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1 INTRODUCTION 

Silos are very common structures which are used in 
industrial and agriculture sectors. Despite the tech-
nological development in the silo’s construction 
field but there's a lack in estimating the nonlinear 
behavior of granular material inside the silo. To un-
derstand all these critical aspects, the researchers 
devoted their efforts to study these issues like esti-
mating the nonlinear behavior of granular material 
during earthquake actions and its effect on the silo 
wall pressures and stresses as well as the effect of 
filling and discharging on the silo’s behavior during 
seismic loads. 
Some silos’ reported failures were due to carbona-
tion of concrete, reinforcement corrosion, loss of 
concrete cover, changes in silos utilization and ex-
cessive deformation due to loss of ability to resist 
lateral loads, Maj (2017). ACI (1996) includes the 
design of silos and stacking tubes to store granular 
materials with no special classifications for con-
tained materials. On the other hand, EUROCODE 
(2006) divides silos according to actions and design 
purpose. ACI calculates static pressure inside silos 
considering the at rest load case, while EUROCODE 

(2006) divided loads according to the type of the 
stored material and provided methods to calculate 
solid parameters using experimental tests. Carson 
and Craig (2015) studied the inconsistencies be-
tween the most current common codes. The study 
showed that the most reasons that led to failure that 
designers simulated granular material as a fluid 
which is not true as in the fluid case the maximum 
pressure on the wall occurred at the bottom portion 
of the wall, while for granular materials, the pressure 
is maximum in the middle. Abbas (2014) studied 
numerically the free vibration characteristics and 
seismic response for elevated flat bottom clinker si-
los supported on wall. A comparison with applying 
silo initial load distribution is calculated using 
Janssen's method (1895).  
Castiglioni and Kanyilmaz (2015) found that most of 
the existing silos were not designed for the new de-
sign code recommendation to resist earthquake 
loads. Abdel-Rahim (2014) studied seven reinforced 
concrete silos using different heights to diameters ra-
tio with and without earthquake loads considering 
filling and discharging pressure. The study showed 
that squat silos with h/d = 1 to 2 had more resistance 
to earthquake and were more economical. Also, ver-
tical earthquake loads had a small effect on heavy si-
lo structures while lateral loads had more effect on 
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taller silo structures. 
Togarsi (2015) studied the effect of nonlinear seis-
mic behavior of reinforced concrete silos by compar-
ing the results of displacement and vibration analysis 
of two concrete silos supported on columns and the 
other supported on shear walls and columns respec-
tively. The study was considered empty, partially 
filled, and full of granular material. It was found that 
models with columns only has the largest top dis-
placement, and the case of full silo had the largest 
displacement. Jagtap et al. (2014) studied the non-
linear behavior of granular material cylindrical steel 
silo exposed to dynamic base excitation using three-
dimensional finite element modelling. On the other 
hand, Niemunis and Herle (1997) and von 
Wolffersdorff (1996) took the effect of intergranular 
strain in the hypoplastic constitutive model into con-
sideration. The aim was to develop a comprehensive 
three-dimensional granular material silo that in-
cludes all possible sources of nonlinearity for static 
and dynamic analysis. 
Jagtap et al. (2014) compared between static finite 
element analysis and Janssen's theory (1895). It was 
shown that the two methods agreed with a small dif-
ference depending on the linear-elastic constitutive 
behavior of the granular material. Results of ground 
motion were compared using Eurocode8 part4 [14], 
and it was found that Eurocode is conservative. 
Pieraccini et al. (2017) presented an analytical for-
mulation based on the Pieraccini (2015) and Silvestri 
(2012) theory to determine the natural frequency for 
grain silo. The silo was simulated as an equivalent 
shear-flexural cantilever beam with an applied mass 
equal to the silo structure plus the mass of the por-
tion of the stored material. It was found that grain si-
los have strong nonlinear dynamic behavior, also the 
silos are affected by the dynamic input and the 
stored material properties. There is a difficulty in the 
prediction of the behavior of grain silos under seis-
mic excitation. Butenweg (2017) presented a com-
parison between static equivalent loads acting on the 
cylindrical silo and the time history analysis consid-
ering the nonlinearities induce by the filling process-
es and the interaction between silo wall and the 
stored granular material. The behavior of granular 
material using hypoplastic material model was based 
on the formulation of Gudehus (1996). The model 
was validated by the shaking table tests carried out 
by Holler and Meskouris (2006). Nateghi and 
Yakhchalian (2011) and Beg, Yadav (2017) [22]. 
Beg, Yadav (2017) found that pressures inside silos 
are affected by silo type, silo wall type, stored mate-
rial properties, the mass flow pattern, and eccentric 
flow. As for the discharge rate, El-Arab (2014) stud-
ied flow patterns and wall pressures induced during 
the filling and emptying processes of silos, experi-
mentally and numerically. It was found that design 

codes depend on Janssen's method (1895) to calcu-
late the pressures on the silo wall, and it is only ap-
plicable for bins which have symmetrical cross-
sections, and the material case is in at rest load case. 
Also, the measured pressure due to non-symmetric 
dynamic discharge did not agree with that of the de-
sign codes which gave overpressure factors to over-
come this problem. The study general outcomes 
agreed with the outputs of Rombach and Neumann 
(2004). Gallego et al. (2015) compared experimental 
and finite element results of cylindrical silo filled 
with wheat grains by measuring the normal pres-
sures and friction forces in the silo wall during fill-
ing and discharging cases. The study showed that 
mass flow inside the silo is better than the funnel 
flow and this can be achieved by smooth hopper 
wall with large outlets. 
The current research aims to study the effect of 
stored granular material inside the silo, openings 
size, height change, silo diameter, and reinforcement 
ratio, on the behavior of silo during earthquake. Al-
so, proposing simplified equations to predict the 
fundamental period of such silos in relation with 
opening size and height. 

2 STRUCTURAL MODELLING 

In this present study the numerical model for finite 
element simulated using ANSYS (2016). A total of 
240 models were accomplished for heights-to-
diameter ratios of 1.5, 2.0, 2.5, and 3.0, and with di-
ameters of 7 m, 10 m, 15 m, 18 m, and 20 m. Effect 
of openings on seismic behavior has been observed 
by simulating two access opening 3.5 m * 4 m, as 
shown in Figure (1).   

 
 

 

 

 

 

 

 
 
 
 
 
 
 
 

 

 

 

 

Figure 1. Silo typical model showing openings locations (di-
mensions are in m). 
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The numerical model for the finite element simula-
tion consists of three components, namely the silo 
concrete elements, the granular material, and the in-
terface between the silo walls and the granular mate-
rial. The silo wall is modeled by solid element 65 as 
it has capabilities of cracking in tension and crush-
ing in compression. The concrete is capable of 
cracking (in three orthogonal directions), crushing, 
plastic deformation, and creeping. Figure (2a) shows 
the eight nodes solid 65 geometry with the capability 
of having three rebars in three different dimensions. 
The silo wall and the reinforcement are simulated 
using 5 layers through the wall thickness. Two lay-
ers of reinforcements, with smeared reinforcement 
model, were used to model the top and bottom rein-
forcements inside the silo wall with thickness of 50 
mm, as shown in Figure (2b). The other three layers 
were used to model the outer and inner concrete 
cover from one side and the concrete core from the 
other side. 

 
 
 
 
 
 

 
 
 

 
 

 
Figure 2a.  Finite element Solid 65, ANSYS.   
 
 
 
 
  
 
 
 

 
Figure 2b.  silo wall thickness element divisions. 
 

Free vibration analysis and response spectrum anal-
ysis has been performed through a linear model of 
concrete material. Consequently, the properties of 
linear concrete material are shown in Table (1) ac-
cording to EUROCODE (2006). Material properties 
of the filling material are obtained from Arar (2016) 
as young’s modulus of grains is 136100 MPa with 
2.05 t/m3 density, Poisson’s ratio is 0.36 and the co-
efficient of friction against silo’s wall is 0.05. The 
geometric compatibility between the granular mate-
rial silos contents and the silo walls is enforced by 
means of special three-dimensional nonlinear sur-
face to surface contact element (CONTA-174& 
TARGE170). These bipartite contact elements have 
one side attached to the surface of the granular mate-

rial (CONTA-174) and an associated target element 
attached to the inside of the silo wall (TARGE170).    
 
 
 
 
 
 
  
 
 
 
 
 
Figure 3. ANSYS contact pairs, CONTA174 and TARGET170 
 
Table 1.  linear properties of concrete, Grain properties. 
 

Linear properties of concrete 

fck (cylinder strength) 32 MPa 

fcu (cubic strength) 40 MPa 

Poisson’s ratio 0.2 

Ec (Young's modulus) 33345 MPa 

Ɣc (weight per 1 m3 volume) 2.5 t/m3 

 

The regarded flat bottom silo has a constant top slab 
thickness of 300 mm. An inner circular opening has 
a constant diameter of 2.0 m. The bottom slab has a 
constant thickness of 1000 mm. Figure (4) shows the 
three-dimensional (3D) silo model with a fixed 
boundary condition at the base. In addition, the fig-
ure shows the top and bottom slab with 2000 mm 
opening size as well as the silo circular wall. The si-
lo top wall is a solid with a constant thickness of 300 
mms for all models used in this research. Due to the 
stored material, this wall is exposed to horizontal 
pressure as well as vertical friction. The bottom silo 
wall was modelled with a 300 mms constant thick-
ness with 4.0 m height. In the case of silo wall with 
openings in the bottom wall, the access openings are 
3.5 m width and 4.0 m height. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.  Three-dimensional FE silo model. 
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2.1 Mesh sensitivity analysis 

 
Two different analyses were implemented in or-

der to perform a mesh sensitivity analysis, the first 
analysis was static analysis while the latter was a re-
sponse spectrum analysis. Static analysis was im-
plemented using two types of loads, 1000 kN con-
centrated load at the silo top edge, and the second 
load was distributed load of 100 kN/m along the silo 
height, as shown in Figure (5). Mesh sensitivity 
analysis was carried out on one model with 15.0 m 
diameter and height-to-diameter ratio of 1.5. The 
analysis considered two cases of the silo, empty and 
full of grains. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Lateral load type: Concentrated load (left) and dis-
tributed load (right).   

2.1.1 Static analysis 
Figure (6a), and Figure (6b) show the maximum dis-
placement for full and empty silo, respectively, so 
due to stiffness of the bottom slab the curve have a 
significant change at height 5m, also due to top slab 
and location of the load the displuming increased. 
Four mesh sizes have been examined, 0.25 m, 0.5 m, 
0.75 m, and 1 m. For the 1000 kN concentrated top 
load, the results show that there was almost no dif-
ference between the four mesh sizes results used to 
model the silo. So, 0.5 m mesh size was chosen for 
all silo models to minimize the run time and at the 
same time to obtain a smoother deformed shape. 
Figure (7a), and Figure (7b) show the maximum dis-
placement for full and empty silos, respectively, for 
the 100 kN/m distributed load. In case of full silo, 
the curve has a linear distribution due to the fixed 
stiffness of the grains along the height of the silo. 
Again, there was no noticeable difference among the 
tested mesh sizes, so the mesh size of 0.5 m was the 
most appropriate mesh size to be used for silo mod-
els herein in this research. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6a. Silo lateral displacement under concentrated load 
(D= 15.0 m and H/D =1.5) for Full silo. 

 
 
 
 
 
 
 

 
 
 
 

 
Figure 6b. Silo lateral displacement under concentrated load 
(D= 15.0 m and H/D =1.5) for Empty silo. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7a. Silo lateral displacement under distributed load (D= 
15.0 m, H/D = 1.5) for full silo.   

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7b. Silo lateral displacement under distributed load (D= 
15.0 m, H/D = 1.5).   
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2.1.2 Response spectrum analysis 
 
Dynamic analysis has been performed using re-

sponse spectrum analysis according to EURO-
CODE8 (2005). Seismic analysis was implemented 
using Type 2 of seismic with deposits of loose-to-
medium cohesionless soil which is classified as soil 
class D. ƔI is the importance factor, and Eurocode 
recommends a value of 1.2 for buildings such as si-
los. The silos in the current research had been con-
sidered laying in a zone for which the acceleration 
gravity ag = 0.15 g, which g is the gravitational ac-
celeration, 9.81 m/s. The following factors are de-
rived from the Eurocode: TB = 0.1, TC = 0.3, TD = 
1.2, and S = 1.8. Figure (8) shows the response spec-
trum Type 2 curve. Three mesh sizes were checked, 
namely, 0.5 m, 0.75 m, and 1 m. Figure (9a), and 
Figure (9b) show the average displacement for full 
and empty silo, respectively, and the figure shows 
that the results are almost identical, due to the mass 
of the grains the displacement increased in case of 
full silo than the empty. 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 8. Response spectrum type 2 curve, EUROCODE8 
(2005). 

 

 

 

 

 

 

 
 
 
 
 
 
 

 
Figure 9a:  Full silo lateral displacement for various mesh sizes 

(D= 15.0 m and H/D =1.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9b:  Empty silo lateral displacement for various mesh 

sizes (D= 15.0 m and H/D =1.5). 

 

Mesh size of 0.25 m was a very time-consuming 
size, and it gives results almost identical to the re-
sults of mesh size 0.5 m. So, a Mesh size of 0.5 m 
was used for all models within the current study. 

3 FREE VIBRATION ANALYSIS 

A free vibration analysis was implemented in or-
der to monitor the differences in silo behavior with 
various parameters such as silo height, silo diameter, 
silo bottom wall openings, and different reinforce-
ment ratios. Used reinforcement ratios (μ) were 1 %, 
0.6 %, and 0.2 % of the total concrete cross sectional 
area, the same ratios were used typically for vertical 
and horizontal reinforcements. 

3.1 Effect of height and diameter 

A total of 240 FE models were simulated in order 
to study the effect of height and diameter on the 
fundamental period. The results showed that the 
fundamental period increases with increasing the 
height and the diameter showing that mass had more 
impact than stiffness on the fundamental period. It 
was noticed that increasing the reinforcement ratio 
led to an increase in the fundamental period due to 
increasing the ductility of the structure. In the case 
of silo diameter of 10 m without openings and with 
height-to-diameter ratio of 1.5 and μ = 0.6%, the 
fundamental period (T) was 0.155 sec. While for silo 
diameter of 10 m, μ = 0.6% and a height-to-diameter 
ratio of 2.0, T = 0.212 sec. The fundamental period 
was 0.277 sec in the case of height-to-diameter ratio 
2.5 and it was 0.35 sec for height-to-diameter ratio 
of 3.0. So, the increasing silo height led to an in-
crease in the time period as the stiffness decreased. 
For silo diameter 15 m, without openings, and with 
height-to-diameter ratio of 1.5 and μ = 1%, T = 
0.216 sec which was less than 0.297 sec for same si-
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lo diameter and reinforcement ratio but with height-
to-diameter ratio of 2.0. T = 0.39 sec for the same si-
lo with height-to-diameter ratio of 2.5, and T = 
0.495 sec for height-to-diameter ratio of 3.0. It was 
noticed that full of grains silo gave more fundamen-
tal time period when compared to empty silo for all 
cases of openings. The differences occurred because 
grains weight led to an increase in the total mass 
which showed that mass had more significant effect 
than the stiffness.  

  
Likewise, the effect of increasing silo height was 

more than the effect of increasing the diameter, as 
shown in Figure (10), for the full silo without open-
ings with μ = 1 % because of effect of the height in 
the total weight of the silo is more than effect of the 
diameter. Furthermore, the ratio between fundamen-
tal periods for different diameters is increasing with 
increasing silo height. 

 
 
 
 
 
 
 

 

 

 

 

 
Figure 10. Fundamental period for full silo without openings 
for μ = 1 %. 

Figure (11a) and (11b) show the relation between 
fundamental period and silo height for full and emp-
ty silo, without opening, respectively. It can be seen 
that, increasing the silo diameter has a significant ef-
fect on the empty silo than the full silo. It is seen that 
empty silo with D = 20 m, the fundamental period is 
constant for height < = 45m while for less diameters, 
the fundamental period is increasing gradually. Be-
cause full silo is more critical than empty silo as it 
has a more fundamental period, the full silo results 
will be shown in the following sections. 

 

 
 
 
 
 
 
 
 
 
 

 
Figure 11a. Fundamental periods vs Height for full silos with-
out opening (μ = 1 %). 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 11b. Fundamental periods vs Height for empty silos 
without opening (μ = 1 %). 

3.2 Effect of openings 

It was found that the openings existence led to an 
increase in the fundamental period values due to the 
stiffness reduction, as shown in Figure (12). It is ob-
served that the fundamental period for silos with 
opening is almost 14 % more than the solid empty 
one at H/D = 1.5 and, while it is 16 % more for H/D 
= 3.0. For silos with openings, as the height to diam-
eter ratio increases, the fundamental period increas-
es. Also, by increasing silo’s height and diameter, 
the silo’s overall weight effect increases and leads to 
higher fundamental periods. Table (2) shows the ra-
tios of fundamental periods of silos with and without 
openings. It is obtained that while the ratio of open-
ing perimeter to the total perimeter (ʎ) = 36 % the 
ratio of the fundamental periods was 45 % at diame-
ter 7 m, and it continued to decrease for larger dime-
ters at which the fundamental period ratio reached 9 
% at ʎ = 13 % and D = 20 m.s. 

 
 

 

 

 

 
 
 
 
 
 

 
Figure 12. Fundamental period for full silo D = 15 m with and 
without openings for μ = 1 %. 
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Table 2.  Ratio of fundamental periods for silos with μ = 

0.6 % (with opening and without opening for H/D = 1.5). 

Diameter  A= (T with opening/ 

T without) 

ʎ = (opening perime-

ter/Total silo perimeter) 

7 m 1.446247 0.36 

10 m 1.24286 0.25 

15 m 1.131457 0.17 

18 m 1.102616 0.14 

20 m 1.089205 0.13 

 
Figure (13) shows three values of the fundamen-

tal period at silo height 35.0 m for silo diameter 
10m, 15m, and 20m, since increasing the diameter 
leads to increase the stiffness so fundamental period 
decreases. In the case of the full silo with openings 
the values are 0.45557 sec, 0.34742 sec and 0.30760 
sec for diameters 10m, 15m, 20m respectively for 1 
% reinforcement that means the silo diameter 10m 
has less stiffness than the others since it the least di-
ameter. In the case of the full silo with opening the 
values are 0.58690 sec and 0.52733 sec for diame-
ters 15m and 18m respectively for 1 % reinforce-
ment. From these results it is observed that at the 
same height the lower diameters have less stiffness, 
so they have more fundamental periods. 

 
 
 
 
 
 
 
 
 
 

 
 

Figure 13. Fundamental periods vs height, full silo with open-
ings (μ = 1 %). 

3.3 Effect of reinforcement ratio on the 
fundamental period 

Three reinforcement ratios 1 %, 0.6 % and 0.2 % 
were investigated for all cases of silos were studied 
herein. It is obtained from Figure 14 that the rein-
forcement ratio does not have a significant effect on 
the fundamental period of the silo, as the curves are 
almost identical. The effect of reinforcement in line-
ar analysis depends on its weight and it is very mi-
nor compared with the concrete silo’s weight. 

 
 
 

 
 
 

 
 
 

 

 

 

 

 

 

 

Figure 14:  Fundamental period for full silo D = 7 m without 

opening for different reinforcement ratios and different height 

to diameter ratios. 

3.4 Estimating the fundamental period 

An analytical formula is needed to estimate the 
fundamental period for clinker silos for full silo in 
all its cases using curve fitting method to design the 
silos safely and rapidly. Curve fitting had been done 
for curves between fundamental period and height, 
as from previous sections in this research, it is ob-
tained that increasing the height has more effect on 
fundamental period than increasing the diameter. As 
the reinforcement has no significant effect on the 
clinker silo fundamental period as proved earlier in 
this research, μ = 0.6 % is to be used to investigate 
the formulas. Figure 15, and Figure 16 show the 
used curves to estimate the formulas for the funda-
mental period with height for silo different cases. It 
is obtained from the curves that in case of full silo 
without openings the equation is T = 0.0055H1.1372, 
in case of full silo with openings T = 0.0142H0.9238. 

 
 
 
 
 
 
 
 
 
 

 
Figure 15. Fundamental period formulas (T α H) for full silo 
without openings for various diameters for μ = 0.6 %. 

 
 
 
 
 
 
 
 
 

 
Figure 16: Fundamental period formulas (T α H) for full silo 
with openings for various diameters for μ = 0.6 %. 
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3.5 Model shapes 

The first 12 modes had been chosen to be pre-
sented with mass participation factors in this part for 
four types of silos for 15 m silo diameter and height 
to diameter ratio is 1.5. The first mode shape was the 
dominant one in all models and its type is lateral 
mode shape. Figure 17, and Figure 18 show the mass 
participation factor for the first 12 modes for empty 
and full silo without openings. It is obtained that for 
full silo without openings shows that mode (1) has a 
mass equal 0.86086 with lateral mass type in X-
direction, mode (2) in Y-direction and mode (3) is 
torsion as appearing in Figure 19. The summation of 
mass has more than 90 % at mode (6) for X-
direction and mode (5) for Y-direction as recom-
mended from ASCE-SEI05 [17] that mass participa-
tion factor must be more than 90 %. The rest of 
mode shapes do not have a significant effect, as it 
has a small mass. In the case of the empty silo with-
out openings summation of mass reached 90 % at 
mode (18) for X-direction and mode (19) for Y-
direction. Likewise, in the case of full of grains silo 
with openings summation of mass has more than 90 
% at mode (2) for X-direction and mode (6) for Y-
direction. Furthermore, in the case of the empty silo 
with openings Summation of mass reached 90 % at 
mode (14) for X-direction and mode (19) for Y-
direction. It is obtained from these results that full 
silo has a behaviour near to cantilever as it is collect-
ing the 90 % masses in early mode shapes, on the 
contract the empty silo collects the 90 % mass par-
ticipation factor after more numbers of mode shapes. 

 
 

 
 
 
 
 
 
 
 

 
Figure 17: Mass participation ratios for first 12 modes empty 
silo without openings for D = 15m and H/D = 1.5. 

 
 
 
 
 
 
 
 
 

 
Figure 18: Mass participation ratios for first 12 modes full silo 

without openings for D = 15m and H/D = 1.5. 

 

  

 

 

 

 

Figure 19: The first 12 mode shapes of full silo without open-

ings D = 15 m and H/D = 1.5 

4 RESPONSE SPECTRUM ANALYSIS 

Response spectrum analysis (RSA) is a method to 
estimate the structural response due to a combination 
of earthquakes that may probably happen in the 
same region. RSA is an elastic-linear dynamic anal-
ysis which is a superposition of mode shape results 
by summation results for the number of modes 
which has a 90 % mass participation factor as men-
tioned earlier. RSA was carried out for all presented 
silos in this study in two orthogonal directions X and 
Y directions. ANSYS [14] had been used to do this 
analysis and show the maximum base shear, dis-
placement, and overturning moment due to response 
spectrum analysis.   

4.1 Number of modes 

Free vibration analysis was developed to detect the 
number of modes which has a mass participation 
factor of more than 90%. Twelve modes had been 
chosen to be the minimum number of modes to be 
considered. Figure 20 shows the relationship be-
tween the number of modes and H/D for full silos 
with and without openings for X and Y directions 
for 1 % reinforcement ratio respectively. It is ob-
tained that in all full of grains silo cases in X and Y 
directions with and without openings number of 
modes are 5 modes for H/D ≥ 2.5, 6 modes in case 
of H/D ≤ 2.0, as it works as a cantilever near to first 
mode shape. on the contrary in empty silo cases 
number of modes varies from 3 in the case of the 
empty silo with openings with D = 7.0 m and H/D = 
2.0 to 55 in the case of the empty silo with openings 
with D =20 and H/D = 3.0, as it vibrates freely since, 
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it has not a big mass like full silos. The curves show 
also that there is a non-significant difference be-
tween the number of modes in the X and Y direction 
in the case of silos without openings. On the other 
hand, in the case of opening existence, there is a sig-
nificant change in the number of modes between the 
X and Y direction, as the openings have an effect in 
the stiffness in one direction more than the other. 
The number of modes for full of grains silo with 
openings with D = 7.0 m and H/D = 1.5 in the X di-
rection is 2 modes, but in Y direction is 6 modes. 
Likewise, the number of modes varies between 3 
and 16 for empty silos with openings in X and Y di-
rections respectively. It is obtained also that the rein-
forcement ratio does not have any effect on the 
number of extracted modes to perform response 
spectrum analysis. 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 20: Number of modes for mass distribution factor more 

than 90 % for full silos without openings in X direction. 

4.2 Response spectrum analysis results 

From the results, it has been observed that with in-
creasing the diameter and the height, the base shear 
increasing due to mass increasing. For instance, full 
of grains silo diameter 7m, height to diameter ratio 
1.5 without openings and reinforcement ratio 1 % 
the base shear is 706 KN. On the other hand, for full 
grains silo diameter 10 m, height to diameter ratio 
1.5 without openings and reinforcement ratio 1 % 
the base shear is 1972 KN. So, the effect of diameter 
and height leads to increase the weight, so the corre-
spondence base shear increases. Due to symmetry 
the base shear in X-direction and Y-direction are in 
agreement, but in the case of silos with openings 
base shear in X-direction is more than base shear in 
Y-direction as shown in Figure 21, and Figure 22 for 
full and empty silo with opening respectively for D= 
7.0 m with various height to diameter ratio. In addi-
tion, the figures show the relation between the seis-
mic coefficient (V=base shear/seismic weight) and 
H/D, it is obtained that the seismic coefficient de-
creases with increasing H/D, so the silos are more 
critical with decreasing H/D. It is obtained from the 
curves that the existence of openings leads to having 

a difference in corresponding stiffness to be bigger 
in X-direction than Y direction as shown in the 
curves. Figures 23, and 24 show the relation be-
tween base shear and H/D for various height to di-
ameter ratios for 1 % reinforcement ratio for full and 
empty silo. It is obtained from the curve that increas-
ing the height and diameter leads to an increase in 
the base shear as the weights are increased. But in 
case of D- 15, 18, and 20 m, the base shear is not in-
crementally increased and that is due to the higher 
mode has an effect in the silo behavior as shown in 
Figure 25, and 26 which show the mass participation 
ratio for full and empty silos. 
 
The results show that with increasing the reinforce-
ment ratio the base shear increases as shown in Fig-
ure 27 due to increasing the ductility and weight of 
reinforcement. Also, the results show that in the case 
of full silo without openings the reinforcement ratio 
has a minor effect in the case of silos with diameters 
7, 10 m, but it has a major effect in the case of silo 
diameters 15 m, 18 m, 20 m in X and Y direction as 
the silos are taller and the mass of reinforcement in-
creases. Likewise, in the case of empty silos, the re-
inforcement ratio has a major effect on base shear 
results for all silo diameters in the X and Y direction 
as shown in Figure 28 as the ratio of reinforcement 
weight to empty silo is bigger than case of full of 
grains silo. The same previous conclusions appear in 
the silo with an opening for full of grains and empty 
silos. Figure 29 shows the relation between height to 
diameter ratio with the overturning moment “My” 
for full of grains silos and the results show that with 
increasing the silo height the overturning moment 
increases. 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Base shear results for full silo with D = 7.0 m with 

opening for various height-to-diameter ratios. 
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Figure 22: Base shear results for empty silo with D = 7.0 m 

with opening for various height-to-diameter ratios. 

 
 

 
 
 
 
 
 
 
 

 
Figure 23: relation between Base shear and H/D for full silo for 

various height-to-diameter ratios with μ = 1 %. 

 

 

 

 

 

 

 

 

 

 

 

Figure 24: relation between Base shear and H/D for empty silo 

for various height to diameter ratio with μ = 1 %. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: Mass participation ratios for full silo without open-

ings for D = 18 m for various H/D. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 26: Mass participation ratios for empty silo without 

openings for D = 18 m for various H/D. 

 
 
 
 
 
 
 
 
 

 
 

Figure 27: Base shear results for full silo with D = 7.0 m for 

various height-to-diameter ratios with various reinforcement 

ratios. 

 
 
 
 
 
 
 
 
 

 
 

Figure 28: Base shear results for empty silo with D = 7.0 m for 

various height-to-diameter ratios with various reinforcement 

ratios. 

 
 
 
 
 
 
 
 
 
 

 
Figure 29: The relation between H/D and overturning moment 

My for full silos for μ = 1 %. 
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5 PUSH-OVER ANALYSIS (NONLINEAR 
STATIC ANALYSIS) 

5.1 Finite element modeling 

A cylinder with 3 m diameter and 6 m height is used 
to establish the mesh sensitivity analysis. Due to the 
inappropriate results of the Smeared reinforcements 
method in nonlinear analysis, discrete reinforcement 
(REINF264) is used to model reinforcements inside 
the silo walls cross sections. Reference to Fanning 
2001[18], the author concluded that the optimum 
modeling technique is Discrete reinforcement as it is 
better in controlling mesh density and gives more 
appropriate results than the Smeared one, so Dis-
crete reinforcement is use herein. REINF264 is used 
to provide extra reinforcing to elements such as solid 
elements. The element is suitable for simulating re-
inforcing fibers with arbitrary orientations. Each link 
is used to model separately as a spar with only uni-
axial stiffness. REINF264 has plasticity, stress stiff-
ening, creep, large deflection, and large strain capa-
bilities. Figure 30 shows REINF264 geometry and 
coordinate system. 
 
 
 
 
 
 
 

 
Figure 30: REINF264 geometry and coordinate system. 

 
The stress strain curve suggested by Hognestad is 
used to model the concrete behavior as a mathemati-
cal model of the stress strain relationship of concrete 
under axial loading. The model suggested by 
Hognestad assumes the ascending branch and the 
descending branch as a second-order parabola and 
an oblique straight-line Figure 31a. Table 3 shows 
the properties of concrete applied in Ansys16 [14]. 
Reinforcement is modeled by bilinear model with fy 
= 360 MPa and young’s modulus 210 GPa as shown 
in Figure 31b and Table 4. 
 

 
 
 
 
 

 

(a) (b) 

Figure 31: Concrete and reinforcement models: (a) Stress strain 

curve, (b) Theoretical stress–strain models of steel reinforce-

ment (bilinear model) suggested by Hognestad [19] 

 

σc = ƒc’ [  – ( )2] (εc ≤ ε0)                             (1) 

 

σc = ƒc’ [1– 0.15 ( )] (ε0 < εc ≤ εcu)           (2) 

 

Where:  

ƒc’: The peak stress (the axial compressive strength 

of concrete). 

ε0: The strain corresponding to the peak stress, 

taking the value as ε0 = 2  . 
εcu: The ultimate compressive strain, taking the val-
ue as 0.0035. 
 
Table 3: Reinforced concrete properties 

Poisson’s ratio 0.2 

Young;s modulus (MPa) 33346 

Density KN/m3 25 

Uniaxial Crushing Stress  

(f ˋ𝑐) (MPa) 

32 

Uniaxial Cracking Stress (f𝑐𝑡𝑟) (MPa) 3.95 

Open shear Transfer Coefficient 0.3 

Closed shear Transfer Coefficient 0.7 

 
 
Table 4: Steel properties 

Poisson’s 

ratio 

Young;s 

modulus 

(MPa) 

Density 

KN/m3 

Yield stress 

(f𝑦) 

(MPa) 

 

0.3 200000 78 360 

 
Five-cylinders models are used to do mesh sensitivi-
ty analysis using Ansys 16 [14] to choose the most 
appropriate mesh size. Five models with mesh sizes 
0.2, 0.4, 0.6, 0.8 and 1.0 m. REINF-264 element is 
used to model the reinforcement as one layer within 
the section for vertical and horizontal reinforcement 
with 2.5 % reinforcement ratio as shown in the fol-
lowing Figure 32. Distributed load is applied on the 
top of the cylinder around the outer edge of the cyl-
inder to do mesh sensitivity analysis. 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 32: Reinforcement model used in Ansys16 [14] 
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5.2 MESH SENSITIVITY ANALYSIS RESULTS 

From the results it is obtained that the load dis-
placement curves are almost identical to the steel 
yielding point at fy = 360 MPa as shown in Figure 
33. After yielding point there are differences hap-
pened especially in mesh size 1.0 m. The maximum 
tension happens from one side (Loads side) and the 
compressions happen in the opposite side. At the 
maximum compression of steel side, the concrete 
reach to nearly 22 MPa in the five mesh types which 
less than the compression maximum strength of con-
crete 35 MPa and the corresponding compression 
stress in the steel reaches almost 160 MPa. The re-
sults shows that the different five mesh sizes of rein-
forced concrete cylinders almost give the same re-
sults. The results show that the maximum stress in 
concrete does not reach the crushing stress as the 
failure type is tension failure which means the steel 
is yielding before crushing of the concrete. From the 
results the most appropriate mesh size is 0.8 m. So, 
for the silos with bigger diameter, the chosen mesh 
size will be ratio of their diameters and the tested 
cylinder diameter (3m), so the mesh size will be 1m 
for silo with diameter 7m, 2m for silo with diameter 
15 m and 3m for silo with diameter 20 m. 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 33: Load-Displacement curve for different mesh sizes. 

5.3 PUSHOVER DATA 

Various three diameters are chosen to implement 
Pushover Analysis (Nonlinear static analysis). Emp-
ty and full of grains silos with and without openings 
with diameter 7m, 15m, and 20m are chosen to es-
tablish Pushover Analysis (Nonlinear static analy-
sis). Pushover analysis is established in two direc-
tions X and Y direction to show the difference in 
results especially in case of silos with opening. Dif-
ferent height to diameter ratio is chosen 1.5, 2.0, 2.5 
and 3.0. The used reinforcement ratio to implement 
pushover analysis is 2.5 % for all different tested si-
los. The final number of models is 72 models. Ap-
plied load is a triangular load around the outer diam-
eter of the silo as shown in the following Figure 34. 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 34: Applied Loads at silos to implement pushover anal-

ysis. 

5.4 Pushover Results 

 

The studied cases were empty and full of grains si-
los, with and without opening. The chosen silo di-
ameters were 7m, 15m and 20m. Four heights to di-
ameter ratio are established like 1.5D, 2.0D, 2.5D 
and 3.0 D. Load displacement curves are established 
to distinguish which silo cases will be more critical 
during earthquake effect. 
 
Figure 35 shows load displacement curve for empty 
and full of grains silo without openings for diameter 
20 m. It has been observed from the curve that emp-
ty silos have more displacements than full of grains 
silos at the yield point, as empty silos have less mass 
and stiffness. It also observed that the load at yield 
of steel point in case of empty silos is more than the 
yield load in case of full silos. It is obtained from the 
curve that the less height to diameter ratio the more 
resistance to lateral load as the lower of the height 
the more of stiffness and rigidity. 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35: Load displacement curve for empty and full silo 

without openings for diameter 20 m. 
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Silos with openings are also studied by applying lat-
eral loads in X and Y directions. Two openings with 
dimensions 3m width and 4 m height. Figure 36 
shows load displacement curve in X direction for si-
lo with diameter 20 m with opening for empty and 
full of grains silo with opening for various height to 
diameter ratio. It is obtained from the curve that full 
of grains silo has more resisting load as it is obvious 
at yield point as it has more stiffness due to the fill-
ing material. The less height to diameter ratio the 
more displacement and resisting load at yield point. 
In the opposite Figure 37 shows load displacement 
curve due to acting lateral load in Y direction for si-
lo with diameter 20m with opening for empty and 
full silo with opening for various height to diameter 
ratio. It is obtained from the curve that full of grains 
silo has more load and it is obvious at yield point. 
The less height to diameter ratio the more displace-
ment and load at yield point. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 36: Load displacement curve for empty and full silo 

with openings for diameter 20 m for load in X direction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37: Load displacement curve for empty and full silo 

with openings for diameter 20 m for load in Y direction. 

 

Figure 38, and Figure 39 show the difference in load 
resistance between loading in X and Y direction for 
empty silos with two opening facing each other in 
the bottom wall for silo diameter 20 m, and 7m re-
spectively .It is observed from the curve that while 
the load being in X-direction perpendicular to the 
openings, the silo resists more than if the load is in 
Y-direction parallel to the openings., as the existing 
of the openings leads to decrease the stiffness of the 
silo in X-direction than Y-direction.  Also, it is ob-
tained that the load which makes the reinforcement 
yield in X-direction is more than in Y-direction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 38: Load displacement curve for empty silo diameter 20 

m with opening for X and Y direction. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39: Load displacement curve for empty silo diameter 7 

m with opening for X and Y direction. 
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6 CONCLUSION 

Based on the conducted free vibration and response 
spectrum analyses for flat bottom clinker silos, it is 
observed that: 
 
1-  Silo’s fundamental period increases with increas-

ing height, diameter, or volume of stored materi-
al. This applies for silos with and without wall 
openings. Nevertheless, the effect of silo’s 
height on its fundamental period is more pro-
nounced than the effect of its diameter. 

2-  Existence of openings in silos’ bottom walls has a 
significant effect on their fundamental periods; 
this effect decreases as the ratio of openings’ 
length to the total wall perimeter (ʎ) decreases, 
and becomes negligible for ʎ ≤ 0.13  

3-  The fundamental period for all studied types can 
be fairly estimated using the proposed formula 
(Eq. in clause 3.4). This formula does not in-
clude silo walls’ reinforcement ratio as it is 
found that the fundamental period is not sensi-
tive to the amount of wall reinforcement.   

4-  The minimum number of mode shapes required 
to reach a mass participating ratio of 90% (in 
case of full silos) is not more than 6. In the con-
trary, in empty silo cases this number varies 
from 3 (in silo with D= 7 m and H/D= 2) to 55 
(in silo with D= 20 m and H/D= 3).   

5-  For silos with wall openings, the base shear de-
mand and the seismic capacity become different 
in different vertical planes where their values are 
larger in the plane perpendicular to the opening 
length (on plan).  

6-  When the silo wall reinforcement ratio was in-
creased from 0.2% to 1.0%, its lateral load ca-
pacity increased by 0.25% (full silos with D≥ 
15).  

7-  For full silos D = 7.0 m, the seismic coefficient 
(ratio of base shear to seismic weight) decreased 
from 0.08 % to 0.068 % when the H/D ratio in-
creased from 1.5 to 3.0. It is noted that- in gen-
eral- the silo seismic resistance becomes less 
significant as the height to diameter ratio de-
creases when other parameters are unchanged. 
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