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ABSTRACT 

Mathematical models to determine external pressure coefficients (𝐶௣௘) in conical silo 
roofs are scarce in silo design standards and scientific papers. These coefficients are 
dimensionless and are influenced by Reynolds number, air viscosity, geometry, and 
surface roughness of the material used in the structure. Pressure coefficients in conical 
roofs vary in the circumferential and meridional directions. 𝐶௣௘ values are essential in 
designing these structures to determine the pressures that arise from wind action. 
However, the scarcity of mathematical models for calculating external pressure 
coefficients in conical silo roofs made us conduct harmonic regression analyses to fit 
mathematical models based on experimental data developed in wind tunnels. Model 
fitting to experimental data had coefficients of variation lower than 10% in 87.5% (7/8) 
of the analyzed levels. These models are recommended for cases where wind gust 
duration does not exceed 3 seconds. 

 
INTRODUCTION 

Conical roofs are structures widely used in 
cylindrical steel silos. These structures are important to 
protect the product from the elements of nature, providing 
support for temperature monitoring cables, vent pipes, and 
grain spreaders. 

Steel silos with circular sections and conical roofs 
have been designed for many years without the aid of 
accurate design information regarding wind pressure 
distribution. This is especially true in the case of conical 
roofs (Sabransky & Melbourne, 1987). 

The actions acting on conical silo roofs and the 
mathematical models to estimate them need to be known 
during their project development. Conical roofs can be 
exposed to various actions depending on the conditions in 
which the silos are used, such as the action of temperature 
monitoring cables, walkway supports, and snow and wind 
actions (Gallego et al., 2018; Casada et al., 2019). 

Studies on actions in temperature monitoring cables 
have been carried out to evaluate the influence of cable 
arrangement in the radial direction, geometric shape, type 

of material, and grain flow rate on the magnitude of forces 
in temperature monitoring cables (Reimbert & Reimbert, 
1976; Atkinson et al., 1983; Thompson et al., 1986; Schwab 
et al., 1991; Schwab et al., 1992; Martins & Calil Júnior, 
2011; Casada et al., 2019). 

The values of external and internal pressure 
coefficients need to be known to determine the effect of 
wind action around cylindrical silos with conical roofs. 
These coefficients are dimensionless and vary depending on 
the geometric characteristics of the structure, such as the 
roof angle, silo slenderness ratio, and surface roughness, as 
well as the gust duration and air properties. 

Sabransky & Melbourne (1987), Macdonald et al. 
(1988), Kebeli (2002), Portela & Godoy (2005), Andrade 
Júnior & Calil Júnior (2004), Andrade Júnior & Calil Júnior 
(2007), Burgos et al. (2014), and Fouad et al. (2018) tested 
experimentally models of silos and tanks with small-scale 
conical roofs in a wind tunnel. These authors analyzed the 
cylindrical body and observed that the behavior of the 
distribution of external pressure coefficients in conical roofs 
is non-uniform in the circumferential direction, varying 
along the meridional direction of the roof. 
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Studies on wind action in silos and tanks with 
conical roofs are scarce in the literature. Only Gorenc et al. 
(1986), Greiner (1998), Pircher et al. (1998), and Portela & 
Godoy (2005) reported mathematical models to determine 
the external pressure coefficients on silo walls. Therefore, 
studies are required to develop models to determine             
the external pressure coefficients of conical roofs of silos   
or tanks. 

Existing standards for silo design contain models for 
estimating the external pressure coefficients of spherical 
and conical roofs. The European normative code EN 1991-
1-4:2005 provides external pressure coefficients developed 
for spherical roofs, while the Australian standard AS 
1170.2-1989 uses pressure coefficients developed for 
conical roofs, which were based on wind tunnel tests 
developed by Sabransky & Melbourne (1987) and 
Macdonald et al. (1988), and other foreign standards adopt 
this model. 

In this study, fitting to mathematical models were 
developed using the Fourier series based on experimental 
data collected by Kebeli (2002) to determine the pressure 
coefficients of conical silo roofs. 
 
MATERIAL AND METHODS 

Experimental data (Kebeli (2002)) 

Kebeli (2002) analyzed the effect of wind action on 
cylindrical silos with conical roofs in two situations, that is, 
a wind tunnel with small-scale models (cross-section 3 m 
wide, 2 m high, and 30 m in length) and full-scale silos. 

The small-scale models of the analyzed silos with 
conical roofs have a scale of 1:60 and are composed of two 
parts: the first is the cylindrical body manufactured with a 
diameter of 15.24 cm and h/d ratio of 1, 1.5, and 2.5, and 
the second part corresponds to the conical roof, which has 
angles of 25, 30, 35, and 40° (Kebeli, 2002). In total, eight 
models were tested; among them, four with h/d ratio = 1 and 
angles varying from 25 to 40°, with smooth and rough 
surfaces being evaluated for each angle. A rough surface, 
roof angle of 25°, and h/d ratios ranging from 1 to 2.5 were 
used to analyze the interference of the h/d ratio. 

A total of 177 pressure taps were installed on each 
conical roof at eight different levels (from A to H) along the 
southern direction of the roof and 36 pressure taps were 
installed in half of the cylindrical body distributed every 
10°. The established levels have coordinates in the radial 
direction and along the height of the conical roof. 

External pressure coefficients (𝑪𝒑𝒆) 

Data on the external pressure coefficients (𝐶௣௘) of 
the small-scale silo model with an h/d ratio equal to 1, roof 
angle equal to 30°, and a rough surface were used to carry 
out the harmonic analysis adjustments. The external 
pressure coefficients are dimensionless and relate the 
dynamic wind pressures with the pressures on the surface of 
the structure, being determined by [eq. (1)]. 

𝐶௣௘ =
௣̅ି௣బ
భ

మ
ఘ௏೓

మ (1) 

Where:  

𝐶௣௘ is the external pressure coefficient 
(dimensionless); 

𝑝̅ is the static pressure on the body surface (Pa); 

𝑝଴ is the static wind reference pressure (Pa);  

𝜌 is the air density (kg m−3), and  

𝑉௛ is the average wind speed experimentally 
determined by Kebeli (2002) in a wind tunnel (m s−1). 

 
Harmonic regression 

The fitting of the models to the experimental data 
was conducted using harmonic regression from Equations 
(2) to (5). The number of harmonics needed to be increased 
until the models converged to the expected results so that 
the models generated from harmonic regression had better 
precision and described the behavior of the distribution of 
experimental pressure coefficients. 

𝐶𝑝𝑒(𝜃) = 𝑎଴ + ∑ (𝑎௡ cos(𝑛𝜃) + 𝑏௡ sin(𝑛𝜃))
௡
௡ୀଵ    (2) 

in which  

𝑎଴, 𝑎௡, and 𝑏௡ are Fourier series coefficients 
(dimensionless),  

𝜃 is the circumferential angle of the conical roof 
(rad.), and 

𝑛 is the number of harmonics (dimensionless). 
 

Fourier series coefficients (𝑎଴, 𝑎௡, and 𝑏௡) are 
defined by eqs (3), (4) and (5). 

𝑎଴ =
ଵ

்
∫ 𝑓(𝜃)𝑑𝜃
்

଴
                                                   (3) 

 

𝑎௡ =
ଶ

்
∫ 𝑓(𝜃) cos(𝑛𝜃)𝑑𝜃
்

଴
                                     (4) 

 

𝑏௡ =
ଶ

்
∫ 𝑓(𝜃)
்

଴
sin(𝑛𝜃)𝑑𝜃                                    (5) 

Where:  

𝑇 is the period of the function (cycle – 2𝜋). 
 
RESULTS AND DISCUSSION 

External pressure coefficient (𝑪𝒑𝒆) 

The external pressure coefficients (𝐶௣௘) for conical 
roofs of cylindrical silos have as their main characteristic 
the variability both in the meridional and circumferential 
directions (Table 1). The distribution of these coefficients 
around the roof in the circumferential direction has periodic 
behavior in the form of trigonometric functions (sines and 
cosines) (Fig. 1), justifying the use of harmonic regression.
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TABLE 1. Fourier series coefficients at each level. 

Level 

Harmonics A B C D 

N 𝑎଴ 𝑎௡ 𝑎଴ 𝑎௡ 𝑎଴ 𝑎௡ 𝑎଴ 𝑎௡ 

0 

0.248 

-0.4963 

0.22 

-0.4398 

0.215 

-0.4305 

0.195 

-0.3900 

1 -0.0048 -0.0080 0.0708 0.0778 

2 0.0435 0.0401 0.1104 0.0851 

3 0.0281 0.0186 0.0546 0.0293 

4 -0.0173 -0.0166 -0.0046 -0.0085 

5 -0.0010 -0.0049 -0.0084 0.0011 

6 0.0030 0.0018 0.0032 0.0057 

7 0.0009 0.0008 0.0047 -0.0004 

Note: 𝑎଴ and 𝑎௡ are Fourier series coefficients; A-D are the first four levels of analysis in the meridional direction. 
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FIGURE 1. Predicted and experimental external pressure coefficients at levels A to H. 
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The series coefficients 𝑎଴ and 𝑎௡ were calculated for a period of 2π and the number of harmonics equal to 8 (Tables 1 
and 2). 
 
TABLE 2. Fourier series coefficients at each Level. Continuity of Table 1. 

Level 

Harmonics E F G H 

n  𝑎଴ 𝑎௡ 𝑎଴ 𝑎௡ 𝑎଴ 𝑎௡ 𝑎଴ 𝑎௡ 

0 

0.215 

-0.4306 

0.22 

-0.4313 

0.21 

-0.4198 

0.214 

-0.429 

1 0.0530 0.0351 0.0141 0.0023 

2 0.0932 0.0814 0.0503 0.0296 

3 0.0510 0.0470 0.0327 0.0145 

4 -0.0034 -0.0017 0.0038 0.0074 

5 -0.0067 -0.0040 -0.0002 0.0056 

6 0.0036 0.0046 0.0053 0.0033 

7 0.0030 0.0030 0.0062 0.0029 

Note: 𝑎଴ and 𝑎௡ are Fourier series coefficients; E-H are the last four levels. 
 

Figure 2 shows the external pressure coefficients of 
the roof with an angle equal to 30° calculated with eqs (3), 
(4), and (5), as well as the experimental data produced by 
Kebeli (2002). 

The distribution of coefficients described by 
models fitted with the Fourier series describes a periodic 
behavior of an even function. For this reason, the 𝐶௣௘ 
distribution is symmetrical relative to the axis in the same 
direction as the wind action. However, the experimental 
values at A, B, and C levels do not have the same behavior 
as described by [eq. (3)]. The behavior at these levels was 
not corresponding but the other levels showed symmetry 
between the results. Liu et al. (2022) used wind tunnel tests 
to analyze the effect of the Reynolds number on the 

distribution of pressure coefficients on the cylindrical     
walls of tanks and observed that this symmetry was found 
in all analyzed cases, corroborating the results of the  
present study. 

There is data homogeneity according to the 
coefficients of variation found. The CV was equal to 
11.67% in 87.5% (7/8) of the analyzed levels, with a value 
of 30.69% (1/8) at level C. 

Figure 2 shows the residual generated when fitting 
the models for each analyzed roof level. It shows that the 
residuals between 70 and 270° underwent higher variations 
than in other angular positions. Airflow separation occurs 
on the side of the silo at these specific positions, generating 
turbulent flow.

 

  

  



Hygor C. S. Rodrigues, Karoline C. Dornelas, Jose W. B. do Nascimento

 

 
Engenharia Agrícola, Jaboticabal, v.44, special issue 1, e20240050, 2024 

  

  

FIGURE 2. Analysis residuals. 
 
CONCLUSIONS 

The developed models described the behavior of the 
pressure coefficients with data dispersion varying between 
11.67 and 30.69% at all levels of the conical roof. In the 
leeward region, at levels A, B, and C, the fitted models were 
not homogeneous, as the behavior of the experimental data 
by Kebeli (2002). Therefore, the use of mathematical 
models developed from harmonic regression must be used 
under conditions of wind gusts of up to 3 seconds in duration, 
following recommendations from the Brazilian standard 
NBR 6123 (1988) “Forces due to wind in buildings.” 
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