flexure-compression and (b) base plate flexure. The limit 

state functions for these two cases were determined based on the limit states given in the 

ANSI/AISC 360-22 [20] steel design code and they are given in Equations (4) and (5). 

��(�) = 1 −
���

2 ⋅ ��

−
���

��

 (5)
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��(�) = ���� − ��� (6)

where Pnc and Mnc are the axial compressive and bending moment nominal resistances of 

the column, respectively; Pc is the load force due to self-weight of the billboard and Mc is 

the bending moment due to the wind load forces. In the case of the base plate, Mnb and 

Mbp are the bending moment nominal resistance and the bending moment due to wind 

loads, respectively. Equation (5) is non-linear and it needs SORM solutions for reliability 

analysis and Equation (6) is linear, therefore, it was solved using FORM solutions. Both 

reliability analyses were performed using the FERUM computer program [14]. 

5.2. Probabilistic Parameters 

To perform the reliability analyses, three main probabilistic parameters are required 

from the random variables. Namely, the bias factor, λ, defined as the ratio of the mean 

value to its nominal one; the coefficient of variation, COV, defined as the ratio of the mean 

value to its standard deviation, and the probability distribution of the random variables. 

The probabilistic parameters of the random variables involved in the limit states functions 

of Equations (4)–(6) are given in Table 8. 

Table 8. Probabilistic parameters of the random variables. 

Random Variable Bias Factor, λ 
Coefficient of 

Variation, COV 

Probability 

Distribution  
Source 

Pnc 1.411 0.177 Log-normal Norton et al. [24] 

Mnc 1.050 0.072 Log-normal MacPhedran [25] 

Pc 1.050  0.10 Normal 
Naghavi and 

Tavakoli [26] 

Mc, Mbp, Trod 0.6, 0.8, 1.0 
0.15, 0.20, 0.25, 

0.30, 0.35, 0.40 
Gumbel 

Ellingwood and 

Tekie [23] 

Mnbp 1.0 0.034 Log-normal MacPhedran [25] 

It is important to clarify that internal force random variables caused by wind forces 

(Mc and Mb) have a bias factor and coefficient of variation that can change according to the 

wind location characteristics. For this reason, for these probabilistic parameters, the values 

shown in Table 8 were chosen, and adopted using common intervals specified by [23]. In 

this manner, Figures 15 and 16 were obtained for the limit state functions previously de-

fined in Section 4.1, which are valid in the intervals defined for bias factor and coefficient 

of variation. In summary, Figures 15 and 16 were bound by a wide range of probabilistic 

parameter values and wind speeds. In this way, they cover a large spectrum of wind lo-

cation characteristics instead of only one. 

   
(a) (b) (c) 
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(d) (e) (f) 

 

 

(g) 

Figure 15. Reliability indices determined for the base column in flexure-compression. (a) V = 160 

km/h; (b) V = 170 km/h; (c) V = 180 km/h; (d) V = 190 km/h; (e) V = 200 km/h; (f) V = 210 km/h; (g) V 

= 220 km/h. 

   
(a) (b) (c) 

   
(d) (e) (f) 

 

 

(g) 

Figure 16. Reliability indices determined for the base plate in flexure. (a) V = 160 km/h; (b) V = 170 

km/h; (c) V = 180 km/h; (d) V = 190 km/h; (e) V = 200 km/h; (f) V = 210 km/h; (g) V = 220 km/h. 

5.3. Safety Levels 

The reliability analysis results for the base column in flexure-compression and base 

plate in flexure are depicted in Figures 15 and 16. Safety levels determined for the base 

column in flexure-compression and base plate in flexure are very similar. From Figures 15 

and 16, the target reliability index, βtarget, of 3.2 was not reached, for any case of the 
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probabilistic parameters, λand COV, for wind speeds higher than or equal to 210 km/h 

(Figures 15f,g and 16f,g) and only for the lowest values of the involved probabilistic pa-

rameters for the wind speed of 200 km/h (Figures 15e and 16e). A Bias factor (λ) equal to 

1.0 does not reach the βtarget for all coefficient of variation (COV) values, for wind speeds 

equal to or higher than 170 km/h. It is important to analyze the case of wind speed of 180 

km/h (Figures 15c and 16c) used as a reference for the wind design of the billboard with 

an exceedance probability of 0.02 (corresponding a return period of 50 years) according to 

[6]. In this case,βtarget was achieved for COV values below or equal to 35% with a λ= 0.6 

and only for COVs of 15% and 20% for λ= 0.8. Figures 15g and 16g do not show the curve 

for the case of λ= 1.0. Calculated reliability indices were all below zero, and higher than 

50% probability of failure. In this range of values, the FERUM computer program cannot 

give reliable results; therefore, this curve was not shown in the previously mentioned Fig-

ures. 

6. Conclusions 

A methodology for determining the safety level of flexible single-post billboards is 

presented. Fluid and mechanical models were proposed and maximum values of internal 

forces and displacements in the most critical positions were obtained using linear elastic 

analysis. The maximum capacity of the billboard was determined by non-linear analysis 

and compared with those determined from the linear analysis. Limit state functions were 

determined according to the places most susceptible to damage. A reliability analysis was 

performed using the proposed probabilistic parameters of the random variables. Several 

wind speeds, bias factors and coefficients of variation were recommended. With the pro-

posed methodology the following conclusions can be drawn: 

1. Determined gust load factors (GLF) for all the evaluated reference wind speeds had 

values higher than 2.0 and with an increment rate of the wind speed. This indicates 

high dynamic interaction between wind and the billboard. 

2. Modal analysis points out that the billboard has a similar first period in the directions 

parallel and perpendicular to the panel, resulting in 0.96 s and 0.95 s, respectively. 

This indicates a high flexible structure susceptible to wind dynamic interaction. 

3. Negligible differences were noted between internal forces for head-on and north east-

bound wind directions with higher values at 45° for all evaluated wind speeds. 

Therefore, reliability analyses were performed using the dominant wind direction. 

4. The structural efficiency of the analyzed sections indicates that the column base and 

base plate were designed at their limits, while anchor rods were overdesigned. This 

was done due to uncertainties in the calculation of the tension force in anchor rods. 

5. It was determined that the billboard behaves elastically for all evaluated wind speeds. 

However, high displacements were obtained, reaching 1250 mm for the reference 

wind speed of 220 km/h at 45° wind direction. Considering the dynamic effect caused 

by wind, large oscillations could happen, damaging elements a�ached to the panel 

or provoking structural elements to become loose. 

6. Single post billboards cannot withstand more than 20 km/h of wind speed increment 

for any case of evaluated COV and λ values taken for the reference design wind 

speed of 180 km/h. 

7. Wind codes could provide the fundamentals for performing CFD analysis in bill-

boards prone to dynamic interaction with wind and to prove its accuracy. Further-

more, a methodology as presented here, should be provided to determine the safety 

level of billboards in places where there is uncertainty about the wind speeds and 

their probabilistic parameters. 

To sum up, reliability analysis of flexible single-post billboards indicates that these 

structures are prone to having safety levels below what is considered as the minimum 

level if the bias factor and coefficient of variation are higher than that defined for codes. 
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