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The first part of te paper on stresses in silos [10] focused on te bulk solid
properties wit respect to stresses, and te stresses in te vertical part of a silo. e
present second part explains te stresses acting in oppers for filling and emptying
conditions. In die ideal case stress distributions are symmetric and uniform.
However, in a real silo stresses may cange locally, and stresses can be non-
uniform along te circumference of a silo. Since tis can result in consequences on
te stability of a silo, te major sources of disturbances to te stress distribution are
outlined. If appropriate, it will be referred to te bulk solid properties explained in
part 1 [10].

9. Deformation of the Bulk Solid in the Hopper

The stresses developing in a hopper depend on the deformation of the bulk solid.
This is illustrated in the following by a simplified model where the bulk solid in the
hopper is subdivided in horizontal layers.It is assumed that an initially empty
hopper is filled with bulk solid layer by layer. Since the weight force of every layer
filled into the hopper acts on the layers below, the bulk solid in the hopper is
compressed vertically (Fig. 16.a). Thus, during filling the vertical stress in the bulk
solid is increasing due to gravity. Depending on the compressibility of the bulk
solid, the layers are compressed more or less in vertical direction (Fig. 16.b).
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Thus, the layers are moved a bit downwards. Due to the converging shape of the
hopper, this results in a small horizontal compression (smaller than the vertical
compression) which shall be neglected for now for reasons of simplification.

Fig. 16: a. Filling of a hopper in layers;
b. Deformation of a bulk solid element,
i.e., an elemental section of an
arbitrary layer, in the hopper axis: The
bulk solid element is compressed
vertically (strain εv > 0) and due to the
hopper shape also compressed a bit in



the horizontal direction (strain εh → 0
where εh << εv); in bulk solids
technology compressive stresses are
positive stresses, thus compressive
strain is also positive; c. Mohr stress
circle representing the stresses in the
hopper axis in the state of filling (to
save space, usually only the upper
semicircle is drawn). (Pictures: © D.
Schulze)

In the vertical section of a silo the conditions are similar to a hopper in the filling
state since in both situations the bulk solid is compressed in the vertical by the
force of gravity. In part 1 of the present paper (Fig. 4 in [10]) it was outlined that
this kind of compression results in the vertical stresses being larger than the
horizontal stresses. The same happens in the hopper in the state of filling: The
major principal stress of the Mohr stress circle representing the stresses in the
silo axis (Fig. 16.c) is equal to the vertical stress, and the minor principal stress is
equal to the horizontal stress. This stress state is known as the stress state of
filling, or filling conditions.Next, the stresses developing while the hopper is
discharged are regarded. It is assumed that the hopper is sufficiently steep to
obtain mass flow. Mass flow is defined as the flow profile where the entire content
of a silo moves downwards during discharge, i.e., no stagnant zones are formed
as in a funnel flow silo. To attain mass flow, the hopper walls must be sufficiently
steep. Furthermore, the bulk solid must be withdrawn from the entire outlet
opening [1, 2].Flow in a hopper is initiated by the withdrawal of the bulk solid
through the outlet opening. Thus, the vertical stress acting on the bulk solid in the
hopper is relieved. Simultaneously, while flowing downwards in the mass flow
hopper, the bulk solid is compressed horizontally due to the converging shape of
the hopper (horizontal strain εh > 0, Fig. 17.a), resulting in higher horizontal
stress compared to the vertical stress. Thus, the bulk solid is not compressed in
the vertical direction as outlined above for the filling process, but compressed
horizontally while expanding vertically as shown in Fig. 17.b (this is a simplified
explanation which in the strict sense is valid only for the silo axis; in reality
towards the hopper walls the direction of compression is increasingly inclined to
the horizontal). As a result of the latter, the horizontal stress in the hopper axis is
greater than the vertical stress. This stress state resulting from the discharge
process is called the stress state of emptying, or just emptying conditions.
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Fig. 17: a. Silo discharge; b.
Deformation of a bulk solid element in
the hopper axis: The bulk solid element
is compressed horizontally (strain εh >
0) while it expands vertically (strain εv
< 0); c. Mohr stress circle representing
the stresses in the hopper axis in the



stress state of emptying.

A Mohr stress circle representing the conditions in the hopper axis in the stress
state of emptying is shown in Fig. 17.c. In contrast to the stress state of filling,
here the major principal stress, σ1, is equal to the horizontal stress, σh, and the
minor principal stress, σ2, is equal to the vertical stress, σv. However, the ratio of
the minor to the major principal stress in emptying conditions is smaller than the
lateral stress ratio, K, valid for the conditions in the vertical section. The reason
for this difference is the different deformation: In the vertical section, the bulk
solid is compressed only uniaxial (vertical direction) because the vertical lateral
walls do not allow horizontal deformation. To the contrary, while flowing
downwards in the hopper, the bulk solid is not only compressed horizontally, but
can expand in the vertical direction. The expansion reduces the stress acting
perpendicular to the direction of compression compared to uniaxial compression
[1, 2].Fig. 18 illustrates the different stress conditions. Three Mohr stress circles
with identical major principal stress, σ1, are drawn in a σ-τ-diagram (identical
values of σ1 have been chosen just for illustration purposes; of course, at different
positions in a silo or hopper the major principal stresses are different). The mean
stress circle (solid) represents the stresses along the axis of the silo’s vertical
section where the bulk solid is subjected to uniaxial compression in the vertical
direction. The stress state of emptying in the hopper is described by the dashed
stress circle. As outlined in the previous paragraph, the minor principal stress is
smaller compared to the stress circle for the vertical section (uni-axial
compression) because the vertical stress is reduced due to the vertical expansion
of the bulk solid.



Fig. 18: Mohr stress circles
representing stresses in the hopper
(filling and emptying stresses) and in
the vertical section.

The stress state of filling in the hopper axis is represented by the dot-dashed
stress circle. If one assumes that the bulk solid in the hopper is compressed
vertically during the filling process, one can expect a certain horizontal
compression due to the convergence of the hopper, i.e. the cross-section of the
hopper is decreasing downwards. Thus, the minor principal stress, σ2, is
somewhat larger than that evolving at uniaxial compression where no
compression takes place in σ2-direction [1, 2, 11].If the emptying process is
paused, the stresses remain in the stress state of emptying as depicted in Fig.
17.c. There is no switch back to the stress state of filling.

10. Stresses in Silos with Hoppers

The different stress conditions at filling and emptying of a hopper result in
different stress distributions. Fig. 19.a presents the mean vertical stress, σv, and
the wall normal stress, σw, acting normal to the walls directly after a previously



empty silo has been filled (stress state of filling). The stresses in the vertical
section show the typical behavior as explained in part 1 of the present paper [10].
The vertical stress is greater than the horizontally oriented wall normal stress
which is identical to the horizontal stress.

Fig. 19: Mean vertical stress, σv, and
wall normal stress, σw, in a mass flow
silo; a. Stress state of filling; b. Stress
state of emptying; the lines plotted on
the bulk solid represent the orientation
of the major principal stress, σ1.

Major principal stress lines drawn on the bulk solid in Fig. 19 are indicating the
orientation of the major principal stress, σ1. In the silo axis the major principal
stress is oriented vertically. Towards the wall the direction of the major principal
stress becomes increasingly inclined to the vertical since shear stresses (wall
friction) are acting on the walls. However, simplifying these conditions one can
say that the major principal stress in the vertical section is roughly oriented
vertically.The hopper stresses in the filling condition are similar to the stresses in
the vertical section. In both situations the vertical stress, σv, is greater than the
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wall normal stress, σw. However, in case of the hopper, as a result of the wall
slope the wall normal stress is oriented in a different direction than the horizontal
stress. Further, the major principal stress is inclined more to the vertical in the
vicinity of the hopper walls than close to the walls of the vertical section (see
major principal stress lines in Fig. 19.a). For the following explanations these
differences are of less importance and, thus, neglected.A substantial difference
between the stresses in the vertical section and the hopper is the convex shape
of the vertical stress in the hopper which is approaching zero towards the hopper
apex (“infinite small outlet opening”). The latter can be explained by the fact that
towards the outlet the ratio of perimeter to cross-sectional area increases.
Therefore, towards the outlet opening, each layer of bulk solid is increasingly
supported by the hopper wall which results in a decrease of the vertical stress.
This behavior can be roughly compared with the stresses in the vertical section
(see part 1 [10] of the present paper, or [1, 2]): In the vertical section the final
vertical stress, σv∞, is proportional to the diameter.If bulk solid is discharged from
the hopper, or a certain amount of bulk solid has been discharged previously, the
stress state of emptying is present (Fig. 19.b). In Section 9 it has been outlined
that the major principal stress in the hopper at emptying conditions is roughly
oriented horizontally (with increasing divergence from the horizontal towards the
hopper walls due to the shear stress at the inclined walls). Accordingly, the wall
normal stress in the hopper is greater than the vertical stress (Fig. 19.b). Thus,
the directions of the major principal stresses are inverse to the filling conditions.In
emptying conditions where horizontal stresses are larger than vertical stresses,
the bulk solid in the hopper is supported by the hopper walls to a greater extent
than in filling conditions. This results in a strong increase of the wall normal stress
at the transition from the vertical section to the hopper, and a more pronounced
decrease of stresses towards the outlet opening. Due to the latter, the emptying
stresses in the lower part of the hopper are smaller than the stresses at filling
condition which is especially true for the vertical stress. Further, the stresses in
the lower part of the hopper are proportional to the local hopper diameter.The
sudden increase of the wall normal stress at the transition from the vertical
section to the hopper is called the switch stress peak. The word “switch” points to
the change of the orientation of the major principal stress at the transition (see
major principal stress lines in Fig. 19.b). The major principal stresses in the silo
axis near the transition are plotted in Fig. 20.a as arrows with the length of an
arrow being a qualitative measure of the magnitude. Since the flowing bulk solid
within the hopper has some influence on an arched region in the lower part of the
vertical section, a dashed arc is drawn as the boundary between the stress
conditions of the vertical section (above arc) and the stress conditions of the
hopper (beneath arc).



Fig. 20: a. Stresses at the transition
from the vertical section to the hopper;
b. Stress circles.

In the lower part of the vertical section (above the arc), the major principal stress,
σ1, is oriented vertically, but beneath the arc it is oriented horizontally while the
minor principal stress acts vertically. Since the vertical stress above the arc has
to be in equilibrium with the vertical stress from below, the major principal stress



above the arc (vertical section) is equal to the minor principal stress below the
arc (hopper), as it is illustrated in Fig. 20.a by the stress arrows. Thus, the
horizontal stress below the arc (σ1 close to the top of the hopper) is clearly larger
than the horizontal stress above the arc (σ2 close to the bottom of the vertical
section). The latter illustrates the sudden increase of horizontal stress and wall
normal stress, respectively, at the transition from the vertical section to the
hopper.In Fig. 20.b the stresses above and below the arc of Fig. 20.a are
represented by Mohr stress circles. Because of the equality of the vertical stress
above and below the arc, the stress circles have a common point at this stress
representing the minor principal stress below the arc (σ2,hopper) and the major
principal stress above (σ1,vert.sect). The other principal stresses (σ2,vert.sect and σ
1,hopper) of both stress circles are acting in the horizontal direction. The
significant difference between these stresses resulting in the stress peak is
obvious.Even in funnel flow silos a switch stress peak can occur (Fig. 21). If the
boundary between a stagnant zone and the flow zone meets the silo wall within
the vertical section (in sufficient distance to the filling level), a stress peak occurs
since the stagnant zone acts like a hopper. On top of this “bulk solid hopper”, the
orientation of the major principal stresses is changed in the same way as in a silo
hopper which results in a switch stress peak at the upper edge of the stagnant
zone.



Fig. 21: Wall normal stress in a funnel
flow silo (stress state of emptying); the
switch stress peak results from the
rearrangement of the principal stresses
at the top of the stagnant zone which
forms a hopper within the bulk solid;
the higher wall normal stress acting on
the hopper wall result from the shallow



slope of the hopper walls [1, 2].

Funnel flow causes a couple of inconveniencies with respect to flow and
segregation [1, 2], and is accompanied by a switch stress peak resulting in an
unfavorable situation for structural silo design. The problem is that the stress
peak in a funnel flow silo acts in the sensitive vertical section where its position
cannot be accurately predicted because it is generally not possible to predict the
shape of stagnant zones. Even in a silo which is repeatedly filled with the same
bulk solid the shape of the stagnant zones can vary. Thus, the complete vertical
section has to be designed accordingly [6].The stress peaks drawn in Figs. 19 and
21 are rather sharp. It must be assumed that in reality, depending on the bulk
solid (compressibility is likely to play an important role), also less sharp stress
peaks with a smaller maximum, but acting over a larger area, may occur [1, 2].

11. Filling Stresses and Emptying Stresses

A comparison of the stresses in filling and emptying conditions (Fig. 19) shows
that the stresses acting in the lower part of the hopper are clearly larger in the
filling state. This is especially true for the vertical stress. Most hoppers end with
an outlet opening in this region, and often a feeder is installed beneath the outlet
opening. Therefore, in most cases the vertical stresses acting near the outlet (and
on the feeder, if present) are larger in filling conditions than in emptying
conditions. Some consequences of this behavior are:

1.2. If a previously empty silo is filled without discharge during filling, or shortly
after filling, the stress state of filling is preserved for a longer period. Bulk
solids with a tendency to time consolidation (increase of strength with time
[1, 2]) may become so strong that stable arches or ratholes are formed, and
discharge is not possible without further means.

3.4. At filling conditions, the vertical stress acting on a feeder (e.g., chain feeder,
screw feeder) attached to the outlet opening can be very large. To start the
feeder, its drive must be able to move the bulk solid under the high vertical
stress at the outlet. Due to the large vertical stress, large friction forces have
to be overcome (e.g., the internal friction of the bulk solid). For this situation
a feeder must be sufficiently stable, and provided with an appropriate drive.

5.
The problems mentioned in the two paragraphs above can be solved by avoiding
the stress state of filling. This can be done in the following ways:

While filling a previously empty silo, bulk solid is continuously discharged
with small discharge rate, or discharged intermittently. Due to the flow in the
hopper, the stress state of emptying prevails.



If complete emptying is avoided, a material cushion (best the entire hopper
contents, or at least a major part of the hopper filling) remains in the silo so
the stress state of emptying is preserved.

If the stress state of filling cannot be avoided, it might help to place an insert
above the outlet opening. If appropriately designed, the insert reduces the
stresses in the lower part of the hopper. Care has to be taken to avoid that the
insert causes flow problems [1, 2].In principle, the stress at the outlet opening at
filling conditions can be limited by a small filling level, but with this method an
effective reduction of the stress is attained only at small filling levels. The reason
is the supporting action of the silo walls. In Fig. 22 vertical stresses acting in an
exemplary silo are plotted for different filling levels, hf, ranging from 1 m to 20 m.
A general statement on this effect is not possible because in the stress state of
filling the stresses near the outlet opening are not only dependent on the bulk
solid properties, but also on the shape of the hopper and the outlet dimensions.



Fig. 22: Vertical stress at filling
conditions for different filling levels, hf
(example with “typical” bulk solid
properties: lateral stress ratio, K =0.4,
wall friction angle, ?x = 30°, bulk
density, ρb = 1000 kg/m3). Stresses
calculated with software Silo Stress



Tool [12], based on Janssen’s equations
for the vertical section [7], and
Motzkus’s approach (modified) for the
hopper [1, 2, 11, 13, 14].

12. Calculation of Stresses acting in the Hopper

Slice element methods similar to the Janssen approach [7] explained in part 1
[10] of the present paper are relatively simple means to calculate hopper stresses
for the stress states of filling and emptying. However, due to the conditions in a
hopper, the equations are more complicated and more assumptions are needed.
Since a detailed explanation would exceed the scope of the present paper, the
reader may refer to the literature, e.g., [1, 2, 11, 13, 14]. A PC program for the
assessment of stresses acting in silos developed by the author uses the above
mentioned approaches [12]. However, filling stresses depend on a couple of
quantities and conditions so they cannot be calculated very accurately.For a very
rough assessment of the order of magnitude of the vertical stress, σva, at the
outlet opening of a mass flow hopper in the stress state of emptying the following
equations may be used:Conical hopper (outlet diameter, d):

Wedge-shaped hopper (width of outlet slot, b; length of outlet slot, L > 3·b):

As stated above, the stresses at the outlet opening in the stress state of filling
cannot be calculated very exactly. Experimental results (e.g., [11]) indicate that
the vertical stress acting at the outlet at filling conditions (after filling an
previously empty silo) can be five to ten times the vertical stress at emptying
conditions.

13. Local Variation of the Cross-Section

In part 1 [10] of the present paper the stresses developing in the silo’s vertical
section were discussed, and it was assumed that the vertical walls are strictly
parallel. If this is the case, the bulk solid in the vertical section is compressed only
vertically by the weight force, while the horizontal dimensions of each bulk layer
in the horizontal remain constant. For the so-called uniaxial compression, the
lateral stress ratio, K, defines the fixed relationship between the horizontal stress,
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σh, acting on the wall, and the mean vertical stress, σv [1, 2, 10].In reality a
vertical section of a silo with an ideally, perfect shape, e.g. a perfect cylinder, is
unlikely to occur. A real vertical section will have more or less pronounced
imperfections resulting in local convergences or divergences. Imperfections have
an effect on the stresses especially when the bulk solid is flowing, i.e., at
emptying a silo. That is because a layer of bulk solid which after filling has a
certain horizontal width, or diameter, is deformed while passing an imperfection
(Fig. 23). In case of a local convergence the bulk solid is compressed horizontally,
in case of a divergence it can expand horizontally. While filling a silo similar
tendencies can be expected, but their effect on the stresses is less pronounced.
The latter has been shown by investigations on silos with convergences formed
by inserts [15]. Therefore, here the emptying process is regarded.

Fig. 23: Qualitative distributions of the
wall normal stress in the flowing bulk
solid in the vicinity of a local
convergence (a) and divergence (b).

The horizontal compression due to the local convergence results in a local
increase of the horizontal stress, or wall normal stress, σw, respectively (Fig. 23.a,
red circle). On the contrary, the local divergence reduces the wall normal stress
(Fig. 23.b, red circle). Although this can be easily described qualitatively, it is
difficult to obtain accurate quantitative statements on the resulting stresses.Even
below an imperfection its influence is noticeable since the deformed bulk solid is



traveling downwards. Directly beneath a local convergence a stress drop, beneath
a local divergence a stress increase is to be expected (Fig. 23). The reason is that
a bulk solid layer (especially in case of a cohesive material) is primarily deformed
plastically (e.g., by local compaction) while passing a convergence, or divergence.
Thus, the effect on the stresses is likely to depend on the bulk solid’s properties
such as elasticity and compressibility.It can be assumed that even the ocurring
stresses far below an imperfection are affected by the same when the bulk solid,
after having passed the imperfection, is flowing further downwards. However,
here only the first local stress peak resulting from the convergence is
regarded.The magnitude of a stress change depends, among other quantities, on
the stiffness, or compressibility, respectively, of the bulk solid, and the magnitude
of the local convergence. If, e.g., a fine powder is compressed only to a small
extent by a small local convergence, the increase of stress will be small and is
likely to be concentrated to the vicinity of the convergence. By the small increase
of stress, the powder is compressed sufficiently to pass the convergence.If the
convergence is larger and/or the bulk solid is barely compressible (e.g., coarse
gravel), only local compression of the bulk solid is not sufficient to pass the
convergence. Thus, the convergence will affect the stresses in a larger region
which may spread throughout the silo’s cross-section. In Fig. 24.a the wall normal
stress distribution of a silo provided with an artificial imperfection (convergence)
is shown [16]. The significant peak of the wall normal stress, σw, in the region of
the imperfection is similar to the stress peak at the transition from the vertical
section to the hopper.



Fig. 24: Wall normal stress affected by
a local convergence in a silo’s vertical
section; a. Silo und envelope of
measured wall normal stresses, σw,
reported in [16]; b./c. Assumed lines of
major principal stress for (b) large
convergence and/or barely
compressible bulk solid, and for (c)
small convergence and/or high
compressibility.

As outlined above, the horizontal stress increases due to the deformation in the
region of the convergence. As a consequence, the orientation of the major
principal stress is changed (Fig. 24.b). The major principal stress in the vertical
section above the imperfection is acting vertically (and is increasingly inclined
towards the walls [10]), but near the convergence it changes its orientation
towards the horizontal due to the increase of horizontal stress. Thus, the stress
conditions are similar to those found at the transition from the vertical section to
the hopper of a mass flow silo (see Section 10).While in Fig. 24.b the local



convergence affects the entire cross-section of the silo, as it is likely to expect in
case of a large convergence, or a stiff, barely compressible bulk solid, in Fig. 24.c
the conditions for a more compressible bulk solid at a not too large convergence
are illustrated. The major principal stress changes its orientation only in a smaller
region in the vicinity of the convergence (red circle in Fig. 24.c).The qualitative
result of the considerations above is: The more the silo cross-section is reduced
by an imperfection, and the less compressible the bulk solid, the more probable is
a re-arrangement of the major principal stress over the entire cross-section as it
happens at the transition from a vertical section to a mass flow hopper (Fig.
24.b).An accurate calculation of the stresses resulting from local imperfections is
not yet possible. Small convergences due to inaccuracies of the vertical section’s
walls are likely to result in a limited increase of the local stress, and, thus, will not
lead to severe problems in most cases. If objects reducing the cross-section (e.g.,
level sensors, ladders, air injection nozzles) are installed in the vertical section of
a silo, it has to be considered that these objects not only increase the (local)
stresses, but are subjected to (often unexpected) high loads. It is not
recommended to calculate loads acting on such objects with Janssen’s equation
[7] because this way the local stress increase is not taken into account [15].

14. Inserts

In Fig. 25 typical inserts are shown. Cylindrical silos are often provided with
inverted cones (Fig. 25.a) while in silos with rectangular cross-section mostly
wedges are found (Fig. 25.b). Also other shapes are imaginable (e.g., horizontal
tubular inserts), but not necessarily meaningful. Only inserts with sufficiently
steep roofs, or walls, can ensure that no stagnant zones can be formed on the
inserts, finally resulting in flow problems (generally mass flow should be sought
for). Inserts are used for various tasks. A typical one is the injection of gas [1, 2].



Fig. 25: a. Inverted cone inserts in
cylindrical vertical section and conical
hopper; b. Wedge inserts in rectangular
vertical section and wedge-shaped
hopper.

Inserts reduce the local cross-section of a silo. Thus, they create local
convergences and act similar as imperfections discussed in Section 13. Since
inserts are larger than a typical imperfection, and the shapes of inserts are



defined, more knowledge based on research projects exists on their behavior in
silos. Some research results are presented in the following. Please note that in the
present paper the word “insert” means a typical insert according to Fig. 25.If an
insert is sufficiently large, it results in similar stress conditions as found in mass
flow hoppers (see Section 11). Loads and stresses on inserts and adjacent silo
walls depend, among other parameters such as geometry and dimensions, on the
position of the insert (vertical section, hopper), and on the stress state (filling or
emptying conditions). As a rule, greatest loads and stresses are found for inserts
in the vertical section at emptying conditions, i.e., in the flowing bulk solid. Loads
on inserts at filling conditions, and on inserts in hoppers beneath the switch stress
peak are smaller in most cases [1, 2].The reason for the high loads on inserts in
the vertical section at emptying conditions is the change of the orientation of the
major principal stress, similar as outlined in Section 13 regarding imperfections,
and similar to the transition from the vertical section to the hopper (Section 10).
In Fig. 26.a major principal stress lines are drawn. Above the insert the major
principal stress is acting roughly vertically as usual for a vertical section [1, 2,
10]. Between insert and silo wall a converging zone like a hopper is formed which
results, as known from a mass flow hopper, in the major principal stress being
roughly oriented horizontally. The reorientation of the major principal stress
results in a switch stress peak of the wall normal stress, σw (see Fig. 26.a and
Section 10). Similar stresses, even a stress peak, are acting on the insert. They
are responsible for relatively high loads on the insert which can be strongly non-
symmetric in case of a non-symmetric insert position [15], or non-symmetric flow.
Beneath the insert the major principal stress reorients to the predominantly
vertical direction.



Fig. 26: Inserts in a vertical section (a)
and a hopper (b) of a silo with
rectangular cross-section in the stress
state of emptying; diagrams showing
wall normal stress, σw, and mean
vertical stress, σv (dashed) vs. silo
height. The lines of major principal
stress are plotted as assumed by the
author [1, 2] (stress diagram in Fig. (a)
based on measurements [15], stress
diagram in Fig. (b) based on theoretical
considerations [1, 2]).

Inserts in hoppers, positioned below the region of the switch stress peak, are in
most cases subjected to smaller stresses than inserts in vertical sections. At
emptying conditions, the major principal stress in the hopper is already oriented
horizontally. A further convergence due to the insert does not change the
orientation of the major principal stress significantly and, thus, no switch stress
peak develops at the upper edge of the insert (Fig. 26.b) [1, 2].



15. Eccentric Flow

Eccentric flow is present when the bulk solid in a silo does not flow uniformly
across the cross-section of a silo, but predominantly in an asymmetric flow zone
on one side of the silo, often close to the silo wall (Fig. 27.a). The bulk solid in the
flow zone is supported by friction (shear stress, τ) to the silo wall (if the flow zone
touches the silo wall) and the friction to the stagnant material. Thus, the flow
zone behaves similar to the bulk solid in a slender silo with the diameter of the
flow zone. As outlined in part 1 of the present paper [10], the final (maximum)
stress in a cylindrical silo is proportional to the cylinder diameter. Therefore, the
stresses in the flow zone (small diameter) are smaller than the stresses in the
stagnant material around the flow zone (larger diameter).
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Fig. 27: a. Eccentric flow resulting from
a feeder withdrawing the material only
from a part of the outlet opening (here:
unfavorably designed screw feeder [1,
2]). The flow zone is subjected to
upwards directed shear stresses, τ,
due to friction at silo wall and stagnant
bulk solid;
b. Section A-A schematically depicts
the distribution of wall normal stress, σ
w, along the circumference, and the



resulting deformation of the silo wall.

The distribution of the wall normal stress resulting from eccentric flow is
schematically depicted in Fig. 27.b. In the region of the flow zone significantly
lower wall normal stresses prevail than in the remaining part. On either side of
the flow zone slightly larger stresses occur due to the shear stress acting at the
boundary between flow zone and stagnant zone.Eccentric flow is funnel flow with
an asymmetric flow zone. Asymmetric flow may result from an eccentric outlet
opening or an asymmetric hopper (Fig. 28.a), multiple outlet openings which are
not discharged simultaneously (Fig. 28.b./c.), not fully opened gates (Fig. 28.d), or
a feeder withdrawing the material only from a part of the outlet opening (Fig.
28.e./f.) [1, 2].

Fig. 28: Reasons for eccentric flow [1,
2]

The non-uniform stress distributions resulting from eccentric flow are important
for structural silo design. Eccentric flow results in loads on the silo walls which
would never occur in case of a uniform stress distribution, e.g., bending moments
of different orientation [17]. In case of thin-walled cylindrical metal silos the
radius of curvature of the cylinder wall is increased in the region of the flow zone
(Fig. 27.b), i.e., the wall flattens (similar to slightly pressing a finger on the wall of
a thin-walled beverage can). The greater radius of curvature reduces the
resistance against buckling due to the vertical compressive stress in the wall. The
latter is a result of the support of the bulk solid in the vertical section by shear
stresses at the silo wall leading to the situation that a significant part of the bulk
solids weight force is acting vertically in the silo wall (refer to Fig. 15 in part 1 [10]
of the present paper). Therefore, if eccentric flow is expected, it has to be taken
into account at structural silo design. Most silo codes include respective
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procedures. A silo which is not designed for eccentric flow should definitely
neither be operated nor modified in a way that eccentric flow occurs (e. g., by
addition of a lateral outlet opening as in Fig. 28. b).If the position of the flow zone
changes with time, the stress distribution also changes. The orbiting screw feeder
shown in Fig. 28.f rotates with respect to the silo axis. The bulk solid flows from
above into the screw and, thus, forms an eccentric flow zone rotating with the
screw. Since the rotating flow zone is combined with stresses and deformations
as indicated in Fig. 27.b, the silo wall is subjected to alternate bending moments
which may be a problem for thick-walled silos (e. g., reinforced concrete silos).
The same may happen with other discharge techniques where the position of
discharge is moving [18, 19].

Summary of Part 2

In the present second part of the paper on stresses in silos first the processes and
stresses in a silo’s hopper were explained. The deformation of the bulk solid at
filling or emptying was identified as most decisive process with respect to the
stress conditions which were illustrated by Mohr stress circles. The different stress
states in the hopper – filling and emptying – result in different stresses at the
outlet, and in different loads on the silo walls.Further, disturbances to the stress
distribution were discussed. They have to be considered especially for structural
silo design. Eccentric flow being a major effect on the stress distribution is
included in the European code on silo loads [6].Inserts are not taken into account
in the code mentioned above. Here the experience of the structural engineer is
very important. Generally, it is recommended to omit any inserts, and if this is not
possible, to assess the resulting loads respectfully. 
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