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2.3.3 WIND FORCE 

Zhang and Shu (2007) used commercially available finite element program, ANSYS to 

study the structural behavior of vertical stiffened steel corrugated-wall silo behavior under 

wind pressure. The silo has diameter of 27.43 m, height of 34.01 m, and 90 vertical 

stiffeners arranged along the periphery of the side wall. In this study, the orthotropic shell 

element was used to simulate corrugated-sheet of the silo wall. The results of displacements, 

inner forces, and stresses under wind pressure were obtained. Finally, nonlinear analysis 

was undertaken using the first critical mode in eigenvalue buckling analysis as the 

imperfection and the imperfection sensitivity of the structure was investigated. The 

analysis was based on the wind pressure factors and distribution diagram along the 

circumference of silo structure as shown in the Table 2.2. In this table, α denotes the angle 

to the reference direction (negative direction of the wind towards the silo) in the angular 

coordinate system of the silo. The 𝜇𝑠  stands for the wind pressure form (distribution) 

factor which varies from +1.0 to -0.17 along the half perimeter of the silo wall. The positive 

value of 𝜇𝑠 indicates the compression pressure on the side wall and the negative value of 

𝜇𝑠 represents the suction pressure on the side wall. The wind height factor (𝜇𝑧) is used to 

calculate the wind pressure at different heights (h) of the silo wall. 

Table 2.2 Wind pressure form factor and height factor (Zhang and Shu, 2007) 
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The study found that the maximum radial displacement is near the top of the silo wall 

because of the maximum wind pressure in this area. The radial displacements distribution 

patterns at two different heights (h = 5.283 m and 23.77 m as shown in Figure 2.3) of the 

silo wall are almost the same. The maximum negative and positive displacements occurred 

at 15° and 90° of circumferential direction which respected to the reference direction 

(opposite wind direction) as shown in Figure 2.3. 

 

Figure 2.3 Radial displacements of specific heights (5.283 m and 23.7735 m) over 

half perimeter of silo surface (Zhang and Shu, 2007) 

Zhang and Shu (2007) summarized the findings of the investigation of the wind pressure 

on silo structure as follows. 

1. The radial displacement caused by wind pressure is larger than displacement in the 

vertical direction. 

2. The maximum radial displacement occurred near to the top of the silo and at about 90° 

in circumferential direction to the wind. 

3. The maximum wind pressure increases as the roof rigidity increases and also as the 

depth of corrugation of silo wall increases or pitch decreases. However, the rigidity of 

vertical stiffener and boundary restraint conditions have a little influence on the 
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maximum wind load on the silo structure. 

2.3.4 MOISTURE CONTENT 

Bucklin et al. (1985) conducted experimental test to study the buckling stresses of model 

(prototype) grain bins with varying radius to wall thickness ratios (r/t) and various levels 

of internal pressure. The radius to thickness ratio (r/t) was controlled by changing wall 

thicknesses for the test section from 0.23 mm to 0.74 mm, giving radius to thickness ratios 

between 1000 and 3300. The diameter of the test silo was 1.52 m and the height of this silo 

was 2.44 m. The prototype silo consisted of two circular sections for instrumentation and 

data acquisition purposes and one test section in between the two instrumented sections 

along the vertical direction as shown in Figure 2.4. The test section was made of thinner 

(thickness ranged from 0.23 mm to 0.74 mm) steel sheet than the instrumented sections 

(thickness of 6.4 mm) to ensure that the buckling always occurred first in the test section. 

The upper and lower instrumented sections were mounted with foil strain gages to measure 

circumferential and axial strains on the silo wall. 

 

Figure 2.4 View and cross-section of loading frame (Bucklin et al., 1985) 
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The study made the following conclusions based on the test result. 

1. Buckling load increases with the increasing in the internal pressure. 

2. Grain solids behave like a semi-fluid with elastic-plastic properties when compressed. 

3. The modulus of elasticity of wheat increases with increasing grain pressure and 

decreases with increasing moisture content. 

Kebeli et al. (2000) conducted tests on the one meter high and 0.6 m diameter model grain 

bin made of 0.4 mm thick smooth galvanized steel sheet to study the moisture-induced 

pressures and loads in silo structure (see Figure 2.5). The test silo bin was filled with red 

spring wheat which was chosen because it has high bulk density.  

Six strain gauges were installed at three different heights and located 180˚ apart along the 

perimeter of silo wall. These strain gauges were used to measure the strains and then the 

strain data was used to calculate lateral pressures. The side wall of this test silo was 

supported by a ring-shaped steel base (thickness of 6.4 mm) which had an outside diameter 

of 0.68 m and inside diameter of 0.60 m. Three load cells were installed under the side wall 

steel base located 120˚ apart. These load cells were used to measure the vertical loads of 

the side wall steel base (vertical friction force). Another three load cells were installed at 

120˚ apart under the base table which supported the entire silo structure to measure the 

vertical load of the bin base table (total weight of the grains). The average moisture content 

was calculated by total weight changes based on the known initial moisture content of the 

grains. 



19 

 

Figure 2.5 Sketch of test bin (Kebeli et al., 2000) 

Based on the test data, the following conclusions were made (Kebeli et al., 2000). 

1. Vertical floor loads increased as the moisture content of the grains increased and the 

load on the bin floor reached a slightly higher value than the total weight when bin 

previously filled with drier grains. 

2. The vertical wall forces (frictional force) on the bin wall decreased as the grains were 

wetted, that is, as moisture content increased. This occurred because of the forces in 

the upward direction due to grain expansion. 

3. Change in grain moisture content has a significant effect on the lateral pressure. As the 

moisture content increases the value of lateral pressure increases significantly. 

4. Janssen’s Equation was found to be able to predict the static pressures on the wall with 

the appropriate value of constants such as coefficient of friction between grains and 

wall surface (𝜇) and Janssen ratio of horizontal to vertical pressure (𝐾𝐽). 

2.4 FAILURE CASE STUDIES 

A field silo located in Poland failed due to buckling failure was investigated by Iwicki et 

al. (2011). Linear buckling and non-linear analyses were undertaken using 3D Finite 
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Element (FE) model. This FE model were developed using commercially available finite 

element code, ABAQUS. 

The failure of silo structure which was studied by Iwicki et al. (2011) is as a steel silo 

consisted of corrugated wall sheets with vertical stiffener columns with the height and 

diameter of 20.13 m and 12.48 m, respectively. The bin wall consisted of 24 rings along 

the vertical direction which made from horizontal corrugated sheets. Each sheet was 890 

mm wide (high) and 2940 mm long. The thickness of the corrugated sheets varies from 

0.75 mm (22 gauges) up to 1.75 mm (15 gauges). The sheet corrugation had pitch of 119 

mm and depth of 10 mm. The FE analysis found that several vertical stiffener columns 

were buckled severely during an initial continuous filling and discharging process of the 

silo (the wall pressure reached the maximum value). The maximum lateral displacement 

of the stiffener column was found to be about 0.5 m and this displacement reduced to 0.15 

m when the silo was emptied completely (see Figure 2.6). 

 

Figure 2.6 View on buckled vertical column of empty silo (Iwicki et al., 2011) 

The corrugated wall sheets were mounted to the stiffener columns at a constant spacing of 

119 mm (bolt connections were not modeled). The four-node thin shell element with a 
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reduced integration point were used in the model. At the top of the wall, a circumferential 

ring was defined with a thickness of 300 mm to simulate the roof. Hence, restraints provide 

by the FE model did not simulate actual roof. The material of the silo was assumed to be 

elastic or elastic-perfectly plastic. The steel properties were defined as follows: modulus 

of elasticity (E) of 210 GPa, Poisson’s ratio (v) of 0.3, and yield stress (𝑓𝑦) of 350 MPa. 

Based on this study, Iwicki et al. (2011) finally made the following conclusions. 

1. The failure of this silo was caused by buckling of vertical stiffener columns which 

occurred due to the insufficient buckling strength of stiffener columns. The buckling 

strength of the stiffener columns was two to four times lower than the recommended 

values by Euro-code 3 EN1993-4-1 (2007). 

2. The buckling capacity of vertical stiffener columns recommended by Euro-code 3 

EN1993-4-1 (2007) is very conservative. In this code, the number of buckling half-

waves along the circumference was assumed equal to the half of the column number. 

3. The bending stiffness of stiffener columns should have been strengthened by two to 

three times by attaching additional stiffener column on the existed stiffener column at 

the height of five to nine meters to avoid buckling failure of the stiffeners. 

Dogangun et al. (2009) summarized different types of damage and failures in silo structure. 

In this study, reasons for failure in silo were summarized as internal explosion and bursting, 

filling and discharging, soil condition, corrosion, deterioration, thermal ratcheting, and 

Earthquakes. Dogangun et al. (2009) reported a collapsed concrete grain storage facility 

which killed 11 people in France in 1997 as shown in Figure 2.7. This failure of silo 

structure was caused by internal explosion and bursting. 

 


