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Analysis of horizontal silo pressure distribution by filling method
based on experimental data

Abstract. The work presents an analysis of the results of the fill-in condition influence of
particle inclination on horizontal silage pressure. Analyzed data were obtained from
experiments on a rectangular silo model with rigid walls in a different fill-in condition.
The filler was a composite mixture of sand and flat shell particles (2:1). The analysis of the
results concluded that the volume weight of the composite mixture depends on the fill-in
method, which affects the horizontal silage pressures. At filling of 0° and 45°, the pressure
is slightly different from Jansen's theory (max 19%) which can be neglectable. Horizontal
silage pressures are functionally dependent on the filling method (up to 44%), which
should definitely be taken into account.
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Introduction

H.A Jansen [1] carried out a series of experiments on the silage pressure of wheat, corn, and sand
in a silo model with a square cross-section. The experiments and a theoretical study were carried out,
which is still used in current international codes and standards [2-8]. However, Jansen did not analyze
fill-in methods and their influence on the silage pressure. The influence of the fill-in method was noticed
much later by scientists such as J. Nielsen [9], M. Molenda and J.A. Horabik [10-11], G.K. Klein [12], A.V.
Shkola [13].

The effect of the filling method on the distribution of the lateral pressure in the grain silo was
studied by J. Nielsen [9]. Measurements of silage pressure were conducted in a real dimension silo with
a diameter of 7m and 46m in height, at seven different levels with four or more sensors on each level. The
experiments were carried out with eccentrically filling on wheat and barley, and with a central filling of
barley. The conclusion was that the type of grain and the fill-in method had a noticeable impact on silage
pressure [8]. The difference in the silage pressures on silo walls at the bottom varied from 12 to 48% and
averaged 30% depending on the fillin method. The conclusion was that the difference in fill-in method
with elongated grains caused a non-uniform distribution of silage pressure. The fill-in method caused
different orientations of particles which as a consequence leads to anisotropy and inhomogeneity of the
grain medium.

In the work of M. Molenda et al. [11] the impact of the fill in method on silage pressure was
investigated. The effect of the filling method and wall type on the radial distribution of vertical pressure
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on the bottom of a silo model was determined. The silo model was 0.61 m in diameter and 0.62 m high.
The coefficient of lateral pressure A was determined from experimental data. It was used three types of
fill in methods (Fig. 1) — from the top centrally (a), along the perimeter (b) and uniformly over the entire
surface through a sieve (c).

a) I

Figure 1. Different fill in methods: a) central, b) along perimeter, c) uniformly

Three filling methods and two wall types was used in experiments. The highest average silage
pressure (702 Pa) was obtained for the central method while the lowest silage pressure (579 Pa) was
obtained for the uniform fill-in method, with a significant difference of 21%. In the case of fill in along the
perimeter, obtained pressure was 668 Pa which is 15.4% in regard to uniformly filling. The authors [10]
explain the difference in value by the different bulk density at various ways of fill in conditions which
cause a larger angle of friction in the denser filling and leads to lover silage pressure. In conclusion, the
authors emphasize that the spatial arrangement of the grain particles which makes bedding, represents
the formation method, and mechanical characteristics depends on the geometrical structure.

Klein G.K. [12] researched many sources of literature on the topic. The final conclusion was that
the larger part of experimental results is consistent with Janssen’s theory qualitatively, but in some cases
differ by 2, and in some cases up to 5 times, sometimes the pressure was lower. Also, silage pressure
affects non-uniform pressure distribution in the cross sections and the rate of activation of wall friction.
Studies [13] show that the fill-in method affects the silage pressure on the walls.

In work [14] presented results of vertical and horizontal pressures measurements at a different
inclination of the particles in the sample. The biaxial compression tests on steel roads sample with
elliptical cross section (with a ratio of the principal axes of 1:2) were carried out in a rectangular sample
container. The dimensions of the container was 240mm x 120mm. The sample consisted of three kinds of
rods with their major axis length of 4mm, 2mm, and 1mm with mass ratio was 8:2:1. A sample was
composed at a different angle between the bedding plane and the plane of the major principal stress, 0°,
30°, 60°, and 90°.

In experiment vertical (o1) and horizontal (o3) stress and displacement was measured. Lateral
pressure was constant 200 kPa. At an angle of 0° the maximum ratio of o1/03 stresses was observed and
the minimum at 60° and 90° with the difference about 36%. The authors indicate that the rod orientation
substantially impact stress changes in the samples.

According to currently available literature, fill in methods should be considered in the calculation
and regulation of the construction work.

Experimental materials and methods
The medium used in experiment is composite mixture with a volume ratio of 70% of sand and

30% shell. The physical and mechanical characteristics are shown in Table 1. The material was tested in a
dry state.
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Table 1. Physical and mechanical properties of a composite mixture

Property Standard Value

Volume weight HRN U.B1.016 y =16,81 xkH/m3
Specific weight of particles HRN U.B1.014 ys = 27,00 xH/m3

Cu= 2,10

Cc= 0,85

Dio= 0,19

D30 = 0,32

Deo = 2,10

The experimental model construction of the silo is shown in Figure 2. Horizontal-pressure values
were measured on the middle of the foreground wall at 5 measuring places (Fig. 2a) using single-point
load cells — aluminum type-6530 by Xi’an Ruijia Measurement Instruments Co. Ltd. (Table 2.). The forces
were measured and recorded using a data acquisition system CATMAN Easy. The experiment was
carried out three times on three fill-in methods [15].

Table 2. Characteristics of used load cells
Xi’an Ruijia Measurement

Manufacturer Instruments Co. Ltd.
Type 6530
Capacity 10kg
Input resistance 406 QQ
Sensitivity 2.0+0.15mV/V
Accuracy 0,05 N

Calibrated of the system was carried out by hydrostatic water pressure measurements, 3 times.
The average difference between measured and theoretical pressures was 0,85%, with averaged variation
from the arithmetic mean + 0,86%.

The dimensions of cross section of the silo model was chosen so that the test results could be
observed and compared with the plane theoretical solution.

Electrical signals of the load cells were red using the 8-channel HBM Quantum X measurement
device. Measuring was carried out simultaneously on all five measurement places during the entire filling
procedure.

There were used three different fill-in methods. The construction was placed at a different angle
to the horizontal - 0°, 45°, and 90°, while filling was always done from above [15].

The angle of backfill 0° was achieved by filling from above while the model was in a vertical
position. Filling at angles of 45° and 90° was done when the model was at 45° and horizontal position.
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Figure 2. The rectangular silo model (a) foreground wall and cross section
(b) detail of load cell mounts

Results and Discussion
Consistency of the measured results was achieved by repeating the test 3 times at each angle.
Furthermore, the sample weight measurement was carried out for each experiment, the measurement

results are shown in Table 3.

Table 3. The average volume weight of the samples at various conditions of filling

Angle of orientation, o Y =y4, [KN/m?]
0° 16,40
45° 14,83
90° 16,19

It was noted that due to the anisotropy of the material at different filling conditions, there are
obtained different horizontal silage pressure values. The average measurement results of the horizontal
pressure values at different filling conditions are shown in Figure 3.

Different filling conditions caused different average volume weight which impact pressures
values. The data in Table 3 shows that at angles 0° and 90° the difference was only 1.24%, but at angle 45°
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volume weight was lower than at angle 0° and 90° by 9.54% on average.

At a filling angle of 0° (Fig. 3, curve 1), the measured data is fits well with Jansen's theory to the
middle of the depth (a difference of only 4.9%). The results are similar and comparable to Reimbert [16],
Klein [12], Schulze [17], and Brown [18].

It was observed that the lower the mean depth of the model, the pressures are lower than the
theoretical. This fact can be explained by the influence of the rigid bottom.
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Figure 3. Experimental distribution of the silage horizontal pressure at different fill in methods 1 -0°, 2
—45°,3-90°

As expected, pressure at 90° was the highest one, it is average deferens from 0° was 44.2%. [15].
Filling at an angle 0° and 45 °, relatively in close fit, difference up to 19%, which can be neglected for this
ratio of plane particles (30% shells in sand).

This differences in pressures can be explained by the inclination angles of the particles in space
(Figure 4.)
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Figure 4. Different inclination of the particles in structure of the massif a)0°, b)45°, ¢)90°

The remaining potential of the friction force is zero in the case of 90° (Fig. 4 c), so the pressure is
the highest, while the potential of the friction force at 0° and 45° is higher, so the horizontal pressure is
lower (Fig. 4 a and b). Furthermore, the vertical wedging of the particles produces additional lateral
pressure.

The volume weight of the samples changes due to the fill-in method which has a great impact on
45° filling with the lowest volume weight (Table 3.). Similar results were described in the works of
Molenda et al. [11] and Tong et al. [14].

Conclusion

1. Volume weight of the composite mixture depends on the fill in method, which affects the
horizontal silage pressures

2. For the given content of flat particles (30% of plane particles) filling at 0° and 45° is slightly
different from Jansen's theory (max 19%) which can be neglectable

3. Horizontal silage pressures are functionally dependent on the filling method (up to 44%), which
should be definitely taken into account

Analysis of experimental research showed that the fill-in methods substantially impact the value
of horizontal silage pressure. Therefore, the method of material fill-in should be considered and used for
economic benefit using the optimal fill technology.
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DKCIIepUMMeHTTIK AepeKTep Heri3iHjge TOATBIPY 34iciMeH KeaAeHeH CypAeM KbICBIMbIHDIH
TapaAybIH TaaAay

AnpaaTtmia. bya >KyMmbICcTa TOATHIpBLAFaH Kyligeri OeAllekTepAiH Kea0ey CUAOCTBIH KOAJeHeH
KBICBIMBIHA dCep eTy HoTMKeAepiH Taajay YcCbHbIAFaH. TaagaHFaH gepeKkTep 9p TYpAi TOATBIPY
>KaFJaiidapblHAa KaTThl KaObIpFachkl Oap TiKOYPBIIITHI CypAeM MogeAiHAeTi TaxKipubeaep HaTUKecCiHAe
aaAbIHABL. ATperaT KyM MeH Teric KaObIK OearekrepiHiH 2:1 KaTbIHACTBI KOMITO3MIIMSIABIK KOCIIaChl
6oaapl. Hatmoxeaepai Taagay KOMIIO3UTTIK KOCIAHBIH KO4eMAIK caaMarbl CHUAOCTBIH KOAJeHeH
KBICBIMBIHA 9Cep eTeTiH TOATHIPY dJiciHe OailAaHBICTBI Aell KOPBITBIHABI JKacayFa MYMKiHAiK Oepai. 0°
>KoHe 45° ToaAraH Ke3je KbIChIM flHceH TeopmschiHaH Oipinama epekiedeHeai (Makcumym 19%), oHbl
eaemeyre 00aaabl. CAOCTBIH KOAAEHEeH KbICHIMBI (PYHKIIMOHAAABI TYPAe TOATBHIPY d4iciHe OailaaHBICTBI
(44% aeiiin), OHBI eCKepy KaXKeT.

Kiat ce3aep: CypaemMHiH OyitipAiK KBICBIMEL, IIeKTeyAi KaObIpFadap, OailaaHbICCHI3 MaTepuad,
DealekTepAiH OAFBITHI, TOATBIPY dAici.
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A. Auuckun!, K. Mockaaosa?, 10./1. Buauukos?, b. Coaao?
Wrusepcumem Cesep, Bapaxoun, Xopsamus
20decckas zocydapcmesertas akademus cmpoumervcmsa u apxumexmypu, Odecca, Yxkpauna
S[Toamasckuti HAyUOHANDHYITL mexHuveckuil ynusepcumem um. 0. Kondpamioxa, [Toamasa, Yicpauta

Anaans paciipeaeaeHns1 AaBA€HNSI TOPM30HTA4bHOI'O CMA0Ca MeTOAOM 3aChIIIKM Ha OCHOBE
OKCIIepMMEeHTaAbHbIX AaHHDBIX

Annorammsa. B sToit paboTte mpeacraBieH aHaAU3 Pe3yAbTaTOB BAMSIHMS HaKJAOHA JacTHUIl B
COCTOSTHUI 3allOAHEHHOCTM Ha TOPM30HTaAbHOE JaBAeHue CUAOca. AHaAM3UpyeMble AaHHbIE OBLAK
II0Ay4YeHbl B pe3yabTaTe DKCIIEPMMEHTOB Ha MOAeAl IIPsSMOYTOABHOTO CHAOCa C KeCTKOW CTeHKO B
Pa3sAMYIHBIX YCAOBMAX 3allOAHEHMs. 3aIllOAHMUTeAeM CAYKMAa KOMIIO3UTHAs CMecCh Ilecka ¥ JacTull
I10CKOM 000A04YKM B cooTHOIIeHnu 2:1. AHaAM3 pe3yAbTaToB IO3BOANA CAeAaTh BBIBOA, O TOM, UTO
O0OBeMHBIN BeC KOMITO3UTHOM CMeCH 3aBUCUT OT CIIoco0a 3allOAHeHM s, YTO BANeT Ha TOPU30HTaAbHOe
Aasaenne cuaoca. [lpu sanoanennu 0° u 45° gaBaeHne He3HAUUTEABHO OTAMYAETCA OT Teopun flHceHa
(MakcumyM Ha 19%), yem MOXKHO IpeHeOpeub. I'opu3oHTaabHOE gaBAeHMe cuaoca (PyHKIMOHAABHO
3aBUCUT OT MeTOAa 3aroAHeHus (40 44%), 94T0 00s13aTeAbHO CAeAyeT IIPUHATH BO BHUMAaHUe.

Karouesbie caoBa: G0OKOBOe saBAeHMe CIA0CaA, OTpaHMYeHHBbIe CTeHKM, HeCBS3HBI MaTepuad,
OpMeHTaIM: JaCTUI], MeTO/ 3allOAHEeHIL.
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