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Abstract 

Silos are structures that are used to store cement and ash in ready-mix concrete plants, coal in power plants, and grains in flour 
mills. Because the frequency of seismic excitation has increased in recent decades as a result of increased ground shaking, it is vital to 
analyse industrial structures that hold dry and granular material Although statistics are unavailable, the number of silos that fail due to 
seismic stimulation is significantly higher than that of other industrial structures. Silos are an important part of the industrial system. 
When a silo fails or collapses, it results in the loss of property as well as the loss of material stored, the cleanup of pollution, the cost of 
replacing the structure, the maintenance cost, and, most importantly, the risk of injury or death. Because of these effects, silos' 
performance is critical for seismic excitation, and designers and researchers have been paying close attention to it in recent years. In this 
paper various researches are studied and reviews are presented. 
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1. Introduction 

Silos are structures that are used to hold cement and ash in ready-mix concrete plants, coal in power plants, and grains in flour 
mills. The term "silo" refers to any type of particle solid storage structure, whether it's referred to as a bin, hopper, grain tank, or bunker. 
The design of silo to store material involves stored material properties, geometric and structural considerations. Stored material 
properties consideration is important because the frictional and cohesive properties of material differ from one material to another. A 
stored material density can differ with change of particle size, moisture, temperature and conditions. This variability of stored material 
and properties makes evaluation of silos very important. When considering the geometric design of silo potential problems include 
arcing across an outlet, rattling through material and flow pattern during discharge. 

 
An earthquake ground motion has three components resulting in structural loads in the vertical and two horizontal directions. 

The effect of vertical seismic loads on the relatively heavy silo structures is usually small, whereas the effect of lateral loads can be 
significant especially on the taller silos containing heavier material. The magnitude of the horizontal seismic load is directly proportional 
to the weight of the silo. As the silo height increases the height of the center of mass of the silo structure also increases. Assuming the 
horizontal seismic load is applied roughly at the center of mass, the moment arm for the lateral load and the corresponding bending 
moment at the base increase. The increased bending moment then results in nonuniform pressure distribution at the bottom of the silo, 
which can be significantly larger than the pressure caused by the gravity loads. Earthquakes can also cause damage in the upper portion 
of the silo if the material contained can oscillate inside the silo during the earthquake. The lateral loads due to material flow and lateral 
seismic loads must be considered simultaneously if the material can oscillate. 
 
2. STEEL SILOS 
2.1 Failure of silos 

Adem Dogangun; Zeki Karaca; Ahmet Durmus; and Halil Sezen [1] presented different cause of Failure of a silo can be 
devastating as it can result in loss of the container, contamination of the material it contains, loss of material, clean-up, replacement 
costs, environmental damage, and possible injury or loss of life. Also provided are a review and discussion of the common or spectacular 
silo failures due to explosion and bursting, asymmetrical loads created during filling or discharging, large and nonuniform soil pressure, 
corrosion of metal silos, deterioration of concrete silos due to silage acids, internal structural collapse, and thermal ratcheting. Silo 
damage and failures from several earthquakes are also presented. Jonathan G.M. wood [2] also stated different failure arises from factors 
that are not properly considered in structural standards. Failure due to corrosion of reinforcement, shear distortion of inadequately 
prestressed precast concrete stave silos when overstressed by wet crops, or when pressure increase on discharge. Silos are process 
vessels, so failures of function are as important as structural failures.  

 
Atul Kulkarni and J. Chavez Sagarnaga [3] discussed failure due to design errors. Silo design requires specialized traits, which 

includes knowledge of stored material behaviour and loads exerted on the silo walls. How these loads interact with the entire structural 
system is normally not well understood at the design stage. some of the most common causes of steel silo failures due to design errors 
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are given in this paper like failure due to flow pattern change, Failures due to ignoring the effects of eccentric discharge. John W. Carson 
[4] discussed in details like effect of grain swelling, Effect of gas pressure, thermal ratcheting. Thermal ratcheting is a condition in which 
successive temperature cycles cause increasing pressures on metal silo walls. Metals have a higher coefficient of thermal expansion than 
bulk solids, and metal silo walls react more quickly to ambient temperature changes than the stored bulk solid. Thus, metal walls expand 
with increasing temperature, and the stored material settles (assuming no discharge). Grain swelling is also cause of failure, Stored 
grains are hygroscopic; that is, they absorb moisture from liquid sources and from the atmosphere. When grains absorb moisture, they 
expand. When grains are confined within a structure, the expansion is restrained. The consequence is an increase in bin wall pressure. 

 

     
Fig 1. Damage to upper part of silo due to flow problems _Marinelli 2004, with permission [1] 
Fig 2. Bending of circular wall caused by eccentric discharge [3] 
 
2.2 Buckling behaviour of silos 

Qing Shuai Cao Yang Zhao, Ru Zhang [5] presented a comprehensive study of the buckling behaviour of various slenderness 
large circular steel silos with capacity of 40,000-60,000m3, which are subject to large eccentricity filling solid pressures. The buckling 
deformations of steel silos under large eccentricity filling are non-symmetrical, where the radial displacement in the eccentric side is 
much larger than that in the opposite side at the same depth. 

 
The geometrical nonlinearity is beneficial while material nonlinearity is strong and detrimental to buckling behaviour of 

example silos. The effect of weld imperfection is also harmful to buckling resistance of silo, which is more serious for relatively slender 
silos than squat silos. The buckling design of steel silos under large eccentricity filling is mainly governed by the nonuniform distribution 
of the solid pressure other than other influential factors as the weld imperfection, geometrical and material nonlinearity, compared with 
the load case of symmetrical filling. A.J. Sadowski & J.M. Rotter [6] presented behaviour of five thin-walled cylindrical silos with step 
wise varying wall thickness and aspect ratios varying from very squat to very slender. In cylindrical silos under concentric discharge, 
axial compression in the silo wall is caused by friction between the wall and the stored granular solid. The compressive axial membrane 
stress resultant is cumulative with depth, so that the risk of buckling is substantially increased towards the base of the silo. Aspect ratio 
significantly influences the relative magnitudes and patterns of normal pressure (ph) and frictional tractions (pw) exerted by the stored 
granular solid on the silo wall. 

 
2.3 EFFECT OF FLOW PATTERN AND HOPPER SHAPE 

Adam J. Sadowski and J. Michael Rotter [7] explored the behaviour of the silo under eccentric discharge. The largest capacity 
silos must be designed explicitly for eccentric discharge. In this paper example silo, still a considerable structure 6 *18 m, falls far short 
of this requirement for an explicit eccentric discharge calculation. The regions of highest compressive axial membrane stress are at the 
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centre of the channel at mid height and at the edge of the channel at the base of the silo. These are both critical regions where this 
pressure model indicates that the silo may buckle; At mid height, very high axial membrane stresses develop in the thin wall and the 
buckling mode is elastic. The low internal pressure in the flow channel also reduces the imperfect pressurized buckling strength. This 
mid height buckling mode has often been observed in practice and is responsible for many failures; At the base of the silo, the internal 
pressures are much higher so the buckling mode becomes plastic. 

 
Fig 3. Elevation and design dimensions of an example cylindrical silo used in this study with eccentric discharge of stored solids [7] 

 
Hazim Sharhan [8] investigate the stress concentrations at junctions of cylindrical-conical shell structures using the finite 

element method. The most significant behavior of the cylindrical-conical shell occurs at the junction between the two shell components. 
Due to the geometrical discontinuity at the junction, the structure undergoes an inward radial deflection which causes concentrations of 
compressive inplane circumferential stresses as well as meridional bending stresses. 

 
M. Wojcik, g. G. Enstad, m. Jecmenica [9] presented finite element (FE) calculations of stresses in a silo structure caused by 

the loads exerted by the discharging material. Two different conical hoppers were studied, concentric and eccentric withdrawal shown 
in fig. The eccentricity was introduced by the change of the outlet position towards one side of the hopper, and the influence of this 
modification is presented. Significant differences are found in the hopper-wall stresses between the concentric and eccentric cases. 
Strong bending actions appear in the eccentric hopper, and they are influenced by stiffness of the hopper/cylinder junction. The numerical 
prediction of loads exerted by eccentrically flowing material in a mass-flow hopper has shown that the wall pressure acting on the wall 
that is nearer the outlet decreases at the hopper level but increases above transition. This load distribution, together with the asymmetric 
structure, results in significant bending actions within the wall that do not take place in axisymmetric cases. Eccentric hoppers introduce 
complex stress distributions that mainly affect the hopper part (increase of maximum stresses and nonuniform bending). The result also 
indicates that the stiffness of the hopper/cylinder transition has significant influence on the magnitude of the bending action in the 
hopper.  

 
Fig Silo structure with two different conical hoppers [9] 
 
2.4 Effect of slenderness ratio 

Hamy H.A. Abdel-rahim, studied [10] 7 RC wheat silos with different ratio has been utilized and subjected to earthquake 
records considering the ensiling materials. The dynamic analysis concludes that the seismic response of silos is significantly affected by 
earthquake characteristics. The effect of the ground motion on the silos taking into the account the ensiling material has highly influence 
by the earthquake characteristic. In particular, it is found that the ensiling material may increase maximum pressure by 3 – 5 times the 
FE filling pressure in tall silos (h/d = 3 - 6). The maximum pressure occurs at the silo base. In silos characterized by squat geometrical 
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configuration (h/d = 1 – 2 ) and in large diameter silo, vibration of ensiled material increases the silo wall pressure by two times the FE 
filling pressure without earthquake. The maximum occurs at 0.65h from the silo top. The silo top displacement time history provides 
pronounced significant responses due to strongly variation of displacement impulsations in the squat silos of small height and large 
diameter with ratio (h/d = 1 – 2) while, in tall silos having the same diameter the seismic load causes the extreme top displacement with 
small and quiet fluctuations due to the large mass of ensiled materials in tall silos.  

 
The pressure increase due to the ensiled wheat during the ground motion is considerable larger than that recommended 

discharging pressure resulting from multiply Janssen equations by some factors. Consequently, these dynamic pressures appear due to 
the ensiled materials govern the practical design of those silos. The actions provoked by the earthquake ground motion on the ensiled 
material led to remarkable increase in the normal, shear forces and bending moments on the supports the effect of ensiled material turns 
out to be noticeably in large diameter silos. 

 
  Ayşegul Durmus Demir and Ramazan Livaoğlu [11] presented parametric study, which examines the effects of varying aspect 
ratios on the dynamic response of cylindrical silos directly supported on the ground under earthquake loading. The results obtained from 
the numerical analysis are discussed comparatively in terms of dynamic material pressure, horizontal displacement, equivalent base 
shear force and equivalent bending moment responses for considered aspect ratios. Slenderness directly affects the seismic response of 
such structures especially in terms of behavior and the magnitude of the responses.  
 
2.5 Effect of temperature stresses on silos 

Yue Ma, Rui Bai, Hong-xia Yang, Sheng-dong Gu, [12] Investigated the structural behaviors of the silo under different 
conditions that produces useful information for considering thermal effects in silo design. Equations are proposed for evaluating the 
thermal effects in design practices. Author concludes that the vertical temperature differential plays an important role in the 
circumferential stress of the silo wall. In contrast, the temperature of the silo wall has no significant influence on the circumferential 
stress in the middle of the silo. When the radius to thickness ratio is high, the maximum circumferential stress occurs at the bottom of 
the silo. While the radius to thickness ratio become small, the maximum circumferential stress may occur at the location where the 
vertical temperature differential affects.  

 
Julia M. Mora´n; Andre´s Juan; Rita Robles; Pedro J. Aguado, [14] Studied the analysis of pressure distributions in grain silos 

subjected to thermal effects, taking into account its plastic and elastoplastic behaviour patterns when affected by thermal variations of 
the structure. Using an elastoplastic behaviour for granular material, an increase of horizontal pressures by effect of temperature is only 
exerted in elastic zones. This growth is more pronounced as the value of internal frictional angle increases. The increase in horizontal 
pressures due to temperature is more pronounced with increments of the wall thickness, modulus of elasticity of the grain and Poisson’s 
ratio of the grain, and is hardly influenced by variations of grain–wall friction angle.  
 
3. Conclusion & Outlook 

 Structural performance of silo depends some many factors which includes, material stored, wind interactions, types of support, 
wall flexibility, H/D ratio staging height, stiffeners etc 

 The main problem in the silos structure is, they are not much safer under different loading conditions due to lack of its strength 
and capacity to withstand the worst condition. 

 Slenderness directly affects the seismic response of such structures especially in terms of behavior and the magnitude of the 
responses. 

 Buckling considerations play a very important role in the design of silos of all aspect ratios. Wall thickness plays important role 
in buckling behavior. 

 The base of the silo structure can be subjected to larger base pressure than that of the other traditional structures such as buildings. 
 Effect of stresses changes according to loosely and densely packed granular materials.  
 Wall thickness plays important role in buckling behavior. 
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