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ABSTRACT 

The grain flow is a dynamic phenomenon of high non-linearity, responsible for the 

occurrence of a high index of structural problems in silos, assuming particular interest in 

Brazil because the country does not have a standard of design of these structures. In order 

to determine the transfer of loads to the foundations, a silo in true magnitude was 

instrumented through pressure cells in the reinforced concrete slab of the bottom and 

through load cells under two of its column. The experiment was conducted during the 

period from December 2016 to February 2017 in Entre Rios do Oeste-PR. The profiles of 

vertical and the compression friction pressures were obtained during the loading, storage 

and unloading phases of corn grains. The vertical pressure distribution in the silo bottom 

was shown to be variable along its radius, in accordance with the formulation of the AS 

3774 standard, an alternative to the simplified uniform distribution hypothesis prescribed 

by the EN 1991-4 and ANSI/ASAE EP433 standards. We also observed experimentally 

the non-occurrence of overpressure at the unloading of the silo under analysis. The load 

transfer coefficient to the column was 0.35, being that the ANSI/ASAE EP433, EN 1991-

4 and AS 3774 standards increased this transfer by 6.57%, 35.91% and 75.03% 

respectively, reflecting the great divergence between these prescriptions. 
 

 

INTRODUCTION 

The complexity of grain flows in silos is still not 

sufficiently understood so that the sizing criteria established 

in the standards are capable of covering all the situations 

involved in the phenomenon (Palma & Calil Júnior, 2008; 

Nascimento et al., 2013; Gallego et al., 2015). In addition, 

the data available in the literature on the interaction between 

the granular medium and the containment structure 

incorporate scale effects that are not always accurately 

accounted for in structural behavior models.  

The large number of variables involved hampers a 

mathematical formalism capable of adequately expressing 

the phenomenon and that is applied with an acceptable 

margin of safety and economy (Calil Júnior et al., 2009). 

Many studies have been developed for the determination of 

pressures in silos using Janssen’s theory (Lopes Neto, 2009; 

Nascimento & Calil Junior 2009; Ramírez et al., 2010; Ding 

et al., 2011; Silva et al., 2011; Lopes Neto et al., 2014a), 

however, in Brazil, the calculation procedures are not 

standardized.  

The instrumentation of real-scale structures allows 

the acquisition of more realistic data, by reliably measuring 

the interaction between the granular medium and the 

containment structure and enabling the evaluation of the 

tensions caused by the products stored in both static and 

dynamic conditions (Couto et al., 2012; 2013, Ruiz et al., 

2012; Lopes Neto et al., 2014b, Ramírez et al., 2014, Fank 

et al., 2015).With reliable field results, it is possible to 

minimize limiting aspects to the design of these structures, 

contributing to a future and adequate standardization of silo 

designs and thus to mitigate the problems of collapses. In 

this study, the vertical and friction compression pressures of 

a silo in real scale were measured experimentally, 

comparing them with the theoretical values of the AS 3774, 

EN 1991-4 and ANSI / ASAE EP433 foreign standards. 

 

MATERIAL AND METHODS 

The analyzed silo is owned by the Cooperativa de 

Produtores Agrícolas, COPAGRIL, located in the 

municipality of Entre Rios do Oeste-PR, and was 

manufactured and installed by the CONSILOS industry, 
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based in the municipality of Cascavel-PR. It is part of a set 

of six silos, divided into two lines. Its dimensions are 18.42 

m of internal diameter and 25.35 m of total height (20.03 m 

of body and 5.32 m of cover), classified by EN 1991-4 (EN, 

2006) and AS 3774 (1990) as being slightly slender 

(1<hc/dc<2). The structure has a total volume of 5810.00 

m³ and capacity to store 4357.00 tons of corn grains.  

The upper and lower parts of the silo perform the 

loading and unloading processes respectively. It has a 

concentric main discharge orifice discharged by gravity 

measuring 42 cm x 42 cm and four auxiliary holes of 30 cm 

x 30 cm distributed over the diameter to promote manual 

discharge of the remaining product. There is flat bottom of 

reinforced concrete and lateral wall of corrugated metallic 

sheets, manufactured with steel of high resistance (ZAR 

345).  

To evaluate the theoretical pressures due to the stored 

product, samples of corn grains were collected under the 

same conditions in which they were stored in the silo, 

obtaining the physical and flow properties, which the values 

are shown in Table 1. 

 

TABLE 1. Physical and flow properties of corn grains. 

Product 
Cohesion 

 (kN.m-2) 

 (kN.m-3) ϕi (°) ϕe (°) ϕr (°) ϕw (°) 

Inf. Sup. Inf. Sup. Inf. Sup. Inf. Sup. Inf. Sup. 

Corn 1.3 7.50 7.54 19 28 25 32.5 25.3 26.6 9.1 10.8 

γ-specific grain weight, ϕi-angle of grain-grain friction, ϕe-effective angle of grain friction, ϕr-resting angle, ϕw-angle of grain-wall friction. 

 

Cells with the following characteristics were used to 

measure the applicant efforts: hydraulic type pressure cells, 

EPC 3500-1-100 model from GEOKON and owned by the 

Federal University of Campina Grande, installed at the 

bottom of the silo; load cells MCC-2-60-TD10 model, from 

the Micro Sensores SA manufacturer, with load capacity of 

600 kN in compression, owned by the Fungeo Fundações e 

Geologia Ltda company, installed between the column and 

the stiffening ring of the silo foundation. All cells were 

calibrated in the Concrete Laboratory of the Itaipu 

Binacional Technological Park of Foz do Iguaçu - PR.  

To obtain the vertical pressures, three pressure cells 

were installed at the bottom of the silo (F1, F2 and F3), in a 

single radial alignment, spaced from each other as shown in 

Figure 1, with the F1 and F3 cells being positioned as close 

as possible to the discharge orifice and silo wall, 

respectively, aiming with this configuration to obtain the 

distribution diagram of the vertical tensions along the radial 

direction.  The distributed cells recorded the stresses 

derived from the weight of the material stored under 

gravitational field and flux.  

 

A. B. 

  

FIGURE 1. Distribution of the cells at the bottom of the silo: Plant (A); Installation (B). 

 

The compressive forces due to the grains friction with the wall were measured through the load cells positioned under the 

columns (C1 and C2), equidistant from each other by a 45° arc, with a length of 7.23 m, according to Figure 2. The cells recorded 

the compressive force acting on the sheet metal, resulting from the load transfer from the weight of the material stored to the 

side walls of the silo. This compression request has vertical direction and acts from top to bottom, being transferred cumulatively 

to the columns from the top to the bottom of the silo where it is then registered. 
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A. B. 

  

FIGURE 2. Cells in the columns: Plant (A); Installation (B). 

 

The cells were connected through electrical cables to 

the Agilent ™ data acquisition system, 34970A model, 

owned by the Universidade Tecnológica Federal do Paraná, 

UTFPR-Pato Branco-PR campus. 

  

RESULTS AND DISCUSSION 

The silo loading took place during eight days, storing 

a total of 4589.21 tons of corn grains that were stored for 32 

days, with a subsequent unloading step that lasted for 18 

days. 

The curves of the vertical pressures acting on the 

bottom of the silo can be observed in Figure 3, where the 

curve patterns denote that the pressures are closer to the 

center (F1) and smaller near the silo wall (F3), in agreement 

with the alternative procedure of calculating the pressures 

recommended by the Australian standard (AS 3774, 1996). 

 

 

FIGURE 3. Experimental vertical pressures. 

 

In the initial section of the loading, the pressure 

values recorded in the different cells diverge a little from 

each other, the three curves are close, being this behavior 

observed until the load in the silo corresponding to 63% of 

the maximum stored load. This means that up to that level 

the loads are being transferred integrally to the bottom of 

the silo. From this level, the curves distance themselves, 

showing the effect of K parameter, where part of the grain 

weight is transferred to the walls of the silo by lateral 

friction.  

From the fourth to the sixth day, there was no loading 

of the silo, a fact reflected by the first plateau in the three 

curves. At the end of the silo loading, the F1, F2 and F3 cells 

recorded pressures of 130.83 kPa, 88.94 kPa and 76.77 kPa, 

respectively. In relation to the pressure value in the center 

of the silo (F1), the differences in pressures were 32.02% 

and 41.32% in the intermediate position (F2) and close to 

the wall (F3).   

The storage period can be seen in the second plateau 

displayed by the curves in the central part of the graph, 

where the pressures in the cells assume invariable values 

with time.  

At the beginning of the unloading, there is a 

systematic drop in the pressures. This drop is more 

pronounced in the F1 cell, because it is the closest to the 

discharge orifice, and after the complete mechanical 

emptying, the inversion in the position of the curves reflects 

the remaining grain mass in the silo that is not capable of 

being drained by gravity. In relation to the pressure value in 

the center of the silo (F1), the differences in pressures were 

30.20% and 39.56% in the intermediate position (F2) and 

close to the wall (F3), values very close to those observed 

in the loading. 

The comparison of experimental and theoretical 

pressures can be evaluated by the curves shown in Figure 4. 
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A. B. 

  

FIGURE 4. Experimental and theoretical vertical pressures: Loading (A); Unloading (B). 

 
In the loading, the experimental vertical pressure 

acting at the center of the silo (F1) is greater than the 

uniform pressures calculated by the AS 3774 and 

ANSI/ASAE EP433 normative standard and lower than the 

EN 1991-4 theoretical standard; but the radial distribution 

of the pressures calculated by AS 3774 is close to the 

experimental curve. The maximum loading pressure 

calculated by the Australian standard with radial 

distribution is lower than the experimental pressure at 

9.97%, and with uniform distribution this divergence rises 

to 27.70%. The uniform pressure value calculated by the 

European standard is 11.79% higher and the American 

standard is 36.28% lower than the experimental one.  

In the unloading, the experimental pressures suffered 

a reduction in relation to those of the loading, evidencing 

the non-occurrence of overpressure. The radial distribution 

is displaced upwards in relation to the experimental values, 

due to the application of the coefficient of overpressure of 

the Australian standard. By standardizing the distribution of 

the pressures exerted on the bottom of the silo by the grain 

mass, the American standard leads to more realistic values, 

as shown by the proximity of the average pressure with the 

experimental value obtained at the most median point of the 

bottom of the silo (F2). The pressures standardized by EN 

1991 and AS 3774 codes overestimate the experimental 

values. 

Lopes Neto et al. (2014a) carried out a theoretical-

experimental analysis in a model silo with dry sand stored 

as a product, noting that the values of vertical pressures for 

the concentric unloading of the AS 3774 and ISO 11697 

(1995) standards were the most adequate but 15% higher 

than the experimental values. When analyzing the efforts in 

a cylindrical silo with H/D ratio equal to 2, Couto et al. 

(2013) observed that the values calculated by the 

recommendations of EN 1991-4 standard also 

overestimated the experimental results. 

According to Palma & Calil Júnior (2008), the 

standards mostly result in higher values due to factors such 

as formulation used in the calculation of the K factor, 

combinations with the physical properties to obtain the 

maximum loads and adoption of additional pressures in 

some cases. 

The stresses transferred to the walls of the silo by 

friction are cumulative with the depth and request the 

columns by compression, and they were recorded in the C1 

and C2 load cells, with the curves shown in Figure 5. The 

C3 cell showed malfunctioning and its data is not shown. 

 

 

FIGURE 5. Compressive force recorded in the column in the silo loading. 
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At the end of the silo loading, on the eighth day, the 

loads showed a difference of 13.97% between the column, 

due to possible asymmetry of efforts. One day after, there 

was a load increase in both columns corresponding to 

22.27% in C1 cell and 22.73% in C2 cell, showing that the 

increase of load due to a possible accommodation of the 

grain mass was the same in both cells. At the beginning of 

the unloading, there was no peak pressure, evidencing the 

non-occurrence of overpressure; throughout the process the 

curves decline systematically.  

In order to establish a safety criterion for estimating 

the effort transferred to the columns, the force envelope for 

a transfer coefficient of 0.35, or 35% of the silo full capacity 

is also shown in the same figure. Fank et al. (2015) 

experimentally measured the loads transferred to the 

foundations by the column of a silo in real-scale during the 

loading of soybeans, obtaining an average transfer 

coefficient of 0.51. 

Table 2 shows the compressive frictional forces 

transferred to the columns experimentally obtained and 

calculated by EN 1991-4, AS 3774 and ANSI / ASAE 

EP433 standards. The distributed loads q on the silo wall 

were converted into concentrated loads Q taking the product 

Q = q.e, where e is the spacing between columns (1.45 m); 

then the unit (kN) was converted to (tf). 

 

TABLE 2. Compressive force of friction transferred to the column. 

Phase 

Distributed load q(kN.m-1) Theoretical force Q(tf) 
Experimental force 

Q(tf) 

EN 1991-4 AS 3774 
ANSI/ ASAE 

EP433 
EN 1991-4 AS 3774 

ANSI/ ASAE 

EP433 
M1 M2 

Load 352.91 454.57 242.64 51.06 65.76 35.10 39.80 35.34 

Unload 358.88 545.48 242.64 51.92 78.91 35.10 32.39 29.18 

 

At the loading, the EN 1991-4 and AS 3774 

standards overestimated the compressive friction force, 

which were 35.91% and 75.03%, respectively, compared to 

the experimental average value (37.57 tf), while the 

ANSI/ASAE EP433 standard underestimated the average 

experimental value by only 6.57%. Therefore, the American 

standard provided more realistic values for the compressive 

frictional force. 

At the unloading, the EN 1991-4 and AS 3774 

standards increased the compressive friction force by 

68.63%, and 156.28%, respectively, in relation to the 

average experimental force (30.79 tf), while the 

ANSI/ASAE EP433 standard increased this compressive 

friction force by only 14.02%.  

 

CONCLUSIONS 

1.  The EN 1991-4 standard overestimated the 

vertical pressures in the silo while the ANSI/ASAE EP433 

standard underestimated them, both of which do not predict 

dynamic effect due to unloading, which was also verified by 

the instrumentation. The experimental results showed a 

radial distribution of the pressures acting on the bottom of 

the silo, in accordance with the alternative procedure of AS 

3774 for the loading; for the unloading, the code prescribes 

application of coefficient of overpressure, which 

overestimated the experimental values.  

2. The ANSI/ASAE EP433 (2002), EN 1991-4 

(2006) and AS 3774 (1996) standards increase the average 

values of the loads transferred to the silo columns by 6.57%, 

35.91% and 75.03 %, respectively. Therefore, the American 

code restores the values more compatible with the reality in 

relation to the evaluation of the frictional compressive 

forces. 

3. The criterion of shaping the experimental data 

to meet the safety and economy requirements showed that 

the coefficient 0.35 is the most appropriate in evaluating the 

efforts transferred to the foundations of the silo. 
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