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SUMMARY: Silos are industrial facilities used for storing a huge range of different 
materials. They should be designed to resist several loading conditions, and their seismic 
behaviour strongly depends on the geometrical and mechanical behaviour of their supporting 
frame, and the nonlinear behaviour of the content (e.g. friction, content-silo wall interaction). 
Nonlinear dynamic simulation of such systems can be very time-consuming, and most of the 
time unfeasible. This study compares a finite element model made of bricks elements and a 
simpler model with distributed masses on the silo walls. While simplified models were not 
suitable to simulate local behaviour of the silo wall, they reasonably predicted the global 
response of the elevated silo system. Yet, the accuracy strongly depended on the rigidity of 
the supporting structure, and this should be investigated carefully during the calibration 
phase. 
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1. INTRODUCTION

In the last decades, industrial facilities were damaged by many natural events, among which 
the seismic events are the most significant. Indeed many plants are located in territories in 
which seismic risk is not negligible, such as Italy. Furthermore, most of these plants have 
been designed and built before the latest updates of the seismic design codes took place, and 
most of them are prone to earthquakes. Therefore the seismic performance of the existing 
plants should be validated by means of accurate numerical analysis, taking into account of 
structure’s nonlinear behaviour and realistic ground motion data. 
Stored materials have generally a very complex behaviour, characterized by stress or strain 
dependence, plasticity, dilatancy, and possible anisotropy. In order to take into account all of 
these features, sophisticated mathematical modelling is needed. Also the mechanical 
interaction between the walls and the material is significantly nonlinear. Besides, it has been 
observed that shell deformability can strongly influence wall pressures [Haroun and Housner, 
1981].  To have a good description of storage material behaviour and its effects on the silo 
wall, approximated numerical models have been developed by several researchers. 
The first notable numerical studies have been performed by Mahmoud and Abdel-Sayed 
[Mahmoud and Abdel-Sayed, 1981]. They developed a finite element approach in order to 
assess the lateral pressure on the silo wall in the static case. Their method took into account 
the interaction between bulk solids and the silo’s wall by using one-dimensional joint 
elements, whose normal and tangential stiffness had to be initially assumed and modified 
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through an interactive procedure. Haussler and Eibl [Haussler and Eibl, 1984] focused their 
attention on stress field in plane strain silos during static and dynamic phases for rigid shells 
only. They described the storage material by means of an elastic-plastic constitutive law of 
cohesionless material with a viscous part. Their results were in accordance with experimental 
results for the static case. Askari and Elwi [Askari and Elwi, 1988] modelled the storage 
material as a no-tension Drucker-Prager elasto-plastic material. Their method was able to 
predict the incipient flow pressure on hopper-bin wall. Rombach [Rombach, 1991] 
summarized the finite element numerical modelling approaches developed by several 
European researchers. 
Many researchers have used elastic-plastic models and yield criteria such as Mohr-Coulomb, 
Tresca and Drucker-Prager. Material laws have been modified for cohesive bulk solids and 
for dynamic calculations. Almost all these studies aimed to define the pressure on the silo 
wall during the discharge phase. However, very little attention has been given to the 
evaluation of seismic actions.  
In this article, a comparison between two modelling approaches has been presented: 
i) Complex approach, taking into account the granular material content of silo, and its 

interaction with silo wall 
ii) Simplified approach, where the silo content is simulated with static pressures and lumped-

distributed masses.  

2. NUMERICAL MODELLING 

Nonlinear dynamic simulation of the cyclic behaviour of bracing members has been the 
subject of investigation by several researchers. Some researchers developed advanced open-
source numerical models capable of simulating the flexural rigidity of bracing connections, 
low-cycle fatigue and local buckling phenomena [Pillai, 1974; Chen et. al., 2013]. These 
models can estimate the hysteretic behaviour of bracings to a high degree of speed and 
accuracy, although their modelling is not straight forward. On the other hand, simpler bracing 
models have been also in use, and proved to be efficient to simulate nonlinear dynamic 
behaviour of steel bracings [Longo et. al., 2009; Giugliano et.al., 2010].  
In this study, all the frame elements have been simulated through a fibre-based nonlinear 
model with distributed plasticity, which has been confirmed as a reliable approach to perform 
nonlinear dynamic analysis for steel frame analysis by Kanyilmaz et al. [Kanyilmaz, 2015; 
Kanyilmaz et al., 2015]. As a benchmark, an elevated silo supported on a braced steel frame 
has been considered (Figure 1 and Figure 2).  
The numerical model has been developed using Straus7 software [Straus7, 2005]. Both 
material and geometrical nonlinearities have been taken into account. Geometrical and 
mechanical properties of the silo system are shown in Table 1. 
In the complex model (DPconn), stored material has been modelled by three dimensional 
brick elements in which the Dracker-Prager soil constitutive law has been incorporated. 
Material properties have been decided by means of a sensitivity analysis [Andreola, 2014]. 
Final values are reported in Table 2. The interaction between the stored material and the silo 
wall, has been provided by means of connection elements. After the sensitivity analysis, 
translational stiffness has been defined as 4.1e+5 KN/m in x and y directions, 1e+6 KN/m in 
z direction. Considerations about friction coefficient of the wall were also carried out in order 
to assess the value of these parameters. 
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Table 1. Geometrical and mechanical properties of silo system 

Wall thickness Radius Total height 
Cylinder 

height 
Hopper height 

Hopper half 
apex angle 

5 mm 3380 mm 19184 mm 11870 mm 5333 mm 32.5° 

Steel grade 
Modulus of 

elasticity 
Shear Modulus Poisson’s ratio   

S275 210000 MPa 81000 MPa 0.3   

Unit weight Angle of repose 
Angle of 
internal 
friction

Lateral 
pressure ratio 

Wall friction 
coefficient 

Hopper 
friction 

coefficient
600 kg/m3 34° 27° 0.58 0.41 0.35 

 

 

 

Figure 1. Cross sections of the benchmark silo 
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Figure 2. 3D numerical model of the benchmark silo 

Table 2. Parameters for Drucker-Prager granular silo content 

Modulus Poisson’s ration Bulk density Condition 
25 MPa 0.3 600 kg/m3 Drained 

Drained cohesion Friction angle Horiz. Stress ration Void ratio 
0.005 MPa 27° 0.527 0.6 

In the distributed mass model, the presence of stored material is simply modelled by applying 
additional non-structural masses on the silo wall. Two models are shown in Figure 3. 
As first step, natural frequency analysis has been performed to have a first comparison 
between different modelling approaches.The structure presents a very dominant translational 
mode in x-direction (≈99%) and a dominant mode in y-direction too (≈78-85%). There are 
many modes with low mass participation, and particularly they are coupled modes between 
the shell and its content. These modes are not clearly separated in x- or y-direction. Table 3 
reports results of modal analysis. It can be observed that results of simplified (distributed 
mass) model and complex (DPconn) model are almost identical. Nonlinear static analysis 
(NLS) has been performed in order to study the behaviour of the models under vertical 
loading (filling). The deformed shape under static load is used as initial condition for time 
history analysis. In the distributed mass model, in order to simulate the static effects of the 
bulk material on the silo wall, the static distribution of pressure has been applied as 
recommended by Eurocodes [UNI-EN 1991-4, 2006].  



 

INGEGNERIA SISMICA – INTERNATIONAL JOURNAL OF EARTHQUAKE ENGINEERING 

 
 

9

 

a. Drucker-Prager model with connection beams b. Distributed mass model; 

Figure 3. Two different numerical modelling approaches 

Mass of stored material has been computed as 310.3 tons, and the total mass is 356.3 tons. In 
the nonlinear static analysis, a good agreement has been achieved for the expected and 
computed values of total vertical reaction forces. Comparison of radial displacement of the 
vertical wall under filling load is shown in Figure 4 for two angular coordinates (ϑ=0° and	
ϑ=45°).  

Table 3. Results of modal analysis 

x-direction 
1st global mode x-dir. 

Mode num. T Participant mass 
Distributed Mass Model 1 1.51 s 98.86 % 

DPconn model 1 1.49 s 99.04 % 

y-direction 
1st global mode y-dir. 2nd global mode y-dir. 

Mode num. T 
Participant 

mass 
Mode num. T Participant mass 

Distributed Mass 
Model 

2 0.72 s 77.75 % 20 0.25 s 12.48 % 

DPconn model 2 0.68 s 84.43 % 6 0.25 s 14.39 % 
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Figure 4. Comparison of radial displacement of the vertical wall under filling load:  
Left graph: ϑ=0° ; Right graph: ϑ=45° 

Taking into account the supporting frame there are not significant differences between the 
two models. On the contrary, the presence of the brick element inside the shell, leads to a 
marked change in the response of the wall. Indeed, its stiffness is increased by the content.  
As a last step, the performance of two modelling approaches has been compared by means of 
nonlinear transient dynamic analysis. First 9 seconds El Centro-1940 ground motion 
recording has been taken as reference for the seismic excitation (Figure 5). 
 

 
Figure 5. El Centro-1940 Ground motion record 
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Figure 6. Global response parameters in x-direction 

The deformed shape of the structure, obtained by nonlinear static analysis under vertical 
loading has been used as initial static condition for dynamic analysis, both for distributed 
mass model and Drucker-Prager model with connection beam (DPconn).  
Seismic actions in x and y directions have been applied separately. Figure 6 and Figure 7 
show comparisons between two models in terms of total base shear, moment (in case of non-
braced direction) and axial (in case of braced direction) reaction at the base of the columns, 
and the horizontal displacement of the top node of the supporting structure, in x and y 
directions.  
These parameters have been chosen as they are the most interesting parameters to describe 
the structure’s global response. It is evident that modelling approach does not significantly 
affect the seismic behaviour of the supporting structure. In more flexible plane (x direction) 
the difference is much smaller than in the more rigid plane (y direction). On the other hand, 
significant differences between two models in terms of behaviour of the silo wall are 
presented in Figure 8. 
Although both models can get a global description of the shell behaviour, catching its main 
features, local deformations result significantly different.  
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Figure 7. Global response parameters in y-direction 

 
Figure 8. Deformed cross section of the silo at h=5.935m from transition, at the PGA instant (disp. 
X100) 
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a. Force-disp in x direction b. Force-disp in y direction 

Figure 9. Global force-displacement behaviour of the elevated silo with scaled accelerograms 

In order to observe the global resistance and ductility of the silo-system, nonlinear dynamic 
analysis has been performed with the accelerograms scaled in an increasing manner, based on 
the reference El Centro ground motion. Global force-deformation behaviour of the system 
can be observed in Figure 9. Also in this case, simplified model provides satisfactory results 
in more flexible (x-direction). The difference in the y-direction (braced) arises from the 
inelastic deformations taking place in the silo wall elements, due to increased rigidity of the 
supporting structure. 

3. CONCLUSIONS 

In this study, comparisons are shown between a complex modelling approach using three 
dimensional soil type brick elements, and a simplified approach in which ensiled material has 
been simulated by means of distributed masses placed on the silo wall. Comparisons have 
been made in terms of the results of natural frequency analysis, nonlinear static and dynamic 
analysis, and incremental dynamic analysis. It can be generally stated that global response of 
the structure can be simulated reasonably well by means of the simplified modelling 
approach, although it could not simulate the local behaviour of the silo wall with suitable 
accuracy. The complex model’s behaviour is mainly led by the mass of the content, and the 
global response parameters obtained from the two models are similar. It should be noted that 
the accuracy is strongly affected by the rigidity of the supporting structure, and this should be 
investigated carefully during the calibration phase. This study has been realized within the 
project RFSR-CT-2013-00019 PROINDUSTRY. 
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SOMMARIO: I sili sono componenti fondamentali all’interno degli impianti industriali,. Essi 
sono utilizzati per contenere una grande varietà di materiali solidi, particellari o liquidi, 
come grani, materie prime, e prodotti chimici. Si ha l’esigenza di approfondire le conoscenze 
legate al comportamento delle strutture di stoccaggio sotto l’azione sismica, affinché queste 
possano essere recepite dai riferimenti normativi e la progettazione possa essere ottimizzata. 
Dall’altro lato, si ha anche la necessità di avere a disposizione strumenti pratici ed 
immediati, che supportino la progettazione senza doverla ulteriormente appesantire. Nel 
presente lavoro, vengono valutate due diverse modellazioni, a partire da quelle più 
complesse, in cui anche il contenuto è modellato da appositi elementi finiti tridimensionali, a 
quelle in cui la presenza del materiale è invece simulata da distribuzioni di masse e pressioni. 
I modelli a elementi finiti sono stati implementati attraverso l’utilizzo del software 
commerciale Straus7. 


