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1. Introduction

Silos are engineering structures widely used in industries and farms
to store, feed and process bulk solids that is essential to agricultural,
mining, mineral processing, chemical, shipping and other industries
[1–7]. They are mainly built from reinforced concrete, steel and alumin-
ium. In spite of extensive experimental and theoretical studies of silo
problems, silos fail with a frequencymuch higher than the rate of struc-
tural failure of other industrial structures [8–10]. The failures are con-
nected with large economic loss and accompanying people accidents
due to design, construction and user errors. Silo failure can be devastat-
ing as it can result in loss of the container, contamination of thematerial
it contains, loss of material, clean-up, replacement costs, environmental
damage and possible injury or loss of life. Most of silo failures take place
at the onset of discharge and they usually lead to catastrophic collapse
of the entire silo. They are mainly caused by a lack of knowledge
concerning complex characteristic phenomena occurring in bulk solids
in silos in the interaction with the silo structure. Non-symmetric wall
pressures, seismic and wind loads, stresses created by temperature dif-
ference between the silo wall and stored bulk solids, potential internal
explosion of the storedmaterial and differential settlement of the foun-
dation or support columns should be considered during the design pro-
cess. Characteristic phenomena which may be created during confined
flow of granular bulk solids in silos are: e.g. sudden and significant
increase of wall stresses, different flow patterns, formation and propa-
gation of both wall and interior shear zones, fluctuation of pressures
and strong autogeneous dynamic-acoustic effects [11]. In addition,
each silo flow is influenced by the size effect which is mainly due to a
different pressure level in silos and also due to a different ratio between
themean grain diameter of the bulk solid and silo diameter/width [11].
Normalized wall pressures (with respect to the silo dimensions) dimin-
ishwith increasing silo size since the larger pressure decreases both the
strength (expressed by mobilized internal friction) and deformability
(expressed by dilatancy) of bulk solids. In addition wall pressures re-
duce with decreasing ratio between the mean grain diameter and silo
size due to the presence of shear zoneswith a defined thickness (related
to the mean grain diameter) [11]. In general, the behaviour of bulk
solids in silos is similar to the solid shear behaviour along the wall
with the different roughness between two states: shearing with free
volume changes and shearing with constrained volume changes [12].
A different distribution of bulk solids in small and large silos contributes
also to a statistical size effect [12].

Metal silos can be built of thin-walled isotropic plain rolled sheets
(which can be welded, riveted or screwed around the silo perimeter)
or of thin-walled corrugated curved sheets strengthened by vertical
stiffeners (columns) distributed uniformly around the silo circumfer-
ence and connected with screws. Those latter are frequently used in
the engineering practice due to an economical steel consumption
(small silo weight) and larger buckling resistance [13,14]. In these
silos, horizontally corrugated wall sheets carry circumferential tensile
forces caused by horizontal wall pressure and columns carry vertical
compressive forces due to the vertical wall friction traction exerted
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from bulk solids. Thin-walledmetal cylindrical silo shells are vulnerable
to buckling failure caused by the wall friction force due to shearing of
bulk solids along silo walls [15,16]. The buckling failures occur particu-
larly during silo eccentric discharge. As a consequence of eccentric emp-
tying, non-uniform horizontal wall pressures develop which contribute
to meridional bending and a non-symmetric distribution of wall com-
pressive forces. Even for silos designed for concentric discharge, eccen-
tric discharge effects are difficult to avoid due tomaterial segregation. It
is of a mayor importance for the optimum silo dimensioning to know
load distributions from the storedmaterial exerted on the silo structure
which depend on the flow pattern. In contrast to experiments in cylin-
drical metal silos composed of thin-walled isotropic plain rolled sheets
(e.g. [17–29]), the extensive experimental measurements in cylindrical
silos with corrugatedwalls are lacking. The aim of our researchworks at
Gdansk University of Technology is to elaborate realistic dimensional
procedures for buckling of cylindrical metal silos composed of corrugat-
ed walls and columns, which are at present frequently used in the engi-
neering practice, based on comprehensive measurements in full-scale
silos and FE analyses [30–32]. In the procedures, the effect of the bulk
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Fig. 1. Experimental set-up: a) measuring silo ‘2’ (‘1’–‘5’ - outlets, i - inspection opening do
solid will be taken into account [15,16]. Full-scale experiments include
measurements of wall pressures andwall frictional tractions during fill-
ing and emptying and buckling tests with an empty and a pre-filled silo.

In the first stepwe carried out several experiments onwall horizontal
pressures and wall frictional tractions in a full-scale metal cylindrical silo
with corrugated walls and columns (height ≅ 7.5 m, diameter ≅ 2.7 m)
during filling and emptying using wheat as a stored material (frequently
used in the silo practice). Attention was paid to the distribution of wall
horizontal pressures and wall frictional tractions along the silo height
and circumference, mobilisation grade of corrugated wall friction and
flow pattern occurrence. The silo had 5 circular outlets. Over 25 tests in
a model silo containing dry wheat were performed. Three different flow
patterns were studied: concentric mass flow, concentric mixed mass-
funnel flow and eccentric flow obtained by opening different outlets. In
order to separately measure wall loads in a horizontal and vertical direc-
tion from the stored bulk solid, novel load cells were developed. In addi-
tion, the vertical reaction forces in columns were measured. The
experimental results of wall horizontal pressures andwall frictional trac-
tionswere comparedwith Eurocode1 (EC1) [33]. The difference between
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experimental and EC1 results were outlined. To our knowledge, such
comprehensive experiments have not been performed in silos with cor-
rugated walls and columns yet. Our experimental results will create
also a solid basis for validating numerical calculation results of wall pres-
sures in silos during flow based on FEM and a micro-polar or non-local
hypoplastic constitutive model for non-cohesive and slightly cohesive
bulk solids [11,34].

2. Experimental set-up

The experimental mid-size silo station consisted of 2 slender steel
cylindrical silos, material transport system andmeasuring instrumenta-
tion which allowed for studying the behaviour of wheat during a filling
and emptying process (Fig. 1). One silo (called ‘1’, Fig. 1) was used for a
wheat storage and the second one (called ‘2’, Fig. 1) for measurements
of wall loads. The silos had the diameter of D = 2.67 m. The height of
the silo cylindrical part was H = 7.524 m (H/D ≈ 3). The capacity of
each silo was approximately 42 m3 (33 t for wheat). The silos were
built of 9 rings which were made of horizontally corrugated sheets
(thickness t = 0.75 mm). The corrugation height d and width l were
d=18mmand l=76mm(Fig. 1b). The silos included 6 columns com-
posed of open-sectional thin-walled cold-formed profileswhichwere at
the distance of 1.4 m. The column profiles were of the type ‘C’with the
thickness tc varying from1.5mmat the top down to 4mmat thebottom
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Fig. 2. Cylindrical metal silos (storage silo ‘1’ andmeasuring silo ‘2’) used in experiments (diame
transducers F1–F16 under silo columns and supporting frame columns
(Fig. 1c). Themeasuring silo ‘2’was supported on a steel frame built of 4
hot-rolled beams and 4 braced columns. The roof was conical with the
inclination angle to the horizontal of 25°. The measuring silo ‘2’ had a
flat bottom with 5 outlets with the diameter of 0.2 m which allowed
for bulk solid flow due to gravitation with the mass flow rate up to
160 t/h. For silo filling, two horizontal conveyors (top and bottom
screw feeders with the mass flow rate of 150 t/h) and a vertical bucket
elevator were used. The storage silo ‘1’ had a conical hopper with a cen-
trally located outlet with the diameter of 0.4m. By opening various out-
lets, different flow patterns might be obtained in wheat (concentric
mass flow, concentric mixed mass-funnel flow and eccentric flow).

The specially constructed 8wall load cells (C1–C8) in the corrugated
wall and 1 load cell (C9) in thewall inspection openingwere used in the
silo ‘2’ of Fig. 2 in order to directly measure solid loads on the wall in a
horizontal and vertical direction. The direct measuring cell surface was
19 × 23 cm2 and was made of a sheet cut out from the silo wall
(Fig. 3A). During installation of load cells, the full alignment of load
sheets with the silo wall was ensured [35,36]. The gap of 1–2 mm be-
tween the measuring sheet surface and silo wall silo was filled with a
plastic paste. The measuring sheet was fixed to two standard bending
beam load cells (produced by the ZEMIC company) which were con-
nected together in a L-shaped configuration. The beams were closed in
the rigid frame (4 C-profiles C80) which was mounted to the silo wall.
The load cell had the stiffness of 0.550 kN/mm in the horizontal
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terD=2.67m): location of load cells C1–C9 in corrugatedwall and vertical reaction force
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Fig. 3. Load cells used in silos ‘1’ and ‘2’: A) wall load cell: a) view on uncovered and
covered cell from silo inside, b) construction and c) measurement principle (1 - normal
wall pressure measuring beam, 2 - tangential wall pressure measuring beam, 3 -
measuring surface, 4 - external frame, ph - horizontal wall pressure, pw - frictional wall
traction and B) view on support load cell: a) located under supporting frame columns,
b) located under silo columns and c) construction (1 - load cell, 2 - column profile, 3 -
screw, dimensions are in [mm])
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direction and 2 kN/mm in the vertical direction. Each load cell had its
outer cover against the influence of weather conditions. The load cells
were able to register the wall load both in a horizontal and vertical di-
rection independently from each other. The contact area of themeasur-
ing surface included 3 folds of the corrugated wall. The load cells were
calibrated at the laboratory of Gdansk University of Technology by ap-
plying loads in a normal and tangential direction within the expected
silo load range. Note that the measuring surface in the cell '9' (located
in the inspection opening door at the silo bottom) was flat. In order
to measure vertical reaction forces in silo columns, 16 load cells
(manufactured by KELI SENSING TECHNOLOGY) were used (Fig. 3B) in
the load range of 0–200 kN: 4 under the frame supporting the flat-
bottomed silo (denoted as ‘1’–‘4’), 6 in the silo with the conical hopper
(‘5’–‘10’) and 6 under the flat-bottomed silo (‘11’–‘16’). The cells were
equipped with a ball-joint (protected by a rubber membrane) and was
resistant to weather conditions. The data acquisition system included
a 40-channel measuring device produced by the APEK company which
recorded measurements at the frequency of 2 Hz.

The silowas always pre-filled in an usual industrialway, i.e. the solid
was transported to the silo top with the aid of a bucket elevator and
screw feeder and then poured in inside the silo with the aid of an inlet
opening situated in the mid-roof. After filling, the top surface had a
shape of a conical heap located about 0.5 m below the roof. Based on
the material weight and silo geometry, the mean initial specific weight
ofwheatwasγ= 7.75±0.1 kN/m3. The repose angle ofwheat based on
the inclination of the wheat conical top boundary in the silo was ϕ =
24°. It was similar as the angle determined at the laboratory with the
aid of a fixed funnel method. The wheat grain diameters changed be-
tween 1.5–6 mm (the mean grain diameter was d50 = 1.9 mm) based
on a usual sieve analysis.

The wheat flow type was approximately determined by means of
special markers that moved with the material. The spherical markers
with many protrusions had the diameter of 3 cm and were placed in
wheat at different heights in two perpendicular planes along the silo di-
ameter. They were put from the silo roof during silo filling with the aid
of a steel tube with the diameter of 3.5 cm. The markers were dropped
during filling when the tube's end touched the bulk solid. The tube was
then gradually pulled up to the next level. This procedure was repeated
until the silo was completely filled. During emptying, the numbered
markers after moving through the outlet equipped with a steel sieve
were collected and their residence time was noted. The surface profile
during discharge was measured every five minutes at nine positions of
markers. It was achieved with the help of measuring tapes loaded at
their ends and lowered through roof openings (the use of laser
rangefinders was impossible due to a high dust concentrations inside
the silo).

3. Wall loads according to Eurocode 1

3.1. Wall loads for concentric filling and emptying

The horizontal (normal) pressure ph and frictional traction (called
shear pressure) pw alongwalls during concentric silo filling and empty-
ing were calculated according to Eurocode 1 [33] (following strictly the
slice-method by Janssen):

phf zð Þ ¼ γ � A
μeff � U

� Y J zð Þ; phe zð Þ ¼ Ch � phf zð Þ ð1Þ

and

pwf zð Þ ¼ μeff � phf zð Þ; pwe zð Þ ¼ Cw � pwf zð Þ ð2Þ

with

YJ zð Þ ¼ 1−e −z�K�μeff �U=Að Þ ð3Þ
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whereγ is the solid volumetricweight,K - the horizontal-to-vertical pres-
sure ratio, z - the depth under the equivalent material surface, A - the
cross-section area andU - the internal circumference,Ch and Cw– the hor-
izontal and frictional emptying factors (the subscript ‘f’ denotes filing and
‘e’ emptying). The effective wall friction coefficient μeff between the fill
and corrugated wall is

μeff ¼ 1−awð Þ � tanφi þ aw � μw ð4Þ

where aw - the wall contact factor, μw - the wall friction coefficient be-
tween the solid and flat sheet and ϕi - the residual internal friction
angle of wheat.

In order to show differences between theoretical (standard) and
measuring outcomes, the theoretical wall loads were determined for
the mean characteristic values of wheat in the silo of the Reliability
Class 1 according to EC1: aw = 0.2, μw = 0.38, ϕι =30° (residual inter-
nal friction angle of wheat), ϕr = 34° (angle of repose), μeff = 0.54
(φw = arctan(μeff) = 28° – corrugated wall friction angle) (Eq. (4)),
γ = 8.25 kN/m3, K = 0.54 (pressure ratio), Ch = 1.9 and Cw = 1.4
(with the outlet eccentricity e = 0 m and local pressure coefficient
Cop = 0.5). In general the standard range of μeff for wheat may be
0.47–0.62 (mean value - 0.54). The standard maximum horizontal
wall pressures were: phf = 9.8 kPa and pwf = 5.3 kPa during silo filling
and: phe = 18.6 kPa and pwe = 7.4 kPa during emptying. The distribu-
tion of ph and pw is shown in Fig. 4. The maximum vertical compressive
force in a single column was calculated as Nf = 39.3 kN (filling) and
Ne = 55.1 kN (emptying).

According to EC1, in order to take asymmetric behaviour of the bulk
material into account, an additional asymmetric normal wall pressure
located at a certain silo height (so called “patch load”) is taken into ac-
count. For our silo this additional wall pressure was 10% for filling and
20% for emptying of the total one. It may be, however, ignored for our
research silo since it belongs to the Reliability Class 1.

3.2. Wall loads for eccentric outflow

During experiments, a flow channel geometry could not be mea-
sured. Therefore the calculations for eccentric outflow were performed
for 3 different flow channel radii rc of Fig. 5 following EC1

rc ¼ 0:25R; rc ¼ 0:4R and rc ¼ 0:6R; ð5Þ

where: R = D/2 is the silo radius.
The flow channel wall contact angles θc and ψ are defined as

θc ¼ cos−1 R2 þ e2c−r2c
2Rec

!
ð6Þ

http://mostwiedzy.pl


7.
20

C8

C7

C6 C1C5

C9
0.00

0.83

1.67

2.50

3.33

4.17

5.00

5.83

6.66

7.50

0 5 10 15 20

h
[m

]

p [kPa]

C2

Fig. 4.Horizontal wall pressures and wall frictional traction p [kPa] in experimental silo during symmetric filling and emptying according to EC1 (▲ - frictional traction for filling pwf, Δ -
frictional traction for emptying pwe, ■ - horizontal pressure for filling phf, □ - horizontal pressure for emptying phe, C1, C2, C5–C9 - load cells)

a)

b)

kc=0 kc=0.25 kc=0.6kc=0.4

R ec
ec

ec

rc

rc rc

c

phse

phae

phce

c

c

c

c

R
ec

rc

ψ
θ

θ

θ

θ

θ

Fig. 5. Eccentric emptying by EC1: a) geometry of 4 different discharge conditions (independent of silo aspect ratio), b) pressure distribution (ec - flow eccentricity, rc - flow channel radius,
θc and ψ - flow channel angles, R - silo radius and kc - rc/R)

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


a)

AA

D H I F

1

267
22 2252 72 47 52

D H I F B

B

IX

2 VIII

3
VI

4 V

5
IV

6

III

7

II

I

0

VII

8

00:00

05:00

10:00

15:00

20:00

25:00

30:00

35:00

40:00

45:00

50:00

55:00

-135 -90 -45 0 45 90 135

t

D [cm]

L 7
L 6
L 5
L 4
L 3
L 2
L 1

b)
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and

ψ ¼ sin−1 R
rc

sin θc
� �

: ð7Þ

The calculated horizontal wall pressure distribution on the vertical
wall in the flowing zone for 3 values of rc (Eq. (5)) is demonstrated in
Fig. 6. The highest wall pressures occurred for the lowest flow channel
radius (rc= 0.25R). Thewall pressure close to the flow channel was sig-
nificantly reduced (phce = 2.4 kPa) whereas at the flow channel edge,
the horizontal wall pressure was the highest (phae = 16.6 kPa), i.e.
higher by 75% than during filling. The horizontal wall pressure far be-
yond the flowing channel in the zone (where the solid remained mo-
tionless) was the same as during filling (phse = phf = 9.5 kPa).

4. Experimental results

4.1. Wheat flow with one centrally open outlet '1'

Fig. 7a shows the surface profiles ofwheat observed from the silo top
and Fig. 7b presents the emptying times for markers located at different
silo levels for one cross-section (discharge flow rate was 65 t/h) for one
arbitrary test.When the outlet was opened, the material started to flow
and the upper boundary of wheat moved slowly down along the wall.
Later the flowing channel diameter observed from the top became
smaller until the surface profile reached a dip shape and wheat started
to slide down along the corrugated wall. Thus, the markers in the
mid-region (lines ‘H’, ‘I’ and ‘F’ in Fig. 7b) came out first in a mass flow
order but markers located adjacent to the walls came out down in a re-
verse sequence, i.e. themarkers located at higher levels came out before
those at lower levels, implying that wheat remained stagnant close to
the wall until the markers were collected. The markers located close
to the silo wall and near the silo bottom came out at the latest. The av-
erage flowing channel diameter was between 1.2m and 2.4m (Fig. 7b).
This mixed mass-funnel flow profile was slightly non-symmetric
(Fig. 7). The height of the mass flow zone in the upper silo region was
about 2 m and the funnel flow happened from the outlet height up to
about H = 5.5 m (based on the observations of the top surface
(level III in Fig. 7).

The evolution of horizontal (normal) and shear wall pressures
and mobilized wall friction coefficient/angle on the corrugated silo
wall for the pressure cells located along the silo height (load cells:
C6–C8) during silo filling and emptying for one arbitrary tests is
presented in Fig. 8 and for the pressure cells located along the cir-
cumference at the silo bottom (load cells C1–C6 of Fig. 2) in Fig. 9.
The distribution of the horizontal and shear wall pressures
(maximum values) during filling and emptying onset is shown in
0
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θ

Fig. 6. Calculated distribution of horizontal wall pressure phe along silo circumference in
experimental silo at height of cells walls C1–6 of Fig. 2 during eccentric flow according
to EC1 (rc - flow channel radius and θ - angle with respect to silo centre).
Fig. 10a along the silo height and in Fig. 10b along the silo
circumference.

During filling, each curve followed a similar non-linear distribution
trend as given by the Janssen theory (i.e. the pressure gradient dimin-
ished during continuous filling and each curve approached its asymp-
tote) (Fig. 10a). As the solid started to flow, the horizontal and shear
wall pressures immediately increased due to shearing along the wall
connected with volume changes (except of the highest located cell
‘8’). Next they remained nearly constant for a short time and then de-
creased. The wall pressures did not grow solely at the bottom due to
funnel flow (load cell 9). The distribution of horizontal wall pressures
was rather linear (Fig. 10a) in contrast to the distribution assumed by
EC1. The results were found to be repeatable (the coefficient of the
stress variation was 9.3%). The largest filling wall pressures appeared
at the lower silo part (10.5 kPa for the horizontal wall pressure (C2)
and 5.3 kPa for the shear wall pressure (C3) of Fig. 2). The highest in-
crease during emptying also occurred in the lower silo region (pressure
cells C1 and C3, located 1.2 m above the silo bottom) in the region close
to the effective transition betweenmass and funnel flow. The horizontal
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A)

B)

C)

D)

0%

20%

40%

60%

80%

100%

0

5

10

15

20

0:00:00 0:10:00 0:20:00 0:30:00 0:40:00 0:50:00 1:00:00

H
m

p h
[k

Pa
] 

t

b

c

a

0%

20%

40%

60%

80%

100%

0

2

4

6

0:00:00 0:10:00 0:20:00 0:30:00 0:40:00 0:50:00 1:00:00

H
m

p w
[k

Pa
] 

t

b

c

a

0%

20%

40%

60%

80%

100%

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0:00:00 0:10:00 0:20:00 0:30:00 0:40:00 0:50:00 1:00:00
H

m

=p
w
/p

h

t 

bc
a

0%

20%

40%

60%

80%

100%

0

10

20

30

0:00:00 0:10:00 0:20:00 0:30:00 0:40:00 0:50:00 1:00:00

H
m

w
[o ]

t

bc
a

Fig. 8.Measurements from one arbitrary test with one centrally opened outlet: evolution of horizontal wall pressure ph (A), shear wall pressure pw (B), mobilized wall friction coefficient
μ = pw/ph (C) and mobilized wall friction angle φw = arc(tanμ) (D) against filling/emptying time t for load cells located along silo height: C6 (a), C7 (b) and C8 (c) of Fig. 2 ( — - wheat
height Hm in [%]).

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

wall pressure’s increase due to emptyingwas about 40–60% for the cells
C1–C6, 30% for C7 and 10% for the cell C8 and shear wall pressure’s
growth was about 30–45%, 25% and 5%, respectively. The average in-
crease of wall pressures along the silo circumference was 50% for the
horizontal pressure and 35% for the frictional traction during emptying
(Fig. 10b). The maximum differences between the highest and lowest
horizontal/shear wall pressures along the silo circumference were
about 15%/30% after filling and 20%/22% during emptying (Fig. 10b).
The measured horizontal wall pressure and frictional traction during
filling corresponded well to EC1 but during emptying the horizontal
pressures were smaller by 10–25% in the lower silo region (C1–C6)
and by 30–50% in the mid-region (C7–C8). The frictional traction was
smaller by 1–20% and 15–35%, respectively (Fig. 10). Note that accord-
ing to EC1, the increase of wall pressures during discharge is
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Fig. 9.Measured evolution of pressures for cells C1–C6 located along silo circumference (Fig. 2): A) horizontalwall pressure ph and B) shearwall pressure pw and C)mobilizedwall friction
coefficient μ = pw/ph against time t and its distribution along circumference for t = 12 min ( ——wheat height Hm in [%], n – load cell number).
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pronounced, i.e. 90% for the horizontal wall pressure and 40% for the
wall frictional traction (since Ch = 1.9 and Cw = 1.4 in Eqs. (1) and
(2)). EC1 does not take however a horizontal wall pressure variation
into account along the circumference that occurred in our experiments
(Fig. 10b).

The mobilized wall friction coefficient/angle (Figs. 8C, D, and 9C)
reached the maximum value when the silo was pre-filled and
was equal to μ/φw = 0.58/30° for the cell C3, μ/φw = 0.53/28° for C7
and μ/φw = 0.51/27° for C8. The average maximum wall friction
coefficient/angle, calculated from all pressure cells (C1–C8), was μ/
φw = 0.50/27° and was similar to the mean one assumed by Eurocode
μeff = 0.54/φw = 28° (Eq. (4)). Next the mobilized wall friction coeffi-
cient/angle decreased during flow down to about 20° (slightly smaller
than themeasured repose angle of wheat -ϕ=24°). Thewall friction co-
efficient/angle,which corresponded to themaximumwall pressure in the
lower silo region (C6) (Fig. 8Aa) during emptying (for t = 17–18 min)
was smaller, μ/φw = 0.37/20°.

The measured silo results were repeatable. Fig. 11 presents the ex-
perimental maximum horizontal and shear wall pressures for load
cells located along the silo circumference for 4 different tests. The
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Fig. 10. Distribution of measured maximum horizontal and shear wall pressures p along silo height h (cells C6–C8) (a) and silo circumference (cells C1–C6) (b) with one centrally open
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meanhorizontal and shearwall pressures for filling and emptying in the
lower silo region were: phf = 10.1 kPa, phe = 15.24 kPa, pwf = 4.73 kPa
and pwe = 6.19 kPa with the standard deviation of 0.87, 0.83, 0.49 and
0.37, respectively.

The evolution of the measured 4 vertical reaction forces during silo
filling and emptying under the supporting frame columns (F1–F4,
Fig. 2) and 6 vertical reaction forces under silo columns (F11–F16,
Fig. 2) is presented in Fig. 12A,whereas Fig. 12B shows their distribution
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Fig. 11. Experimental maximumwall pressures for cells located along silo circumference for 4 te
pw, a) filling and b) flow onset (n – number of pressure cell along silo circumference, —— - EC1
along the silo circumference (F11–F16, Fig. 2). The results indicate that
60% (during filling) and 65% (during emptying) of the total solid weight
was carried by silo wall and the rest was carried by the silo bottom. The
vertical reaction forces in columns were similar; the difference was of
the order of 10–15% in silo columns and about 5% in supporting frame
columns, i.e. slightly smaller than the maximum local shear wall pres-
sure changes along the circumference (20–30%, Fig. 10b). It was also ob-
served that the reaction forces in 6 silo columns (Fig. 12A) were slightly
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sts with one centrally located outlet: A) horizontalwall pressure ph, B) shearwall pressure
).
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influenced by their length, i.e. the load transfer started later in columns
which were shorter by 1–2 mm that resulted in smaller reaction forces.
The increase of vertical forces at the flow onset was relatively uniform
(Fig. 12B). The mean increase was about 10% (Fig. 12B), i.e. smaller on
average than the shear wall pressure increase (5–35%, Fig. 10a) along
the silo height. The measured maximum compressive silo column
forces, Nf.exp = 33.5 kN and Ne.exp = 35 kN, were lower by 20% during
filling and by 35% during emptying than the values estimated by EC1:
Nf = 39.3 kN (filling) and Ne = 55.1 kN (emptying).
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Fig. 13. Experimental results for corrugated silo with 5 open outlets: emptying times for
markers located at different levels in cross-section D-H-I-F-B of Fig. 7a from one
arbitrary test (L1–L7 - initial markers positions starting from silo bottom every 1 m), D -
silo diameter, t - emptying time.
4.2. Wheat flow for all 5 open outlets '1-'5'

When all 5 bottom outlets were opened at the same time, the dis-
charge flow ratewas the highest (160 t/h). In this case almost allmarkers
came out in a mass flow order, i.e. lines in Fig. 13 were almost horizontal
and markers located at the lowest silo level came out as first ones.

The evolution of horizontal and shear wall pressures and mobilized
wall friction coefficient/angle for load cells located along the silo height
(load cells C6–C8) during silo filling and emptying for one arbitrary test
and for load cells located along the silo circumference (load cells C1–C6)
is demonstrated in Figs. 14 and 15. The distribution of the maximum
wall normal and shear stresses measured during filling and emptying
beginning along both the silo height and silo circumference is shown
in Fig. 16 together with EC1 outcomes.

As compared to silo tests with one centrally open outlet, a stronger
increase of wall pressures at the emptying beginningwas registered, es-
pecially in the lower silo region wherein mass flow was created
(Fig. 16). The increase of the horizontal wall pressure was 70–125% in
the lower silo part (cells C1–C6) and 15%–50% at the silo mid-part
(cells C7 and C8). The corresponding increase of the shearwall pressure
was 45%–80% and 5–30%. The maximum horizontal and shear wall
pressures for filling and emptying in the lower silo region were:
phf=9.7 kPa, phe=18.3 kPa, pwf=4.9 kPa and pwe=7.1 kPa. Themax-
imummobilizedwall friction coefficient (Fig. 15C) changed during flow
from μ = 0.55 (φw = 29°) after filling down to about μ ≈ 0.45 (φw =
23.8°) during flow. The wall friction coefficient/angle which
corresponded to the maximum horizontal wall pressure in the lower
silo part (C2) during emptying (for t = 1:40 h, Fig. 15B) was lower -
μ/φw = 0.36/20°.

Comparing with EC1, the measured maximum horizontal/shear wall
pressures were lower by 0–15%/5–30% during filling and by 0–15%/1–
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Fig. 14.Measurements from one arbitrary test with 5 open outlets: evolution of horizontal wall pressure ph (A), shear wall pressure pw (B), wall friction coefficient μ = pw/ph (C) and
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15% during emptying in the lower silo region (Fig. 16). The maximum
horizontal/shear wall pressure change around the circumference was
20%/35% (filling) and 17%/15% (emptying) (Fig. 16B) and was similar as
in the case of one centrally open outlet (15%/30% (filling) and 20%/22%
(emptying)).
The vertical reaction forces in silo columns differed by 15% for filling
and by 25% for emptying. At the onset of mass flow the growth of verti-
cal reaction forces in silo columns was about 5–35% (Fig. 17). The
smallest increasewas in the columns ‘13’ and ‘16’ located at the smallest
distance from existing outlets (Fig. 2). Themeasuredmaximum vertical
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Fig. 15. Measured evolution of pressures in silo with 5 open outlets for cells located along silo circumference (Fig. 2): A) horizontal wall pressure ph and B) shear wall pressure pw,
C) mobilized wall friction coefficient μ = pw/ph against time t and its distribution along circumference for t = 36 min ( ——wheat height Hm in [%], n - load cell number).
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force in silo columns (33 kN during filling and 40 kN during emptying)
was smaller by 15% (filling) and by 30% (emptying) than this by EC1:
Nf = 39.3 kN (filling) and Ne = 55.1 kN (emptying).

4.3. Wheat flow with one open non-symmetric outlet

One arbitrary non-axisymmetric open outlet (‘2’, ‘3’ or ‘4’) caused ob-
viously non-symmetric flow, wherein wheat moved in funnel flow along
one silo part only (Fig. 18), i.e. the markers located in the line ‘B’ (close to
the silo wall) came out later than markers located on the opposite silo
side. The effective flow transition point varied around silo circumference.
In the lower silo region only, a clear narrowflow channel existedwith the
diameter of about 0.7–1.5m. This diameter increased in the upper silo re-
gion up toD. This outcome is in contrast to EC1 for a large outlet eccentric-
ity (Section 3.2)which assumes eccentric parallel pipe flowwith a similar
flowing channel diameter along the entire silo height

The evolution of the horizontal and shear wall pressures and mobi-
lized wall friction coefficient/angle for load cells located along the silo
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height (load cells C6–C8) during silo filling and emptying for one arbi-
trary tests is presented in Fig. 19 (with the open outlet ‘3’). The distribu-
tion of the maximum horizontal and shear wall pressures measured
during filling and emptying is presented in Fig. 20 along the silo height
and in Fig. 21 along the silo circumference when one different outlet
was solely opened. Themeasured vertical reaction forces in silo columns
are shown in Fig. 22.

At the flow onset, both the horizontal and shear wall pressures in-
creased in regions beyond the narrow flow channel and decreased in
the lower silo region close to the open outlet (Figs. 19-21). The horizontal
0
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40
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F
 [
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n

Fig. 17. Measured maximum vertical forces F in columns ‘11’–16’ of silo with 5 open
outlets during: ■ - filling and □ - emptying ‘5’ (n - column load cell number).
and shearwall pressure's growth,measured along the silo circumference
(at h = 1.22 m) during flow far beyond the narrow flow channel edge,
was about 30–55% and 10–40%, whereas measured at the flow channel
decreased by 60–65% and by 65–67%, respectively (load cells C2 and
C5, Fig. 21). In the higher silo region (load cell C7 for h = 2.90 m and
load cell C8 for h=4.57 m), both the horizontal and shear pressures in-
creased by 35–73% and 16–47%, independently of the outlet location
(Fig. 20) due to a wide flow channel with a diameter close to D. In the
lower silo region (cells ‘1’–‘6’) the maximum horizontal wall pressure
was smaller by 20% than those for 5 open outlets, whereas in higher re-
gions was larger by 25% (cell ‘7’) and 60% (cell ‘8’). The maximum shear
pressure was similar in lower regions and larger by 10% and 25%, respec-
tively (Figs. 20 and 21).

Themaximummobilizedwall friction coefficient changedduringflow
on average from μ= 0.55 (φw = 29°) down to μ = 0.45 (φw = 24°).

According to EC1 for the flow channel radius rc = 0.4R = 0.53 m
(Fig. 6), the horizontal wall pressure at the flow channel should de-
crease and at the flow channel edge should increase by the same
value of 60%. For the other flow channel radii, the change should be
40% for rc = 0.6R = 0.8 m and 75% for rc = 0.25R = 0.33 m (Fig. 6).
Thus the best agreement between the experimental outcomes in the
lower silo region and EC1 was for rc = 0.4R = 0.53 m (the measured
values were smaller by 0–10% for horizontal pressures and by 20–25%
for shear pressures (Fig. 21b and d)). EC1 indicates no wall pressure
changes on the opposite side of the open outlet that is inconsistent
with experimental resultswherein thewall pressure's growthwasmea-
sured of about 30–55% for horizontal pressures and 10–40% for shear
ones (Fig. 21).

At theflowonset, the vertical reaction forces in silo columns near the
open outlet increased by 25–30% while these forces in silo columns on
the opposite side remained almost unchanged (Fig. 22). The vertical re-
action forces' increase in columns located close to a flow channel was
smaller by 20% than in columns located at a flow channel edge.

4.4. Wall pressures on flat wall segment

Fig. 23 presents the evolution of the measured horizontal and shear
wall pressures and wall friction coefficient for 5 simultaneously open
outlets ‘1’–‘5’ (mass flow). The wall pressures were measured by the
load cell C9 located in the inspection opening door.

The maximum horizontal wall pressure at the flow onset was
17.1 kPa (Fig. 23). As compared to the horizontal wall pressure mea-
sured by the load cell ‘C1’ in the corrugated wall, located by 0.83 m
higher than the load cell C9, the horizontal pressure's increase during
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Fig. 19.Measurements fromone arbitrary testwith one open outlet '3': evolution of horizontalwall pressure ph (A), shearwall pressure pw (B),mobilizedwall friction coefficient μ= pw/ph
(C) and mobilized wall friction angle φw = arc(tanμ) (D) against time t for pressure cells located along height: C6 (a), C7 (b), C8 (c) of Fig. 2 ( — - wheat height Hm in [%]).
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emptyingwas smaller by 30%. Themaximumwall shear pressure at the
flow onset was 4.6 kPa (Fig. 23). As compared to the shear wall pressure
exerted on the corrugatedwall, the shear pressure’s increasewas small-
er by 20%. The maximum mobilized wall friction coefficient measured
with the load cell (C9) located in the inspection opening was about
μ= 0.2 (φw = 12°) during filling and μ= 0.3 (φw = 17°) during emp-
tying. Thus it was significantly smaller as compared to the corrugated
wall due to a flat measuring surface of the pressure cell. Note that the
maximum value of μ was reached during flow and not during filling
(as for corrugated walls).

5. Conclusions

The main outcomes from our experiments in a full-scale steel cylin-
drical silowith corrugatedwalls and open-sectional thin-walled column
profiles containing cohesionlesswheatwith themean initial volumetric
weight of 7.75 kN/m3 are the following:

- The horizontal and shear wall pressures always increased after
outlet opening. The largest wall pressures obviously occurred in
the lower silo part during mass flow (higher by 70–120% for hor-
izontal pressures and by 45–80% for shear pressures than during
filling). In the mid- and upper silo region, the highest horizontal
and shear wall pressures appeared during eccentric flow (higher
by 35–75% for the horizontal and 15–45% for the shear pressure
than during filling). The measured maximum horizontal wall
pressures in the lower region were smaller than those by EC1
(Eqs. (1)–(4)) by 10–25% for mixed flow, by 20–35% for eccentric
flow and were similar for mass flow. The measured maximum
shear wall pressures was smaller than 1–20%, 3–35% and 1%, re-
spectively. The distribution of horizontal wall pressures during
flow was almost linear in contrast to the Janssen's theory. The
EC1 procedures provide wall pressures on a safe side by taking
also into account the fact that the experimental silo was relatively
small and normalized wall pressures in larger silos are expected
to be lower due to a higher pressure level.

- Duringflowwith a large outlet eccentricity, partially eccentricmixed
flow occurred in contrast to EC1 which assumed eccentric parallel
pipe flow. During this flow, both the horizontal and shear wall pres-
sures increased in regions far beyond the flow channel and de-
creased in the lower silo region close to the open outlet. As
compared do EC1 with rc = 0.4R (Figs. 5 and 6), the measured wall
pressures were greater by 30–55% (horizontal pressures) and 10–
40% (shear pressure) on the opposite side of the single open outlet
(EC1 assumes no wall pressure changes) and by 0–10% (horizontal
pressures) and 20–25% (shear pressures) too small in the region
close to a single open outlet.

- The maximummobilized wall friction angle was always the highest
after filling. Afterwards it reduced during flow. The average maxi-
mum wall friction angle at the silo bottom was for filling φw =
27°–29° (μ = 0.50–0.55). It was in agreement with the values pro-
posed by EC1: φw = 25°–32° (μ = 0.47–0.62). However the value
corresponding to the maximum horizontal wall pressure (φw =
20–25°) was smaller than the EC1-values. The measured minimum
wall friction angle during flow was about 20° and approximately
corresponded to the angle of repose of wheat.

- In spite of symmetric filling, the flow was always non-symmetric.
The horizontal/shear pressure difference along the silo circumfer-
ence was about 20%/35% and 17%/15% during mass flow (filling
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and emptying), 15%/30% and 20%/22% during concentric mixed
mass-funnel flow (filling and emptying). The resultant column ver-
tical force difference along the silo circumference was 25% during
mass flow, 10% during concentricmixed flow and 30–35% during ec-
centric flow. EC1 takes into account this non-uniformity in all cases
but it may be ignored in silos of the Reliability Class 1 because
other coefficients and procedures are on the safe side.
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