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Adriano Pinilla , José María Fuentes , Francisco Ayuga , Eutiquio Gallego *
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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Hopper eccentricity causes asymmetry 
in pressure distribution and other 
parameters.

• Highest discharge normal pressures 
were measured at the wall farthest from 
the outlet.

• Eccentricity induced highest frictional 
forces on the wall farthest from the 
outlet.

• The gravity center of the bulk material 
moved towards the wall farthest from 
the outlet with eccentricity.

• Mass flow rate for the full-eccentric 
hopper was significantly higher.
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A B S T R A C T

This study analyses the effect of outlet eccentricity on wall pressures, frictional forces, effective wall friction 
coefficient, lateral pressure ratio and mass flow rate in a model silo made of corrugated steel and transparent 
polymethylmethacrylate walls. The silo model consists of two vertical modules (1.5 m in height and a 0.45 ×
0.45 square cross section) and a hopper (0.175 m in height and a 0.06 × 0.06 m square outlet). Three different 
hoppers were used by varying the outlet eccentricity: centred (0 % eccentricity), half-eccentric (50 % eccen
tricity), and full-eccentric (100 % eccentricity). Pinewood pellets were used as the bulk solid material for the tests 
conducted. The results indicate that outlet eccentricity causes significant changes in pressure distributions and 
other parameters. An increase in normal pressure during the discharge was observed on the wall farthest from the 
outlet (θ = 180◦) compared to that measured at the end of the resting phase, while a progressive decrease ap
pears at the wall closest to the outlet (θ = 0◦) when increasing hopper eccentricity. Outlet eccentricity also 
induces an increase of the frictional forces and the weight of the material resting over the hopper at the wall 
farthest from the outlet, with respect to the wall closest to the outlet. A similar pattern is observed for the lateral 
pressure ratio. A significantly higher mass flow rate was reported for the full-eccentric hopper with respect to the 
centred and half-eccentric hoppers.
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1. Introduction

Silos have been used to store all kind of granular materials in a wide 
range of facilities and industries. Many agricultural farms employ small 
steel silos that consist of a vertical bin and a hopper with outlet eccen
tricity (oblique hopper) that facilitates the flow of the material during 
the silo discharge. In addition, commercial steel silos usually have a 
sinusoidal corrugated wall since it allows a more efficient structural 
design [1]. The calculation of wall normal and tangential pressures on 
concentric conical hoppers is covered by the current European standard 
EN 1991–4 [2]. The equations included in Eurocode are attributed to 
Walker [3], despite they are based on the previous works by Dąbrowski 
[4]. However, the current version of EN 1991–4 does not cover oblique 
hoppers.

During the 20th century, a large number of experimental tests have 
been conducted to determine the pressures exerted by the stored ma
terial over bin walls [5 – 14]. However, very few research works refer to 
concentric hoppers [15 – 18], and only the tests implemented by Ram
irez et al. considered oblique hoppers [19]. Aoki and Tsunakawa [15] 
measured wall normal pressures on steep hoppers, and they found a 
good agreement with the theoretical predictions of Walker for filling 
condition.

On the contrary, the wall normal pressures measured by Ding et al. 
[16] at the end of filling in a shallow concentric hopper were signifi
cantly higher than those predicted by Walker theory. This could be 
explained by the fact that shallow hoppers having large apex half angle 
does not fully mobilize wall friction, then leading to higher wall normal 
pressures. The results obtained by Ding et al. [16] were in a good 
agreement with the values predicted by Rotter theory for shallow hop
pers [20], that essentially considers Walker theory with an effective 
hopper wall friction coefficient.

Ramirez et al. [19] measured wall normal pressures on bin-hopper 
full scale silos with smooth steel walls, and 3 different oblique hop
pers with 0 %, 50 % and 100 % outlet eccentricities. They found a sig
nificant difference in wall normal pressures between the wall closest to 
the outlet and the opposite wall during discharge. Thus, larger wall 
normal pressures were reported for the wall location opposite to the 
hopper outlet for both materials tested (wheat and maize kernels). For 
experimental tests conducted with wheat, they found that the higher the 
outlet eccentricity, the higher wall normal pressures were found on the 
wall closest to the outlet at bin-hopper transition at the end of filling. 
This pattern was not so evident for maize, thus authors theorized that 
the inclination of the tube used for filling the silo could induce an 
eccentric filling that might cause the asymmetries in filling pressures.

Several researchers have proposed different analytical procedures to 
determine wall pressures on oblique hoppers [21 – 22], but assuming in 
such works a plane stress condition that is not applicable in real 3D silo 
hoppers. In addition, some Finite Element Models (FEM) have also been 
developed to study the possible effects of eccentricity on the filling 
pressures on oblique hoppers when compared to the concentric hopper 
[23 – 24]. The FEM models developed by Ayuga et al. [23] and Guaita 
et al. [24] predicted an increase in the wall normal pressures at the wall 
location opposite to the outlet, and a decrease in wall pressures in the 
wall closest to the outlet, when compared with a centric outlet. In 
addition, it was found for both walls that these differences increased 
with increasing outlet eccentricity. Vidal et al. [25 – 26] developed also 
a FEM model for bin-hopper silos with supporting elements, where they 
found that outlet eccentricity would affect the value of membrane and 
stress resultants between supporting columns. Gallego et al. [27] 
developed a FEM model that confirmed the findings of previous works 
and proposed an analytical equation to predict filling normal pressures 
on oblique hoppers that would consider parameters such as hopper 
aspect ratio, bin aspect ratio, outlet eccentricity, wall friction coeffi
cient, wall circumferential location or the material stored in the silo. 
More recently, the Discrete Element Method (DEM) has also been used to 
study the effect of outlet eccentricity in a flat bottom silo [28 – 30]. The 

results obtained by these authors show that high asymmetric flow pat
terns are caused by outlet eccentricity, that also affects particle 
velocities.

At the same time, very few experimental tests have been conducted 
in silo walls with corrugated walls [31 – 33], despite there is evidence 
that the friction phenomena in these walls significantly differ from that 
existing in a smooth wall [34 – 37]. The friction phenomena produced 
by corrugated walls has been recently studied by several authors 
through DEM models [38 – 43].

The present work aims to study the effect of different outlet eccen
tricities of a hopper in wall normal pressures, frictional forces, effective 
wall friction coefficient or the mass flow rate. The tests have been 
conducted by employing a silo model supporting different bottom con
figurations [33]. These are the first experimental tests conducted in a 
bin-hopper silo configuration with corrugated walls and outlet eccen
tricity. The research tries to corroborate the findings of previous nu
merical works [24,27,29] with regards to the appearance of 
asymmetries in wall pressures or other parameters caused by the outlet 
eccentricity.

2. Material and methods

2.1. Description of the silo model

The experimental equipment used consisted of a model silo with a 
square cross-section of 0.45 × 0.45 m2 and a total height of 1.5 m 
(Fig. 1). The vertical bin of the silo was composed of two independent 
modules, each 0.75 m high, supported by 4 beam-type load sensors 
located on levels 1 and 2 respectively, while the hopper or the flat 
bottom of the silo is supported by another 4 sensors located on level 3. 
All the sensors employed in the silo model were beam load cells pro
vided by Hottinger Brüel & Kjaer GmbH (Darmstadt, Germany), either 
model K-SP4M-N-C3MR or HLCB1C3 (which have different maximum 
loads of 7, 20, 30, 50 and 550 kg depending on their location in the silo 
model). Their sensitivity is 2,0 ± 0,2 mV/V. An individual calibration 
for each sensor was made by the authors, and a linear response was 
obtained in the load measurement with errors <0.8 %. The data pro
vided by the sensors were collected using a QuantumX MX1615 data
logger (HBK), at a sample rate of 100 Hz to capture the peak pressures 
typically occurring at the start of the silo emptying.

Several authors have observed scale effects in their work when 
measuring frictional stresses, deformations or flow of granular materials 
confined in moulds or scale silos, limiting the possibility of directly 
extrapolating the results obtained in small models to larger structures 
[44]. In this respect, the dimensions of the model silo used in this 
research are greater than 40 times the equivalent diameter of the 
granular particles to avoid the scale effect in the measurements of the 
grain-wall friction coefficients, as recommended by the European stan
dard EN 1991–4.

The lateral walls of the silo were built with a commercial galvanised 
steel sheet with a sinusoidal profile with a wavelength of 75 mm and a 
corrugation height of 13 mm, fixed by means of countersunk screws to a 
20 mm thick MDF wood board, to guarantee the structural rigidity of the 
wall and to avoid unwanted deformations. The front and back walls of 
the silo were made of transparent polymethylmethacrylate (PMMA) to 
allow visual monitoring of the material flow during unloading. On the 
corrugated walls, four square measuring panels with a cross-section of 
0.15 × 0.15 m2 equipped with sensors were mounted for the measure
ment of normal and tangential pressures.

Panels 1 and 2 were placed in the upper module at a height h = 1.0 m 
from the bin – hopper transition (relative height h/H = 0.67, where H 
refers to the total height of the silo bin), while panels 3 and 4 were 
placed in the lower module at a height h = 0.25 m from the bin - hopper 
transition (relative height h/H = 0.17). These distances refer to the 
centre of the corresponding test panel, which has been placed in the 
middle of the lateral walls. Furthermore, panels 2 and 4 are placed on 
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the wall adjacent to the outlet (θ = 0◦) and panels 1 and 3 on the 
opposite wall in the case of eccentric hopper discharge (θ = 180◦).

In this work, experimental tests were carried out using four different 
exchangeable bottom configurations, corresponding to: (i) flat bottom, 
(ii) centred hopper, (iii) hopper with 50 % eccentricity and hopper with 
100 % eccentricity. The height of the hopper was 0.175 m for all cases 
and the dimensions of the outlet, which is square in cross-section, were 

in all cases 60 × 60 mm2, regardless of the type of bottom used, with 
only the inclination of the hopper walls and the location of the outlet 
hole varying. Fig. 2 shows plan views of the different types of bottoms 
used in the research. The walls of the hoppers and the flat bottom were 
made of 3 mm thick steel plate to ensure structural rigidity and prevent 
possible deformations during the tests.

The silo filling process was carried out using buckets from the top of 
the silo, ensuring that the material fell centrally and at a constant rate 
(approx. 1.5 kg/s). Once filling was complete, the granular material was 
left to rest for 5 min before the outlet was opened to start discharging the 
material in free fall through the outlet of the different bottom configu
rations. The authors also checked that longer periods of time (up to 15 
min) did not produce changes in the variables measured during the 
resting phase. Settling of material can appear for even longer periods of 
resting [45], but the changes in pressures would be minimum because of 
the reduced dimensions of the silo model implemented. A more detailed 
description of the silo model implemented can be found in [33].

The granular material used in the experimental tests were cylindrical 
pinewood pellets supplied by Nova Lenha Lda., with a diameter of 6 mm 
(± 0.1 mm) and a length varying between 4 and 32 mm. The physical 
and mechanical characteristics of the material, summarised in Table 1, 
were obtained by the authors using, among others, sieve analysis, bulk 
density measurements, direct shear tests, oedometric tests and triaxial 
tests [46 – 48].

Seven different replicates of the experiment were carried out for each 
selected background configuration to ensure the repeatability of the 
tests and to minimize possible errors due to experimental variations. The 
mean value, standard deviation (SD) and coefficient of variation (CV) 
were recorded for each variable measured. Shapiro-Wilk and Levene 
tests were used to confirm the normality and homoscedasticity of the 
results [49–51]. Differences between variables were sought by analysis 
of variance (ANOVA) followed by Tukey’s test [52 – 53]. The signifi
cance level was set at p < 0.05.

Fig. 1. Front view of the experimental silo (units in mm).

Fig. 2. Hopper configurations used in the experimental tests (units in mm).

Table 1 
Main properties of the pinewood pellets used in the experimental tests.

Variable Value

Dimensions Length, L [mm] 15.92 ± 5.98
Diameter, φ [mm] 6.08 ± 0.05
Diameter of equivalent spherical particle, ϕEq. [mm] 9.36 ± 1.20

Humidity [%] 6
Density of wood pellet particles, ρp [kg/m3] 1227 ± 18.02
Specific bulk weight, γ [kN/m3] 6.5
Angle of repose, φr [◦] 40.5
Angle of internal friction, ϕi [◦] 39.5
Coefficient of friction with a smooth steel sheet, μw 0.3
Effective wall friction coefficient according to EN 1991–4, μeff, EN 0.72
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2.2. Variables studied

The measurements provided by the different beam load cells 
employed in the silo model allow calculating different variables of in
terest for the analysis of the structural behaviour of the silo model, e.g. 
wall normal and tangential pressures or mass flow rate, among others. 
The description of the variables and measurements considered can be 
found in the notation list. The calculation of these variables usually 
requires employing the weight, mass, bulk density or height of the 
material stored in the silo, which can be obtained through Eqs. 1–4. The 
total weight, Wt, of the material stored in the silo for a specific instant of 
time (Eq. 1) can be calculated through the sum of the measurements FYij 
provided by the twelve sensors placed at the 3 levels shown in Fig. 1, 
where i refers to the levels (3 levels) and j refers to the sensors located at 
one specific level (4 sensors in each level). Fig. 3 shows the direction of 
the different forces measured by the sensors.

The mass of the bulk solid stored at any instant, Mt, can be obtained 
by simply dividing the weight with gravity acceleration, g (Eq. 2). The 
bulk density of the material (Eq. 3) used in the calculations, γ, was ob
tained at the end of the resting phase, considering the total weight of the 
material stored inside the silo, W, the volume of the vertical section, Vv, 
and the volume of the hopper, Vh. Finally, it is important to state that the 
filling height of the material at any instant of time, ht, is measured with 
respect to the bin–hopper transition (Eq. 4), and its calculation also 
requires to consider the mass stored at the hopper, Mh, and the area of 
the bin cross section, A. It has been assumed the existence of a constant 
value of the bulk density to calculate the mass stored at the hopper. 

Wt =
∑j=1,4

i=1,3
FYij (1) 

Mt =

∑j=1,4
i=1,3FYij

g
(2) 

γ =
W
V

=
M • g

Vv + Vh
=

∑j=1,4
i=1,3FYij

Vv + Vh
(3) 

ht =
Mt − Mh

A •

(

γ/g

) =

∑j=1,4
i=1,3FYij − γ • Vh

A • γ
(4) 

2.2.1. Normal and tangential pressures on the test panels
The lateral and vertical forces measured at every test panel (Figure 3) 

are used to determine the normal (Eq. 5) and tangential (Eq. 6) pressures 
by dividing the corresponding force between the effective area of each 
test panel, Ap. 

phi =
FXi

Ap
(5) 

pwi =
FYi

Ap
(6) 

2.2.2. Overpressure coefficients
The dynamic effects existing and the change in the stress state of the 

bulk material during the discharge phase usually leads to the existence 
of significant pressure increases for symmetric silos. Besides, the exis
tence of eccentric hoppers can also significantly change the wall pres
sure distribution. Because of that, it has been calculated the ratio 
between the maximum pressure measured during discharge and filling 
for both the normal (Eq. 7) and tangential (Eq. 8) pressures. The over
pressure coefficient for normal pressures, Cop,h, has been obtained as the 
ratio between the maximum pressure measured during discharge pro
cess, ph,d, and the maximum pressure registered at the end of the resting 
phase, p,fh. A similar procedure has been used to calculate the over
pressure coefficient for tangential pressures, Cop,w, from the maximum 
values obtained during discharge, pw,d, and at the end of the resting 
phase, pw,f. 

Cop,h =
pmax

h,d

pmax
h,f

(7) 

Fig. 3. a) Diagram of forces measured by the load cells installed in the model silo. b) Diagram of forces acting on the measurement panels 1 to 4.
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Cop,w =
pmax

w,d

pmax
w,f

(8) 

2.2.3. Effective wall friction coefficient
The experimental value of the effective wall friction coefficient 

existing on the corrugated wall is calculated at any test panel by dividing 
the measured tangential, pw, and normal pressures, ph, respectively (Eq. 
9). 

μeff ,i =
pwi

phi
=

FYi

FXi
(9) 

Because of the existence of eccentric hoppers, it might be interesting 
to distinguish the total frictional forces measured at every vertical 
module in both walls (Eqs. 10–11). In this instance, the subscript “L” 
refers to the wall closest to the outlet (θ = 0◦), while the subscript “R” 
refers to the wall opposite to the outlet (θ = 180◦). Therefore, Fw1 refers 
to the total frictional forces measured at the upper vertical module, and 
it is calculated as the sum of the forces measured in the two sensors 
located at θ = 180◦ (Fw1R, which is the sum of FY11 and FY12) and the two 
sensors located at θ = 0◦ (Fw1L, which is the sum of FY13 and FY14). The 
total frictional forces measured at the lower vertical module, Fw2, have 
been obtained following a similar procedure. 

Fw1 = Fw1R + Fw1L = (FY11 + FY12)+ (FY13 + FY14) =
∑4

j=1
FY1j (10) 

Fw2 = Fw2R + Fw2L = (FY21 + FY22)+ (FY23 + FY24) =
∑4

j=1
FY2j (11) 

It has also been obtained the theoretical value of the effective wall 
friction coefficient against a corrugated wall by employing the equation 
proposed by Eurocode EN 1991–4 (Eq. 12), where μw is the friction 
coefficient against an smooth wall, φi is the angle of internal friction of 
the bulk material and aw is the wall contact factor. It is important to 
remark that EN 1991–4 suggests using aw = 0.2 value for corrugated 
walls with sinusoidal profile. 

μeff ,EN = (1 − aw) • tanφi + aw • μw (12) 

2.2.4. Lateral pressure ratio
The lateral pressure ratio, K, is defined as the ratio between the 

normal pressure over the silo wall, ph, and the vertical pressure, pv, 
existing at a certain silo height. This coefficient was obtained at the 
location of test panels situated at h/H = 0.17 (Eq. 13) and h/H = 0.67 
(Eq. 14). 

Ki =
phi

pvt
(i = 3 or 4) (13) 

Ki =
phi

pvv
(i = 1 or 2) (14) 

The calculation of K for test panels located at h/H = 0.17 requires 
determining the vertical pressure existing at the bin–hopper transition, 
pvt, that is obtained through Eq. 15, where Wvt is the weight of the stored 
material resting over the silo bottom, Wvh is the weight of the material 
stored in the hopper, and A refers to the area of the bin cross section. The 
value of Wvt is obtained with the measurements provided by the sensors 
supporting the hopper at level 3 (FY3j). On the other hand, the vertical 
pressure existing between the two vertical modules, pvv, is needed to 
calculate K for test panels at h/H = 0.17 (Eq. 16). Its value is obtained by 
dividing the weight of the material stored inside the upper vertical 
module of the silo model, Wv1, and the area of the bin cross section, A. 
Because of the reduced dimensions of the silo model, it has been 
assumed the existence of a constant bulk density of the material [54] to 
determine the weight of the material existing at the hopper Wh (Eq. 17), 
or a vertical section of a silo bin which is full of material (g⋅0.5⋅Vv). 

pvt =
Wvt − Wh

A
=

∑4
j=1FY3j − γ • Vh

A
(15) 

pvv =
Wv1

A
=

Wvt − Wh − γ • 0.5⋅Vv

A
=

∑4
j=1FY3j − γ • (Vh + 0.5⋅Vv)

A
(16) 

Wh = γ • Vh (17) 

2.2.5. Mass flow rate
Mass flow rate, Q, has been calculated (Eq. 18) by measuring the rate 

of change of the mass stored in the silo model for the time interval 
considered, ΔMi, with respect to that time interval, Δt. 

Q =
ΔMi

Δt
(18) 

3. Results and discussion

3.1. Normal and tangential pressures on silo walls

Fig. 4 shows the evolution of the normal and tangential pressures 
recorded on the silo walls, in a representative replication of the assay for 
each hopper configuration analysed (0 %, 50 % and 100 % eccentricity). 
As indicated above, panels 1 and 3 are located on the walls farthest from 
the outlet orifice (θ = 180◦), while panels 2 and 4 are placed on the wall 
adjacent to the outlet (θ = 0◦). Panels 1 and 2 belong to the upper 
module of the silo and panels 3 and 4 to the lower module.

During the filling of the silo, in all the configurations analysed, a 
progressive increase in the pressures recorded in all the test panels was 
observed until a maximum value was reached at the end of the filling 
phase. Subsequently, during the 5-min resting phase, the normal and 
tangential pressure values remained relatively stable, which corrobo
rates the findings reported in previous studies [1,38]. Once the resting 
period was completed, the silo was unloaded, registering a transient 
peak of the normal and tangential pressures at the beginning of 
emptying, in line with the observations of other authors [38,55–57], 
followed by a phase of greater variability in the measurements due to 
dynamic effects.

This trend only differs on the wall adjacent to the outlet orifice (θ =
0◦) in the lower module of the silo, where the opposite behaviour is 
observed, with an acute drop in pressures at the beginning of the 
discharge and a phase of subsequent fluctuations also attributable to the 
dynamic effects generated by the flow of material during the evacuation 
of the silo. Such behaviour pattern in the vicinity of the bin-hopper 
transition is consistent with previous observations made by other au
thors in funnel flow silos, where stress redistribution is strongly condi
tioned by the geometry of the hopper and the consolidation state of the 
bulk material [56 – 57].

As shown in Fig. 4, the values of the pressures recorded at the start of 
discharge in the upper module (sensors 1 and 2) are significantly higher 
than those recorded in the sensors of the lower module (3 and 4), 
regardless of the eccentricity of the hopper, which is in line with the 
results previously obtained by the authors in experimental tests carried 
out in the same silo prototype equipped with a flat bottom configuration 
[33]. It is worth pointing out that the pressures recorded in both panels 
located at the same height show some variability, even in the case of the 
centred hopper. These discrepancies may be associated with material 
movements and some eccentricity during filling and emptying, a phe
nomenon widely documented in granular materials, even under iden
tical loading and unloading conditions [58].

Figs. 5 and 6 show respectively the evolution of the average normal 
and tangential pressures on the walls of the lower module of the silo (at a 
relative height of 0.17-H) during filling and emptying, obtained from the 
seven repetitions of the test carried out for each hopper eccentricity, 
where h/H is the relative height of pellets above the bin-hopper tran
sition. The shaded areas show the standard deviation in each case.
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The readings show an appropriate repeatability of the tests, with 
coefficients of variation (CV) lower than 30 % for all the hopper con
figurations tested. The normal and tangential pressures existing on the 
two opposite walls of the silo during filling show certain differences, 
with the first offering slightly higher values on the wall adjacent to the 
outlet and slightly lower values for the second on the same wall (θ = 0º). 
These asymmetries were also observed in the experimental tests carried 
out by Ramírez et al. [19] in hopper silos, although they were not 
observed in the experimental tests previously conducted by the authors 
with a flat bottom configuration [33].

Based on the above, it can be established that the presence of a 
hopper induces the occurrence of a transition zone in the material be
tween different stress states, as well as the inclusion of a singularity in 
the wall geometry due to the change of inclination in its slope that would 
induce the occurrence of non-symmetrical pressure values even with the 
use of centred hoppers [59]. In addition, the inherent heterogeneity of 
granular materials and their properties may induce the occurrence of 
asymmetries in cases where they were not foreseeable [60 – 61].

During emptying, the eccentricity of the outlet orifice gives rise to 
significant differences in the pressures produced on the two opposite 
sides of the silo. The normal and tangential pressures tend to increase on 
the wall farthest from the outlet (θ = 180◦) as the eccentricity of the 
hopper increases, while a reduction in pressures is observed on the wall 
adjacent to the outlet (θ = 0◦). This trend agrees with experimental and 
numerical results obtained by other researchers [19,24,62]. Thus, the 
maximum normal pressure at the start of emptying (h/H = 1.0) goes 
from 614 Pa (e0) to 750 Pa (e100) for the wall farthest from the outlet (θ 
= 180◦), while at the opposite wall (θ = 0◦) it decreases from 574 Pa for 
the centred hopper (e0) to 357 Pa for the full eccentric hopper (e100).

3.2. Overpressures during emptying

Figs. 7 and 8 show the mean values of both normal and tangential 
pressures in the 4 test panels placed in the upper (h/H = 0.67) and lower 
(h/H = 0.17) module of the silo during filling (phf, pwf) and discharge 
(phd, pwd).

In the test panels located in the upper module of the silo (h/H = 0.67) 
the average normal and tangential pressures obtained during discharge 

exceed the pressures measured during filling for any of the relative pellet 
heights (h/H) considered. This consistent behaviour of the pressures in 
the upper part of the model silo is due to the existence in this zone of a 
mass flow, where the whole mass of the material is in motion [63 – 64].

However, the two measurement panels located in the lower module 
(h/H = 0.17) show a different behaviour depending on their location. 
The wall farthest from the outlet (θ = 180◦) exhibits a trend similar to 
that observed in the upper module, while the wall adjacent to the outlet 
(θ = 0◦) registered lower normal pressures during a part of the discharge 
than those obtained during filling for the same relative pellet height. 
This behaviour is consistent with previous work on eccentric hopper 
discharges where significant stress redistribution was identified, leading 
to a localised increase in pressures in certain structural regions [19].

The opening of outlet leads to the appearance of a free-falling column 
of the bulk material stored in the silo just above it. This causes a 
relaxation of the pressures applied over the silo wall, thus leading to a 
decrease of the wall normal pressures with respect to the existing ones at 
the rest state. This phenomenon increases as the outlet approaches to the 
silo wall (increased outlet eccentricity), as it can be observed in Fig. 7 at 
the wall adjacent to the outlet (θ = 0◦). At the same time, the movement 
of the pellets during the discharge increases the friction against the 
material that it is still trapped in the corrugations. This effect produces 
an increase in the internal friction between particles, thus leading to the 
increase of the wall frictional stresses during discharge (Fig. 8).

The hopper represents a geometric discontinuity that modifies the 
flow conditions, inducing the occurrence of transition zones in the stress 
state of the bulk material [65] and leading to the appearance of resting 
material zones whose amplitude varies depending on the inclination of 
the hopper [66]. The above results in higher fluctuations of pressure in 
the specific zone above and below the bin-hopper transition [30]. In 
addition, the eccentricity at the outlet induces even more significant 
changes in material flow, resulting in a major difficulty to predict 
pressure patterns.

Fig. 9 shows the values of the normal overpressure coefficients 
measured in the four instrumented panels. The results of the Tukey test 
showed the existence of statistically significant differences between the 
two walls, for both heights and in all hopper configurations (p-value 
<0.002 in all cases). Thus, the panels located in the upper module of the 

Fig. 4. Normal (ph) and tangential pressures (pw) on the silo walls measured in a representative test for each hopper configuration. From left to right: centred hopper 
(e0), half-eccentric hopper (e50) and full-eccentric hopper (e100).
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silo (h/H = 0.67) registered higher Cop,h values on the wall adjacent to 
the outlet (θ = 0◦) (mean values between 1.8 and 2.1) than those on the 
farthest wall (θ = 180◦), where the mean measured value of Cop,h ranged 
between 1.3 and 1.4. Higher values were obtained with the eccentric 
hoppers (e50 and e100) than in the centred hopper configuration (e0). The 
overpressure coefficient obtained in the upper module (h/H = 0.67) for 
the half eccentric hopper (e50) is significantly higher than the one cor
responding to the full eccentric hopper. The existence of outlet eccen
tricity can lead to the appearance of non-symmetric flows of the bulk 
material during discharge, which can produce the appearance of unex
pected effects. In any case, the asymmetry in the overpressures 
measured on both opposite walls may induce non-negligible bending 
moments structurally affecting the silo bin.

In contrast, the panels placed in the lower module of the silo (h/H =
0.17) showed a quite different behaviour, with higher overpressure 
coefficients on the most distant wall from the outlet (θ = 180◦), with a 
Cop,h value close to 1.2 for all the hopper configurations tested. On the 
other hand, in the wall adjacent to the outlet (θ =0◦), the peak normal 
pressure during emptying was lower than the maximum value recorded 
during filling, thus obtaining overpressure coefficients inferior to 1 and 
progressively decreasing with increasing eccentricity, from 0.8 (e0) to 

0.5 (e100). The results in the lower test panels are again influenced by the 
proximity to the bin-hopper transition, where the stress state of the 
material induces the appearance of asymmetries [30].

As the eccentricity of the hopper increases, during emptying the 
flowing granular material moves towards the wall adjacent to the outlet, 
so that in the case of the full eccentric hopper a column of pellets in full 
movement is placed above the outlet, meaning that the lateral pressure 
exerted on the wall adjacent to the outlet (θ = 0º) is significantly 
reduced. By contrast, the friction on that wall increases, as corroborated 
by Fig. 10, where the overpressure coefficients Cop,w range between 1.2 
and 1.6 on that wall (θ = 0◦), being higher than the value recorded on 
the opposite wall (θ = 180◦), ranging between 1 and 1.2.

In general, the tangential overpressure coefficients obtained (Fig. 10) 
are lower than the normal overpressure coefficients, except in the case 
described above. In the upper part of the silo (h/H = 0.67), again the 
wall near the outlet (θ = 0◦) shows higher overpressure coefficients 
(mean values between 1.6 and 1.7) than those recorded on the opposite 
wall (mean values between 1.1 and 1.2). No significant differences due 
to hopper eccentricity are observed in the upper part of the silo.

The overpressure coefficients calculated according to EN 1991–4 
depend on the eccentricity, both in the filling phase (considered centred 

Fig. 5. Normal pressures (ph) measured on the walls of the silo bottom module during filling (F) and discharge (D) versus the normalized height of stored material 
(h/H).
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in this analysis) and in the discharge, due to the hopper geometry. Ac
cording to EN 1991–4, for a centred hopper slender silo (e0) would be 
Cw = 1.4 for wall friction pressures and Ch = 2.65 for normal pressures, 
respectively increasing to Cw = 1.52 and Ch = 2.78 in a silo with 50 % 
eccentricity (e50) and Cw = 1.64 and Ch = 2.90 in a full eccentric silo 
(e100).

Fig. 11 compares the range of overpressure coefficients recorded in 
the experimental tests with those obtained according to EN 1991–4. The 
experimentally measured normal overpressure coefficients are lower 
than those calculated with Eurocode. However, in the case of tangential 
overpressure coefficients the experimentally obtained values (in the 
range 1.2–1.7) are similar and occasionally higher than those calculated 
with the Eurocode (in the range 1.4–1.6).

Table 2 shows a comparison of the overpressure coefficients obtained 
by the authors using the same model silo with a flat-bottom configura
tion and those recorded in this work with the hoppers indicated. In the 
upper section of the silo (Module 1), there are no significant differences 
in any case, with similar intervals for both overpressure coefficients. On 
the other hand, the differences are more appreciable in the lower test 
panel located on the wall adjacent to the outlet (θ = 0◦), where the effect 
of the bin-hopper transition is once again clear. Thus, in the case of the 

normal pressures, a coefficient Cop,h = 1.1 was obtained on both walls by 
using a flat bottom configuration, while coefficients below 1.0 were 
recorded in all configurations with hoppers. Similarly, in the case of the 
tangential pressures, the value obtained with the flat bottom silo was 
also Cop,w = 1.1, while using a hopper the registered value was in the 
range 1.2–1.6. In contrast, the differences were negligible on the 
opposite wall (θ = 180◦).

The observed differences in the values of the overpressure co
efficients registered respectively at the top and bottom of the silo can be 
attributed to the propagation of rarefaction and compaction waves 
during the emptying stage, a phenomenon documented in other previ
ous studies [67 – 68]. This phenomenon is also related to the well-known 
mixed flow, producing peak pressures at intermediate levels of the wall 
height [69 – 70]. Accordingly, at the beginning of the discharge, an 
overpressure is generated at the bottom of the silo, which propagates 
towards the top as a pressure wave, such that, in the upper module, the 
registered peak pressures can be comparable to the values measured at 
the base of the silo, and even, in some cases, higher. As the pressures 
exerted by the material in the upper region of the silo during the resting 
phase are considerably lower, significantly higher overpressure co
efficients result in the upper module compared to the lower module.

Fig. 6. Tangential pressures (pw) measured on the walls of the silo bottom module during filling (F) and discharge (D) versus the normalized height of stored material 
(h/H).
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Fig. 7. Normal pressures (ph) measured on both opposite walls of the silo (θ = 0◦ and θ = 180◦), versus the normalized height of stored material (h/H), at filling (F) 
and discharge (D). From top to bottom: centred hopper (e0), semi-eccentric hopper (e50) and full-eccentric hopper (e100).

Fig. 8. Tangential pressures (pw) measured on both opposite walls of the silo (θ = 0◦ and θ = 180◦), versus the normalized height of stored material (h/H), at filling 
(F) and discharge (D). From top to bottom: centred hopper (e0), semi-eccentric hopper (e50) and full-eccentric hopper (e100).
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3.3. Effective wall friction coefficients

Fig. 12 shows the evolution of the effective wall friction coefficient, 
experimentally obtained in a specific repetition of each test for the 
different hopper configurations analysed. The representativeness of this 
coefficient may not be appropriate during the initial stages of filling and 
the final moments of discharge because of the low pressures recorded 
and the variability in the measurements.

Fig. 13 shows the evolution of the effective coefficients of friction on 
the silo walls during filling and emptying for the three hopper config
urations used in the experimental tests. On the other hand, the theo
retical value according to EN 1991–4 (Eq. 12) that should be obtained 
with the tested material would be μeff,EN = 0.72, considering the me
chanical properties of the pinewood pellets tested (aw = 0.2, ϕi = 39.5◦, 
μw = 0.30).

The measured friction coefficients were higher in the upper vertical 
module (0.6–0.8) compared to the values recorded in the lower module 
(0.25–0.55) during the filling phase. The friction coefficients tend to be 
higher at the wall farthest from the outlet (θ = 180◦) compared to the 
closest wall (θ = 0◦) at both modules. On the other hand, the friction 
coefficient obtained in the lower module is significantly lower than the 
value predicted by the Eurocode or that obtained by the authors when 

using a flat bottom configuration [33], which again highlights the effect 
of the hopper on different parameters.

No significant differences were found during the discharge phase in 
those test panels located at h/H = 0.67, but there were differences in 
those test panels located close to the bin-hopper transition (at h/H =
0.17). It was observed an increase in the friction coefficient registered at 
the wall closest to the outlet (θ = 0◦) with respect to the resting phase, 
reaching values close to those registered in the upper test panels (μeff in 
the interval 0.6–0.8) but without any significant differences caused by 
the outlet eccentricity. These results agree with the findings reported in 
previous works, where a greater friction mobilization during the silo 
discharge was observed [1,31,71]. On the contrary, it was observed a 
decrease in the friction coefficient registered in the wall farthest from 
the outlet (θ = 180◦), with a slight increasing tendency with the increase 
in the outlet eccentricity (μeff between 0.25 and 0.4).

The total wall frictional forces measured in both vertical modules 
(Fig. 13) and the weight of the material resting on the silo bottom 
(Fig. 14) have been represented for a better understanding on the 
changes in the friction coefficient obtained. No significant differences 
were observed during filling, either between the two walls or due to the 
effect of the hopper eccentricity. Thus, the total wall frictional forces 
measured at any wall were approximately 210 N for the upper vertical 

Fig. 9. Overpressure factors for normal pressures (Cop,h) for both opposite walls of the silo (θ = 0◦ and θ = 180◦).
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module (Fw1,f) and 330 N for the lowest vertical module (Fw2,f), while 
the material weight resting over the silo bottom was approximately 460 
N (Fv,f).

A redistribution of forces is clearly observed during the silo discharge 
because a significant amount of the material weight is transferred to the 
walls. Therefore, a reduction in the weight resting over the silo bottom 
appears (Fig. 15), while an increase in the wall frictional forces is 
registered (Fig. 14), especially at the upper module. In addition, sig
nificant differences are observed during the emptying process in the 
upper module and the hopper.

A statistically significant influence of the outlet eccentricity was 
found at the upper module. The total frictional forces registered at both 
walls were 320 N at the beginning of discharge for the hopper e0, while a 
difference of 40 N appeared between both walls (330 N at θ = 180◦ vs 
290 N at θ = 0◦) for the hopper e100. It can be observed that the dif
ference in friction between both walls increases with the eccentricity of 
the hopper, with the friction being greater on the wall opposite to the 
outlet. On the other hand, it is interesting to note that in the lower 
module there are no significant differences in the friction between both 
walls, regardless of the eccentricity of the hopper.

The outlet induces a redistribution of the bulk mass stored in the silo, 
causing its centre of gravity to shift towards the opposite wall. In 

addition, the unloading process induces a change in the free surface of 
the material at the silo top, where the bulk solid stored descends more 
quickly on the wall near the outlet, which means a smaller amount of 
material is resting on the wall closest to the outlet. This phenomenon 
also explains why there is a very significant difference in the vertical 
component of the material weight resting over the silo bottom. The 
weight of the material is evenly distributed between both walls (345 N) 
at the silo bottom for the centric outlet (e0), but the distribution is very 
uneven between both walls as the eccentricity of the hopper increases. 
For the case of the e100 hopper, the wall farthest from the outlet (θ =
180◦) 390 N are supported, while only 310 N are supported in the wall 
closest to the outlet (θ = 0◦).

Fig. 16 shows the box-plot results of the effective wall friction co
efficient obtained at the end of the resting phase and the beginning of 
discharge to analyse possible statistically significant differences be
tween walls or silo locations. The outlet eccentricity has been found to 
have a positive significant influence on the friction coefficient only for 
the lower module (h/H = 0.17) and the wall opposite to the hopper 
outlet (θ = 180◦). In this case, increasing friction coefficients appear 
when increasing the outlet eccentricity. No significant differences be
tween both walls appear at the upper module, with friction coefficients 
in the interval 0.55–0.8 for all hoppers tested. The values tend to be 

Fig. 10. Overpressure factors for tangential pressures (Cop,w) for both opposite walls of the silo (θ = 0◦ and θ = 180◦).
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slightly greater in the wall located at (θ = 180◦).
Significant differences have been found at the lower module (h/H =

0.17). The effective wall friction coefficients are in the range 0.3–0.5 
during the filling phase in both walls, although with slightly higher 
values on the wall θ = 180◦. At the beginning of the discharge phase, the 
value of the effective wall friction coefficient increases significantly in 
the panel closest to the outlet (θ = 0◦), reaching a value of 0.7, while on 
the opposite wall the values are like those recorded at the end of filling. 
This significant increase in the friction coefficient does not occur 
because of the existence of a greater mobilization of friction in this 
module during unloading (see Figs. 7 and 12), but because of the 
decrease in the lateral pressures exerted by the bulk material on the wall 
(see Fig. 6), as a consequence of its proximity to the outlet.

Fig. 11. Overpressure factors (Cop,h and Cop,w) according to the relative height of stored material (h/H) and hopper eccentricity. Comparison with EN 1991–4.

Table 2 
Comparison of mean value of overpressure coefficients (Cop,h and Cop,w) in a flat- 
bottomed silo and in the different hopper configurations used in this work.

Overpressure 
coefficient

Relative 
height 
(h/H)

Flat 
bottom 
Siloa

Hopper silo

Wall adjacent to 
the outlet (θ =
0◦ )

Wall farthest from 
the outlet (θ =
180◦ )

Cop,h 0.67 
(Module 1)

1.4–1.8 1.8–2.1 1.3–1.4

0.17 
(Module 2)

1.1 0.5–0.8 1.2

Cop,w 0.67 
(Module 1)

1.3–1.7 1.6–1.7 1.1–1.2

0.17 
(Module 2)

1.1 1.2–1.6 1.1

a Taken from [33].

Fig. 12. Pellet-to-wall effective coefficient of friction (μeff) obtained in a representative test for each hopper configuration.
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3.4. Lateral pressure ratio

The values obtained for the lateral pressure ratio, K, at the location of 
the test panels for all hoppers considered are shown in Fig. 17, where K3 

and K4 refer to test panels placed in the lowest module (h/H = 0.17), 
while K1 and K2 correspond to test panels placed in the uppermost 
module (h/H = 0.67). K values remain quite stable during the filling and 
resting phase for all locations and hopper configurations, with values 

Fig. 13. Evolution of the effective wall friction coefficient (μeff) versus the normalized height of stored material (h/H), at the top (panels 3 and 4) and bottom (panels 
1 and 2) of the silo during filling (F) and discharge (D), for both opposite walls (θ = 0◦ and 180◦). From left to right: centred hopper (e0), semi-eccentric hopper (e50) 
and full-eccentric hopper (e100).

Fig. 14. Evolution of the wall frictional forces (Fw) versus the normalized height of stored material (h/H), at the upper (1) and lower (2) vertical modules of the silo 
during filling (F) and discharge (D), for both opposite walls (θ = 0◦ and 180◦). From left to right: centred hopper (e0), semi-eccentric hopper (e50) and full-eccentric 
hopper (e100).
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ranging in the interval 0.15–0.23. This value is significantly lower than 
the one obtained according to EN 1991–4 (KEN = 0.38) or the coefficient 
of pressure at rest (K = 0.35), which are estimated from the angle of 
internal friction of the material (ϕi = 39.5◦). An active stress state exists 
in the bulk material during the resting phase [59]. So, the value obtained 
from the Rankine coefficient for active pressure (K = 0.21) agrees well 
with the ones experimentally obtained.

The lateral pressure ratio proposed by Drescher [59] for bins by 
assuming the existence of material yielding at the wall and an active 
stress state (K = 0.20) is also consistent with the experimental values 
obtained. The assumption of material yielded in the region close to the 
corrugated wall is based on the findings of the previous numerical works 
developed by the authors [43].

The values calculated for K during silo emptying show significant 
differences. On the one hand, the values obtained for discharge are 
significantly greater than those existing for filling, which is a finding 
previously observed by other authors [7,56,65]. On the other hand, 
significantly larger values (K peak value of 0.93) are reported for test 
panels located at h/H = 0.67 in comparison with those obtained at h/H 
= 0.17 (peak value close to K = 0.4). This can be explained because of 
the relative increase of the lateral pressure is greater for upper test 
panels than for lower test panels (greater overpressure coefficients, as 
shown in section 3.2), and the weight of the material over this location is 
significantly lower than the existing at bin–hopper transition. This 
finding was also reported by Gandia et al. [56], who found increasing 
values for K when decreasing the silo slenderness (H/D, where H is the 
material height and D is the silo diameter) of bin-hopper silos filled with 
maize kernels. In addition, the peak K value reported for discharge is 
close to the value (K = 0.8) proposed by Drescher [59] when considering 
a passive stress state (the one existing in the bulk material during silo 
emptying) and a material yielding close to the silo wall.

Finally, the Tukey tests conducted have found a statistically signifi
cant influence of hopper eccentricity on the K values for both walls 
obtained at h/H = 0.17. Thus, if a centric outlet (e0) is considered, no 
differences between both walls are reported, and the K value slightly 
vary from 0.22 (at the start of discharge) up to a peak value of 0.38 

during discharge. A similar trend and K values are observed for the 
eccentric hoppers (e50, e100) only for the wall opposite to the outlet (θ =
180◦). The K values obtained at test panel located at the wall closest to 
the outlet (θ = 0◦) are lower, and the difference between both walls 
increases when increasing the outlet eccentricity. Thus, a peak value of 
K = 0.25 is found for e100 and θ = 0◦, which is significantly lower than 
the one obtained at θ = 180◦ (K = 0.4).

The slight increase of K during the emptying phase can be attributed 
to the fact that the relaxation of lateral pressures is slower than the 
decrease in the vertical pressure. On the other hand, the asymmetry in 
the K values between both walls for eccentric hoppers is explained 
because of the previously described asymmetric patterns of pressures 
reported, as a consequence of the changes in the flow regime caused by 
the outlet eccentricity.

3.5. Mass flow rate

Fig. 18 shows the evolution of the mean and standard deviation 
(shadowed area) mass flow rate during discharge for all the hoppers 
analysed. The values corresponding to the start and end of the discharge 
process were not considered in calculations to avoid the appearance of 
disturbances in the parameter. Thus, results are obtained for the 90 % of 
the discharge process. The results obtained in all tests are very consistent 
and low standard deviations exist for all hoppers. A decrease of mass 
flow rate at the end of discharge could be observed, confirming previous 
findings by [1,33].

The Tukey test conducted did not show the existence of significant 
differences between the centric (e0) and half eccentric (e50) hoppers, 
with mean mass flow rates of 0.482 and 0.478 kg/s during the discharge 
phase, respectively. However, significant differences were reported be
tween the full eccentric hopper (e100) and the other ones. In this case, the 
mean mass flow rate measured during discharge was 0.53 kg/s. It is well 
known that mass flow rate is basically governed by the particle size, the 
outlet width or the silo dimensions [72], but the angle of inclination in 
bevelled silo outlet [73] or even the wall friction coefficient [74] can 
also affect the mass flow rate.

Fig. 15. Evolution of the forces over silo bottom (Fv), versus the normalized height of stored material (h/H) during filling (F) and discharge (D). From left to right: 
centred hopper (e0), semi-eccentric hopper (e50) and full-eccentric hopper (e100).
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The findings obtained in the experimental tests matches the obser
vations of Wang et al. [75], who also observed a positive effect of outlet 
eccentricity in the mass flow rate when a critical eccentricity of 80 % 
was exceeded. Below the threshold value of the critical eccentricity, no 
significant changes in the flow of particles appear, thus leading to 
negligible changes in the mass flow rate. Thus, this explains why no 
significant differences have been found between hoppers with 0 % (e0) 
and 50 % (e50) outlet eccentricities, while significant changes were 
found for the full eccentric hopper (e100).

4. Conclusions

The results obtained in this study show the significant effects that 
hopper eccentricity produces in the redistribution of forces over the silo 
walls and bottom, which can be of importance for a proper design of 
these structures. The main findings of this work are as follows: 

• Increasing outlet eccentricity leads to a 33 % decrease in the mean 
values of wall normal pressures obtained in the test repetitions 
conducted (from 600 Pa to 400 Pa) at the wall closest to the outlet (θ 

= 0◦) during discharge, while a significant 33 % increase in normal 
pressures (from 600 Pa to 800 Pa) appears at the opposite wall (θ =
180◦). This effect was also observed for the wall tangential pressures, 
thus leading in both cases to an asymmetric distribution of wall 
pressures.

• The overpressure coefficients obtained for the wall normal pressures 
are significantly lower (below 2.1) than those predicted by EN 
1991–4 (2.65–2.9 interval), while similar values were obtained for 
wall tangential pressures (close to 1.5). Additionally, the higher the 
outlet eccentricity, the lower the overpressure coefficient is reported 
at the wall closest to the outlet and in the lower vertical module (h/H 
= 0.17).

• The friction coefficients measured were higher in the upper part of 
the silo (from 0.6 to 0.8) compared to the values recorded in the 
lower module (from 0.25 to 0.55) during the filling phase. The 
friction coefficients tended to be higher at the wall farthest from the 
outlet (θ = 180◦) compared to those registered at the closest wall (θ 
= 0◦) for both modules. No significant differences were found during 
the discharge in the test panels located in the upper module, but an 
increase in the friction coefficient appeared in those located near the 

Fig. 16. Box plot showing the effective wall friction coefficient (μeff) versus hopper eccentricity (e0, e50, e100) at the end of filling/beginning of discharge, for both 
opposite walls (θ = 0◦ and 180◦), at the upper (h/H = 0.67) and lower (h/H = 0.17) vertical modules of the silo.
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bin-hopper transition, the effect being more pronounced in the wall 
closest to the outlet (θ = 0◦).

• The outlet eccentricity induces a redistribution of the bulk mass 
stored in the silo during the discharge process, then inducing an 
increase in the frictional forces at the wall farthest from the outlet in 
the vertical upper module. In addition, the increase in outlet ec
centricity also increases the fraction of the material weight resting 

over the silo bottom at the location farthest from the outlet. For 
example, the weight resting over the silo bottom at θ = 180◦ in
creases from 345 N for the centred hopper up to 390 N for the full- 
eccentric hopper.

• Outlet eccentricity also produces statistically significant differences 
at h/H = 0.17 between the lateral pressure ratios (K) measured for 

Fig. 17. Evolution of the lateral pressure ratio (K) versus the normalized height of stored material (h/H), at the top (panels 3 and 4) and bottom (panels 1 and 2) of 
the silo during filling (F) and discharge (D), for both opposite walls (θ = 0◦ and 180◦). From left to right: centred hopper (e0), semi-eccentric hopper (e50) and full- 
eccentric hopper (e100).

Fig. 18. Mass flow rate during discharge (Q) versus normalized height of stored material (h/H), for the three different hopper configurations tested (e0, e50 and e100).
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both walls. This difference can be basically attributed to the increase 
of K at wall θ = 180◦ with increasing outlet eccentricities.

• The mean mass flow rate obtained for the full-eccentric hopper (0.53 
kg/s) is significantly higher than the one reported for the other 
hoppers (0.48 kg/s). This finding corroborates previous results of 
Wang et al. [75] with regards to the existence of a critical eccen
tricity affecting the flow conditions existing within the silo.

The reduced dimensions of the silo model employed might produce 
scale effects that should be considered. Therefore, experimental tests in 
full scale silos would be recommended to generalize the conclusions 
obtained in this work. At the same time, additional tests would be 
required to generalize the findings of the paper by testing different 
materials, particle shapes or silo wall characteristics (the corrugation 
wavelength and depth).

List of Symbols

FXi Lateral force, measured in N, recorded at panel position i (i =
panels 1 to 4 in the present model) at time t

FYi Vertical force, measured in N, recorded at panel position i (i =
panels 1 to 4 in the present model) at time t

FYij Vertical force, measured in N, recorded by sensors at level i (i 
= sensors 1 to 3), and position j (j = panels 1 to 4 in the 
present work) at time t

Mt mass of the stored material at time t (kg)
Wt weight of the stored material at time t (N)
Wvv weight of the stored material in the vertical body at time t (N)
Wv1 weight of the material stored in the upper vertical module of 

the silo model
Wvt weight of the stored material at the silo bottom (or the 

transition with the hopper should there be one) at time t (N)
Wh weight of the material in the hopper at time t (N)
V total volume of the silo model (m3) (V = 0.3066 m3)
hi height of the stored material at the silo bottom (or the 

transition with the hopper should there be one) at time t (m)
Vv interior volume of the vertical body of the model silo (m3) (Vv 

= 0.2954 m3)
Vh interior volume of the hopper when using a hopper 

configuration (m3) (Vh = 0.0112 m3)
Mh mass of the material stored inside the hopper (kg)
γ bulk specific weight of the stored material (kN/m3)
μeffi effective friction coefficient at the corrugated steel wall 

measured at panel position i at time t
phi normal pressure caused by the stored material at panel 

position i (i = panels 1 to 4 in the present work) at time t (Pa)
pwi tangential pressure caused by the stored material at panel 

position i (i = panels 1 to 4 in the present work) at time t (Pa)
pvt vertical pressure existing at bin-hopper transition at time t 

(Pa)
pvv vertical pressure at the transition between the vertical body 

modules at time t (Pa)
Ap effective surface area of the test panel (Ap = 0.0222 m2)
A interior area of the cross section of the vertical body of the 

model silo (A = 0.197 m2)
H total height of vertical silo modules (H = 1,5 m).
L width and length of the square cross section of the silo model 

(L = 0,45 m).
U perimeter of the cross section of the model silo (U = 1.776 m)
Ki lateral-to-vertical pressure ratio
Fw1 total frictional force recorded in the upper vertical body 

module at time t (N)
Fw1R total frictional force recorded in the upper vertical body 

module, on the right side of the silo (θ = 180◦), at time t (N)
Fw1L total frictional force recorded in the upper vertical body 

module, on the left side of the silo (θ = 0◦), at time t (N)
Fw2 total frictional force recorded in the lower vertical body 

module at time t (N)
Fw2R total frictional force recorded in the lower vertical body 

module, on the right side of the silo (θ = 180◦), at time t (N)
Fw2L total frictional force recorded in the lower vertical body 

module, on the left side of the silo (θ = 0◦), at time t (N)
Q mass flow rate (kg/s)
Cop,h Overpressure coefficient of normal pressures measured in the 

beginning of discharge
Cop,w Overpressure coefficient of wall tangential pressures 

measured in the beginning of discharge
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