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National foreword
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incorporating corrigendum November 2012. It supersedes
DD ENV 1991-4:1996 which is withdrawn.

The start and finish of text introduced or altered by corrigendum is indicated
in the text by tags. Text altered by CEN corrigendum November 2012 is
indicated in the text by (&c].

The UK participation in its preparation was entrusted by Technical
Committee B/525, Building and civil engineering structures, to Subcommittee
B/525/1, Actions (loadings) and basis of design.

A list of organizations represented on this subcommittee can be obtained on
request to its secretary.

Where a normative part of this EN allows for a choice to be made at the
national level, the range and possible choice will be given in the normative
text, and a note will qualify it as a Nationally Determined Parameter (NDP).
NDPs can be a specific value for a factor, a specific level or class, a particular
method or a particular application rule if several are proposed in the EN. To
enable BS EN 1991-4:2006 to be used in the UK the latest version of the NA
to this Standard containing these NDPs should also be used. At the time of
publication, it is NA to BS EN 1991-4:2006.

This publication does not purport to include all the necessary provisions of a
contract. Users are responsible for its correct application.

Compliance with a British Standard cannot confer immunity from
legal obligations.

Amendments/corrigenda issued since publication

Date Comments

28 February 2013 | Implementation of CEN corrigendum November 2012

31 March 2013 Correction to final sentence of Paragraph (6),
Subclause C.9.1.3

31 July 2013 Misprinted equations corrected throughout
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Foreword

This document (EN 1991-4:2006) has been prepared by Technical Committee CEN/TC250 “Structural
Eurocode”, the secretariat of which is held by BSI.

This document shall be given the status of a national standard, either by publication of an identical text or by
endorsement, at the latest by November 2006, and conflicting national standards shall be withdrawn at the latest by
March 2010.

This document supersedes ENV 1991-4:1995.

According to the CEN/CENELEC Internal Regulations, the national standards organizations of the following
countries are bound to implement this European Standard: Austria, Belgium, Cyprus, Czech Republic, Denmark,
Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Latvia, Lithuania, Luxembourg,
Malta, Netherlands, Norway, Poland, Portugal, Slovakia, Slovenia, Spain, Sweden, Switzerland and the United
Kingdom.

Background of the Eurocode programme

In 1975, the Commission of the European Community decided on an action programme in the field of
construction, based on Article 95 of the Treaty. The objective of the programme was the elimination of technical
obstacles to trade and the harmonization of technical specifications.

Within this action programme, the Commission took the initiative to establish a set of harmonized technical
rules for the design of construction works which, in a first stage, would serve as an alternative to the national
rules in force in the Member States and, ultimately, would replace them.

For fifteen years, the Commission, with the help of a Steering Committee with Representatives of Member
States, conducted the development of the Eurocodes programme, which led to the first generation of European
codes in the 1980s.

In 1989, the Commission and the Member States of the EU and EFTA decided, on the basis of an agreementl)
between the Commission and CEN, to transfer the preparation and the publication of the Eurocodes to the CEN
through a series of Mandates, in order to provide them with a future status of European Standard (EN). This
links de facto the Eurocodes with the provisions of all the Council’s Directives and/or Commission’s Decisions
dealing with European standards (e.g. the Council Directive 89/106/EEC on construction products CPD and
Council Directives 93/37/EEC, 92/50/EEC and 89/440/EEC on public works and services and equivalent EFTA
Directives initiated in pursuit of setting up the internal market).

The Structural Eurocode programme comprises the following standards generally consisting of a number of

parts:

EN1990 Eurocode:  Basis of structural design

EN1991 Eurocode 1: Actions on structures

EN1992 Eurocode 2: Design of concrete structures

EN1993 Eurocode 3: Design of steel structures

EN1994 Eurocode 4: Design of composite steel and concrete structures
EN1995 Eurocode 5: Design of timber structures

EN1996 Eurocode 6: Design of masonry structures

EN1997 Eurocode 7: Geotechnical design

EN1998 Eurocode 8: Design of structures for earthquake resistance
EN1999 Eurocode 9: Design of aluminium structures

D Agreement between the Commission of the European Communities and the European Committee for Standardisation
(CEN) concerning the work on Eurocodes for the design of building and civil engineering works (BC/CEN/03/89).
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Eurocode standards recognize the responsibility of regulatory authorities in each Member State and have
safeguarded their right to determine values related to regulatory safety matters at national level where these
continue to vary from State to State.

Status and field of application of Eurocodes

The Member States of the EU and EFTA recognize that Eurocodes serve as reference documents for the
following purposes:

— as a means to prove compliance of building and civil engineering works with the essential requirements of
Council Directive 89/106/EEC, particularly Essential Requirement N°1 Mechanical resistance and stability
and Essential Requirement N°2 Safety in case of fire;

— as a basis for specifying contracts for construction works and related engineering services;

— as a framework for drawing up harmonized technical specifications for construction products (ENs and
ETAs).

The Eurocodes, as far as they concern the construction works themselves, have a direct relationship with the
Interpretative Documents?) referred to in Article 12 of the CPD, although they are of a different nature from
harmonized product standards). Therefore, technical aspects arising from the Eurocodes work need to be
adequately considered by CEN Technical Committees and/or EOTA Working Groups working on product
standards with a view to achieving full compatibility of these technical specifications with the Eurocodes.

The Eurocode standards provide common structural design rules for everyday use for the design of whole
structures and component products of both a traditional and an innovative nature. Unusual forms of construction
or design conditions are not specifically covered and additional expert consideration will be required by the
designer in such cases.

National Standards implementing Eurocodes

The National Standards implementing Eurocodes will comprise the full text of the Eurocode (including any
annexes), as published by CEN, which may be preceded by a National title page and National foreword, and
may be followed by a National Annex.

The National Annex may only contain information on those parameters which are left open in the Eurocode for
national choice, known as Nationally Determined Parameters, to be used for the design of buildings and civil
engineering works to be constructed in the country concerned, i.e.:

values and/or classes where alternatives are given in the Eurocode,

values to be used where a symbol only is given in the Eurocode,

country specific data (geographical, climatic, etc), e.g. snow map,

the procedure to be used where alternative procedures are given in the Eurocode.

It may also contain:

2 According to Article 3.3 of the CPD, the essential requirements (ERs) shall be given concrete form in interpretative
documents for the creation of the necessary links between the essential requirements and the mandates for harmonized ENs
and ETAGs/ETAs.

3 According to Article 12 of the CPD the interpretative documents shall:

a) give concrete form to the essential requirements by harmonizing the terminology and the technical bases and indicating
classes or levels for each requirement where necessary;

b) indicate methods of correlating these classes or levels of requirement with the technical specifications, e.g. methods of
calculation and of proof, technical rules for project design, etc.;

¢) serve as a reference for the establishment of harmonized standards and guidelines for European technical approvals.
The Eurocodes, de facto, play a similar role in the field of the ER 1 and a part of ER 2.
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— decisions on the application of informative annexes,

— references to non-contradictory complementary information to assist the user to apply the Eurocode.

Links between Eurocodes and harmonized technical specifications (ENs and ETAs) for products

There is a need for consistency between the harmonized technical specifications for construction products and
the technical rules for works®. Furthermore, all the information accompanying the CE Marking of the
construction products which refer to Eurocodes shall clearly mention which Nationally Determined Parameters
have been taken into account.

Additional information specific to EN1991-4
EN 1991-4 gives design guidance for the assessment of actions for the structural design of silos and tanks.
EN 1991-4 is intended for clients, designers, contractors and relevant authorities.

EN 1991-4 is intended to be used in conjunction with EN 1990, with the other parts of EN 1991, with EN 1992
and EN 1993, and with the other parts of EN 1994 to EN 1999 relevant to the design of silos and tanks.

National Annex for EN1991-4

This standard gives alternative procedures, values and recommendations for classes with notes indicating where
national choices may have to be made. Therefore the National Standard implementing EN 1991-4 should have a
National Annex containing all Nationally Determined Parameters to be used for the design of buildings and civil
engineering works to be constructed in the relevant country.

National choice is allowed in EN 1991-4 through:

- 2505
- 3602

— 5243.10)
- 54103)

- 5414

— A4Q3)

- B2.14(1)

4 See Article 3.3 and Article 12 of the CPD, as well as clauses 4.2,4.3.1,4.3.2 and 5.2 of ID 1.
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Section 1 General

1.1 Scope

1.1.1 Scope of EN 1991 - Eurocode 1

()P EN 1991 provides general principles and actions for the structural design of buildings and civil
engineering works including some geotechnical aspects and shall be used in conjunction with EN 1990 and EN
1992-1999.

(2) EN 1991 also covers structural design during execution and structural design for temporary structures. It
relates to all circumstances in which a structure is required to give adequate performance.

(3) EN 1991 is not directly intended for the structural appraisal of existing construction, in developing the
design of repairs and alterations or for assessing changes of use.

(4) EN 1991 does not completely cover special design situations which require unusual reliability
considerations such as nuclear structures for which specified design procedures should be used.

1.1.2 Scope of EN 1991-4 actions on structures: silos and tanks

(1)P This part provides general principles and actions for the structural design of silos for the storage of
particulate solids and tanks for the storage of fluids and shall be used in conjunction with EN 1990, other parts
of EN 1991 and EN 1992 to EN 1999.

(2) This part includes some provisions for actions on silo and tank structures that are not only associated with
the stored solids or liquids (e.g. the effects of thermal differentials, aspects of the differential settlements of
batteries of silos)

(3) The following geometrical limitations apply to the design rules for silos:

— the silo cross-section shapes are limited to those shown in Figure 1.1d, though minor variations may be
accepted provided the structural consequences of the resulting changes in pressure are considered;
— the following dimensional limitations apply:
hy/d. < 10
hy, <100 m
d, <60 m

— the transition lies in a single horizontal plane (see Figure 1.1a);

— the silo does not contain an internal structure such as a cone or pyramid with its apex uppermost, cross-
beams, etc. However, a rectangular silo may contain internal ties.

(4) The following limitations on the stored solids apply to the design rules for silos:

— each silo is designed for a defined range of particulate solids properties;

— the stored solid is free-flowing, or the stored solid can be guaranteed to flow freely within the silo container
as designed (see 1.5.12 and Annex C);

—  the maximum particle diameter of the stored solid is not greater than 0,03d, (see Figure 1.1d).

NOTE: When particles are large compared to the silo wall thickness, account should be taken of the effects of single
particles applying local forces on the wall.
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(5) The following limitations on the filling and discharge arrangements apply to the design rules for silos:

— filling involves only negligible inertia effects and impact loads;

— where discharge devices are used (for example feeders or internal flow tubes) solids flow is smooth and

central.
—
Ph J
h. _’l
—>
Py P Wl
N
Vi
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a) Geometry b) Eccentricities ¢) Pressures and tractions
AU =12 AU=a/4  AU=bR)/ (1+b/a)
r d(;:v‘ dc
a
(7 W
AU =3 (a/4)=d /4
d) Cross-section shapes
Key
1 Equivalent surface
2 Inside dimension
3 Transition
4 Surface profile for full condition
5 Silo centre line

Figure 1.1: Silo forms showing dimensions and pressure notation
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(6) Only hoppers that are conical (i.e. axisymmetric), square pyramidal or wedge-shaped (i.e. with vertical end
walls) are covered by this standard. Other hopper shapes and hoppers with internals require special
considerations.

(7) Some silos with a systematically non-symmetric geometry are not specifically covered by this standard.
These cases include a chisel hopper (i.e. a wedge hopper beneath a circular cylinder) and a diamond-back
hopper.

(8) The design rules for tanks apply only to tanks storing liquids at normal atmospheric pressure.

(9) Actions on the roofs of silos and tanks are given in EN 1991-1-1, EN 1991-1-3 to EN 1991-1-7 and EN
1991-3 as appropriate.

(10) The design of silos for reliable solids discharge is outside the scope of this standard.

(11) The design of silos against silo quaking, shocks, honking, pounding and silo music is outside the scope of
this standard.

NOTE: These phenomena are not well understood, so the use of this standard does not guarantee that they will not
occur, or that the structure is adequate to resist them.

1.2 Normative references

This European Standard incorporates, by dated or undated reference, provisions from other publications. These
normative references are cited at the appropriate places in the text and the publications are listed hereafter. For
dated references, subsequent amendments to or revisions of any of these publications apply to this European
Standard only when incorporated in it by amendment or revision. For undated references the latest edition of the
publication applies (including amendments).

ISO 3898:1997 Basis of design for structures: Notation. General symbols

NOTE: The following European Standards which are published or in preparation are cited at the appropriate places
in the text:

EN 1990 Basis of structural design
EN 1991-1-1 Eurocode 1: Actions on structures: Part 1.1: Densities, self-weight and imposed loads
EN 1991-1-2 Eurocode 1: Actions on structures: Part 1.2: Actions on structures exposed to fire
EN 1991-1-3 Eurocode 1: Actions on structures: Part 1.3: Snow loads
EN 1991-1-4 Eurocode 1: Actions on structures: Part 1.4: Wind actions
EN 1991-1-5 Eurocode 1: Actions on structures: Part 1.5: Thermal actions
EN 1991-1-6 Eurocode 1: Actions on structures: Part 1.6: General actions. Actions during execution
EN 1991-1-7 Eurocode 1: Actions on structures: Part 1.7: Accidental actions
EN 1991-2  Eurocode 1: Actions on structures: Part 2: Traffic loads on bridges
EN 1991-3  Eurocode 1: Actions on structures: Part 3: Actions induced by cranes and machinery
EN 1992 Eurocode 2: Design of concrete structures
EN 1992-3  Eurocode 2: Design of concrete structures: Part 3: Liquid retaining and containment structures

EN 1993 Eurocode 3: Design of steel structures

EN 1993-1-6 Eurocode 3: Design of steel structures. Part 1-6: Strength and Stability of Shell Structures (AC1]
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EN 1993-4-1 Eurocode 3: Design of steel structures: Part 4.1: Silos

EN 1993-4-2 Eurocode 3: Design of steel structures: Part 4.2: Tanks

EN 1994 Eurocode 4: Design of composite steel and concrete structures
EN 1995 Eurocode 5: Design of timber structures
EN 1996 Eurocode 6: Design of masonry structures

EN 1997 Eurocode 7: Geotechnical design
EN 1998 Eurocode 8: Design of structures for earthquake resistance

EN 1999 Eurocode 9: Design of aluminium alloy structures

1.3 Assumptions

(1)P The general assumptions given in EN 1990, 1.3 apply.

1.4 Distinction between principles and application rules

(1) Depending on the character of the individual paragraphs, distinction is made in this part between principles
and application rules.

(2) The principles comprise:

— general statements and definitions for which there is no alternative, as well as

— requirements and analytical models for which no alternative is permitted unless specifically stated.

(3) The principles are identified by the letter P following the paragraph number.

(4) The application rules are generally recognized rules which follow the principles and satisfy their
requirements.

(5) It is permissible to use alternative rules different from the application rules given in this Eurocode,
provided it is shown that the alternative rules accord with the relevant principles and have at least the same
reliability.

(6) In this part the application rules are identified by a number in parentheses, e.g. as this paragraph.

1.5 Definitions

For the purposes of this standard, a basic list of definitions is provided in EN 1990, 1.5 and the additional
definitions given below are specific to this part.

151
aerated silo bottom
a silo base in which air slides or air injection is used to activate flow in the bottom of the silo (see figure 3.5b)

1.5.2
characteristic dimension of inside of silo cross-section
the characteristic dimension d is the diameter of the largest inscribed circle within the silo cross-section (see

Figure 1.1d)
1.5.3

circular silo
a silo whose plan cross-section is circular (see Figure 1.1d)
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1.54
cohesion
the shear strength of the stored solid when the normal stress on the failure plane is zero

1.5.5

conical hopper

a hopper in which the sloping sides converge towards a single point intended to produce axisymmetric flow in
the stored solid

1.5.6

eccentric discharge

flow pattern in the stored solid arising from moving solid being unsymmetrically distributed relative to the
vertical centreline of the silo. This normally arises as a result of an eccentrically located outlet (see Figures 3.2¢c
and d, 3.3b and c), but can be caused by other unsymmetrical phenomena (see Figure 3.4d)

1.5.7

eccentric filling

a condition in which the top of the heap at the top of the stored solids at any stage of the filling process is not
located on the vertical centreline of the silo (see Figure 1.1b)

1.5.8
equivalent surface
level surface giving the same volume of stored solid as the actual surface (see Figure 1.1a)

1.5.9

expanded flow hopper

a hopper in which the lower section of the hopper has sides sufficiently steep to cause mass flow, while the
upper section of the hopper has shallow sides and funnel flow is expected (see Figure 3.5d). This expedient
arrangement reduces the hopper height whilst assuring reliable discharge

1.5.10
flat bottom
the internal base of a silo, when it has an inclination to the horizontal less than 5°

1.5.11

flow pattern

the form of flowing solid in the silo when flow is well established (see Figures 3.1-3.4). The silo is close to the
full condition

1.5.12

fluidized solid

a state of a stored fine particulate solid when its bulk contains a high proportion of interstitial air, with a pressure
gradient that supports the weight of the particles. The air may be introduced either by aeration or by the filling
process. A solid may be said to be partially fluidized when only part of the weight of particles is supported by
the interstitial air pressure gradient

1.5.13
free flowing granular solid
a granular solid whose flowing behaviour is not significantly affected by cohesion

1.5.14

full condition

a silo is said to be in the full condition when the top surface of the stored solid is at the highest position
considered possible under operating conditions during the design life-time of the structure. This is the assumed
design condition for the silo
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1.5.15

funnel flow

a flow pattern in which a channel of flowing solid develops within a confined zone above the outlet, and the
solid adjacent to the wall near the outlet remains stationary (see Figure 3.1). The flow channel can intersect the
vertical walled segment (mixed flow) or extend to the surface of the stored solid (pipe flow)

1.5.16

granular solid

a particulate solid in which all the particles are so large that interstitial air plays a small role in determining the
pressures and flow of large masses of the solid

1.5.17

high filling velocity

the condition in a silo where the rapidity of filling can lead to entrainment of air within the stored solid to such
an extent that the pressures applied to the walls are substantially changed from those without air entrainment

1.5.18
homogenizing fluidized silo
a silo in which the particulate solid is fluidized to assist blending

1.5.19
hopper
a silo bottom with inclined walls

1.5.20
hopper pressure ratio F
the ratio of the normal pressure p, on the sloping wall of a hopper to the mean vertical stress p,, in the solid at

the same level

1.5.21
intermediate slenderness silo
a silo where 1,0 < h/d_ < 2,0 (except as defined in 3.3)

1.5.22

internal pipe flow

a pipe flow pattern in which the flow channel boundary extends to the surface of the stored solid without contact
with the wall (see Figures 3.1 and 3.2)

1.5.23

lateral pressure ratio K

the ratio of the mean horizontal pressure on the vertical wall of a silo to the mean vertical stress in the solid at
the same level

1.5.24
low cohesion
a particulate solid sample has low cohesion if the cohesion c is less than 4 % of the preconsolidation stress o, (a

method for determining cohesion is given in C.9)

1.5.25
mass flow
a flow pattern in which all the stored particles are simultaneously in motion during discharge (see Figure 3.1a)

1.5.26

mixed flow

a funnel flow pattern in which the flow channel intersects the vertical wall of the silo at a point below the solid
surface (see Figures 3.1c and 3.3)
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1.5.27
non-circular silo
a silo whose plan cross-section is in any shape that is not circular (see Figure 1.1d)

1.5.28
particulate solid
a solid in the form of many discrete and independent particles

1.5.29
patch load
a local load taken to act over a specified zone on any part of the vertical wall of a silo

1.5.30

pipe flow

a flow pattern in which the particulate solid in a vertical or nearly vertical channel above the outlet is in motion,
but is surrounded by stationary solid (see Figures 3.1b and 3.2). Flow may occur against the silo wall if the
outlet is eccentric (see Figures 3.2c and d) or if specific factors cause the channel location to move from above
the outlet (see Figure 3.4d)

1.5.31

plane flow

a flow profile in a rectangular or a square cross-section silo with a slot outlet. The slot is parallel with two of the
silo walls and its length is equal to the length of these walls

1.5.32
powder
for the purposes of this standard, a solid whose mean particle size is less than 0,05 mm is classed as a powder

1.5.33
pressure
force per unit area normal to a wall of the silo

1.5.34
retaining silo
a silo whose bottom is flat and where h /d_ < 0,4

1.5.35
shallow hopper
a hopper in which the full value of wall friction is not mobilized after filling the silo

1.5.36
silo
containment structure used to store particulate solids (i.e. bunker, bin or silo)

1.5.37
slender silo
a silo where h/d_ = 2,0 or that meets the additional conditions defined in 3.3

1.5.38
slenderness
the aspect ratio h/d, of the silo vertical section

1.5.39
squat silo
a silo where 0,4 < h/d, < 1,0 or that meets the additional conditions defined in 3.3. Where h/d_ < 0,4, the silo is

squat if there is a hopper, but a retaining silo if the bottom is flat

Documents

14 Document Sharing Hub

Full document details: BS EN 1991-4:2006


http://www.avadocuments.com/doc/bs-en-1991-4-2006
http://www.avadocuments.com/doc/bs-en-1991-4-2006

EN 1991-4:2006 (E)

1.5.40
steep hopper
a hopper in which the full value of wall friction is mobilized after filling the silo

1.5.41
stress in the stored solid
force per unit area within the stored solid

1.5.42
tank
containment structure used to store liquids

1.5.43
thick-walled silo
a silo with a characteristic dimension to wall thickness ratio less than d /f = 200

1.5.44
thin-walled circular silo
a circular silo with a diameter to wall thickness ratio greater than d /t = 200

1.5.45
traction
force per unit area parallel to the wall of the silo (vertical or inclined)

1.5.46
transition
the intersection of the hopper and the vertical wall

1.5.47

vertical walled segment

the part of a silo or a tank with vertical walls
1.5.48

wedge hopper

a hopper in which the sloping sides converge only in one plane (with vertical ends) intended to produce plane
flow in the stored solids

1.6 Symbols used in Part 4 of Eurocode 1

A list of elementary symbols is provided in EN 1990. The following additional symbols are specific to this part.
The symbols used are based on ISO 3898: 1997.

1.6.1 Roman upper case letters
A plan cross-sectional area of vertical walled segment

A. plan cross-sectional area of flow channel during eccentric discharge
B depth parameter for eccentrically filled squat silos

C  load magnifying factor

discharge factor (load magnifying factor) for the solid

C,,, patch load solid reference factor (load magnifying factor) for the stored solid

C,, bottom load magnifying factor

Documents
Documentlgharing Hub

Full document details: BS EN 1991-4:2006


http://www.avadocuments.com/doc/bs-en-1991-4-2006
http://www.avadocuments.com/doc/bs-en-1991-4-2006

EN 1991-4:2006 (E)

C,, horizontal pressure discharge factor (load magnifying factor)
Coe discharge patch load factor (load magnifying factor)

o

pf filling patch load factor (load magnifying factor)

Cg slenderness adjustment factor for intermediate slenderness silos
Cr load multiplier for temperature differentials
C,, wall frictional traction discharge factor (load magnifying factor)

E  flow channel eccentricity to silo radius ratio

E effective elastic modulus of stored solid at relevant stress level
E_ elastic modulus of silo wall

F  ratio of normal pressure on hopper wall to mean vertical stress in the solid

F_, hopper pressure ratio during discharge

F;  hopper pressure ratio after filling

F . total horizontal force due to patch load on thin walled circular silo during discharge
F_; total horizontal force due to patch load on thin walled circular silo after filling

G ratio of radius of flow channel to radius of circular silo

K  characteristic value of lateral pressure ratio

K mean value of lateral pressure ratio

K_  value of K measured for zero horizontal strain, under horizontal and vertical principal stresses
S hopper geometry factor (=2 for conical, =1 for wedge)

T  temperature

U  internal perimeter of the plan cross-section of the vertical walled segment

internal perimeter of flow channel to static solid contact under eccentric discharge
U,,. internal perimeter of flow channel wall contact under eccentric discharge

Y  depth variation function

Y;  Janssen pressure depth variation function

YR squat silo pressure depth variation function

1.6.2 Roman lower case letters

a side length of a rectangular or hexagonal silo (see Figure 1.1d)
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a  property modification coefficient to give upper and lower characteristic values from mean values

ax  modification coefficient for lateral pressure ratio
modification coefficient for bulk unit weight

ag modification coefficient for internal friction angle

a modification coefficient for wall friction coefficient

b width of a rectangular silo (see Figure 1.1d)
b  empirical coefficient for hopper pressures
c cohesion of the solid

characteristic dimension of inside of silo cross-section (see Figure 1.1d)

e  thelarger of e;and e

e eccentricity of the centre of the flow channel in highly eccentric flow (see Figure 5.5)
e;  maximum eccentricity of the surface pile during the filling process (see Figure 1.1b)
eg o, maximum filling eccentricity for which simple rules may be used (ef .= 0,25d,.)

e eccentricity of the centre of the outlet (see Figure 1.1b)

e maximum outlet eccentricity for which simple rules may be used (e, .= 0,25d,.)

o,cr
eccentricity of the centre of the top surface pile when the silo is full (see Figure 1.1b)

maximum top surface eccentricity for which simple rules may be used (e, .= 0,25d,.)

hy,  overall height of silo from the hopper apex to the equivalent surface (see Figure 1.1a)

h height of vertical-walled segment of silo from the transition to the equivalent surface (see Figure 1.1a)
hy,  height of hopper from the apex to the transition (see Figure 1.1a)

h,  depth below the equivalent surface of the base of the top pile (lowest point on the wall that is not in contact

with the stored solid (see Figures 1.1a, 5.6 and 6.3))

htp total height of the top pile of solid (vertical distance from lowest point on the wall that is not in contact

with the stored solid to the highest stored particle (see Figures 1.1a and 6.3))
n  power in hopper pressure relationship

n,q, characteristic value of vertical stress resultant per unit perimeter in the vertical walled segment

p  pressure

Py, horizontal pressure due to stored particulate solid (see Figure 1.1c)

Phae horizontal pressure in static solid adjacent to the flow channel during eccentric discharge
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Phee horizontal pressure in flow channel during eccentric discharge

Pheo asymptotic horizontal pressure at great depth in flow channel during eccentric discharge
Phe horizontal pressure during discharge

Phe,y horizontal pressure during discharge calculated using the simplified method

Pne  horizontal pressure after filling

Pui, horizontal pressure after filling at the base of the vertical walled segment

Phfyu horizontal pressure after filling calculated using the simplified method

Pho asymptotic horizontal pressure at great depth due to stored particulate solid

Phse horizontal pressure in static solid distant from the flow channel during eccentric discharge
pnr horizontal increase in pressure due to a temperature differential

P, pressure normal to hopper wall due to stored particulate solid (see Figure 1.1c)

DPne  Pressure normal to hopper wall during discharge

Pnr  pressure normal to hopper wall after filling

Pp patch pressure

Ppe patch pressure during discharge

Ppei inverse complementary patch pressure during discharge
Ppe.nc uniform pressure on non-circular silo to represent patch load effects during discharge
Ppf patch pressure after filling

Ppfi inverse complementary patch pressure after filling

Ppfonc uniform pressure on non-circular silo to represent patch load effects after filling

Pp.sq patch pressure in squat silos

Ppes patch pressure at circumferential coordinate & (thin walled circular silos) during discharge
Ppfs patch pressure at circumferential coordinate € (thin walled circular silos) after filling

p.  hopper frictional traction (see Figure 1.1c)

Dt hopper frictional traction during discharge

Py hopper frictional traction after filling

p, vertical stress in stored solid (see Figure 1.1c)
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Pvb
Dyt
Pt
Pyho
Pysq
Pyip
Py
Pwae
Pce
Pwe
Pweu
Pwt
p wf,u

pWSC

2y

1.6.3
A

EN 1991-4:2006 (E)

vertical pressure evaluated at the level of the base in a squat silo using Expression (6.2)

vertical stress in stored solid after filling

vertical stress in the stored solid at the transition after filling (base of the vertical walled segment)
vertical pressure evaluated at the base of the top pile using Expression (5.79) with z = h
vertical pressure acting on the flat bottom of a squat or intermediate slenderness silo

geostatic vertical pressure at the base of the top pile

wall frictional traction on the vertical wall (frictional shear force per unit area) (see Figure 1.1c)
wall frictional traction in static solid adjacent to the flow channel during eccentric discharge
wall frictional traction in flow channel during eccentric discharge

wall frictional traction during discharge

wall frictional traction during discharge calculated using the simplified method

wall frictional traction after filling

wall frictional traction after filling calculated using the simplified method

wall frictional traction in static solid adjacent to the flow channel during eccentric discharge
equivalent radius of silo (r = 0,5d,,)

radius of eccentric flow channel

dimension of the zone affected by the patch load (s = md /16 = 0,2d,.)

silo wall thickness
vertical coordinate in hopper with origin at cone or pyramidal apex (see Figure 6.2)
depth below the equivalent surface of the solid in the full condition (see Figure 1.1a)

Janssen characteristic depth

Janssen characteristic depth for flow channel under eccentric discharge

depth below the equivalent surface of the centre of the thin-walled silo patch load
depth below the highest solid-wall contact (see Figures 5.7 and 5.8)

depth measure used for vertical stress assessment in squat silos

Greek upper case letters

horizontal displacement of the upper part of a shear cell
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A incremental operator, which appears in the following composite symbols:

Apsq difference between vertical pressures assessed by two methods for squat silos

AT difference between temperature of the stored solid and the silo wall

Av  increment of vertical displacement measured during materials testing

Ao increment of stress applied to a cell during materials testing

1.6.4 Greek lower case letters

a  mean angle of inclination of hopper wall measured from the horizontal (see Figure 1.1b)

a,, thermal expansion coefficient for silo wall

B angle of inclination of hopper wall measured from the vertical (see Figures 1.1a and 1.1b), or the steepest
slope on a square or rectangular pyramidal hopper

¥ upper characteristic value of the bulk unit weight of liquid or particulate solid

71 bulk unit weight of fluidized stored particulate solid

0  standard deviation of a property

@  circumferential angular coordinate

6,

C
under eccentric discharge (see Figure 5.5))

eccentric flow channel wall contact angle (circumferential coordinate of the edge of the low pressure zone

v eccentric flow channel wall contact angle measured from flow channel centre
M characteristic value of coefficient of wall friction for a vertical wall

Mee effective or mobilized friction in a shallow hopper
M, coefficient of wall friction for hopper
M., mean value of coefficient of wall friction between a particulate solid and the wall

14 Poisson’s ratio for the stored solid

@,  characteristic value of unloading angle of internal friction of a particulate solid (see C.9)
@, characteristic value of loading angle of internal friction of a particulate solid (see C.9)
@., mean value of the loading angle of internal friction (see C.9)

@.  angle of repose of a particulate solid (conical pile) (see Figure 1.1a)

@,, wall friction angle (= arctan(z)) between a particulate solid and the silo wall

@, hopper wall friction angle (= arctan(44,)) between a particulate solid and the hopper wall
o. reference stress level for solids testing
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1.6.5 Subscripts

design value (adjusted by partial factor)
discharge (emptying) of solids
filling and storing of solids
hopper

horizontal

lateral pressure ratio

mean value

normal to the wall
non-circular silo

patch load

tangential to the wall

uniform

vertical

wall frictional

bulk unit weight

angle of internal friction

wall friction coefficient

Full document details: BS EN 1991-4:2006
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Section 2 Representation and classification of actions

2.1 Representation of actions on silos

()P Actions on silos shall be determined taking account of the silo structure, the stored solid properties, and the
discharge flow patterns that arise during the process of emptying.

(2)P Uncertainties concerning the flow patterns, the influence of the eccentricities of inlet and outlet on the
filling and discharge processes, the influence of the form of the silo on the type of flow pattern, and the time-
dependent filling and discharge pressures shall be taken into account.

NOTE: The magnitude and distribution of the design loads depend on the silo structure, the stored solid properties,
and the discharge flow patterns that arise during the process of emptying. The inherent variability of stored solids and
simplifications in the load models lead to differences between actual silo loads and loads given by the design rules in
Sections 5 and 6. For example, the distribution of discharge pressures varies around the wall as a function of time and
no accurate prediction of the mean pressure or its variance is possible at this time.

(3)P Loads on the vertical walls of silos due to filling and discharge of particulate solids with small
eccentricities shall be represented by a symmetrical load and an unsymmetrical patch load. Where larger
eccentricities occur, the loads shall be represented by unsymmetrical pressure distributions.

(4) The characteristic value of actions on silos defined in this standard are intended to correspond to values
that have a probability of 2 % that they will be exceeded within a reference period of 1 year.

NOTE: The characteristic values are not based on a formal statistical analysis because such data is not currently
available. Instead they are based on historical values used in earlier standards. The above definition corresponds to that
given in EN 1990.

(5) If the structural form selected for the silo is likely to be sensitive to deviations in load patterns, a sensitivity
analysis should be performed.

(6) Symmetrical loads on silos should be expressed in terms of a horizontal pressure p;, on the inner surface of
the vertical silo wall, a normal pressure p,, on an inclined wall, tangential frictional tractions on the walls p, and
D, and a vertical pressure p,, in the stored solid.

(7)  Unsymmetrical loads on the vertical walls of silos with small eccentricities of filling and discharge should
be represented by patch loads. These patch loads should be expressed in terms of a local horizontal pressure p,

on the inner surface of the silo.

(8) Unsymmetrical loads on the vertical walls of silos with larger eccentricities of filling and discharge should
be represented by unsymmetrical distributions of horizontal pressure p; and wall frictional traction p..

(9) Load magnifiers C should be used to represent unfavourable additional loads.

(10) For silos in Action Assessment Classes 2 and 3 (see 2.5), the load magnifiers C should be used to
represent only unfavourable additional loads associated with solids flow during discharge.

(11) For silos in Action Assessment Class 1, load magnifiers C should be used to represent both unfavourable
additional loads associated discharge flow and the effects of variability of the stored solid.

NOTE: The load magnifiers C are intended to account for uncertainties concerning the flow patterns, the influence
of the eccentricities of inlet and outlet on the filling and discharge processes, the influence of the form of the silo on the
type of flow pattern, and the approximations used in transforming the time-dependent filling and discharge pressures
into time-independent models. For silos in Action Assessment Class 1, the load magnifier also accounts for the
inherent variability of the properties of the stored solid. For silos in Action Assessment Classes 2 and 3, the variability
of the design parameters used to represent the stored solid is taken into account in the adopted characteristic values for
the stored material properties %, 4, K and ¢, and not in the load magnifiers C.

(12) For silos in Action Assessment Class 1, unsymmetrical loads should be represented by an increase in the
symmetrical load, using a discharge load magnifying factor C.
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(13) For silos in Action Assessment Class 2, unsymmetrical patch loads may be alternatively represented by a
substitute increase in the symmetrical load that is related to the unsymmetrical patch load magnitude.

2.2 Representation of actions on tanks

()P Loads on tanks due to liquids shall be represented by a hydrostatic distributed load.

(2) The characteristic value of actions on tanks defined in this standard are intended to correspond to values
that have a probability of 2 % that they will be exceeded within a reference period of 1 year.

NOTE: The characteristic values are not based on a formal statistical analysis because such data is not currently
available. Instead they are based on historical values used in earlier standards. The above definition corresponds to that
given in EN 1990.

2.3 Classification of actions on silos

(1)P Loads due to stored particulate solids in silos shall be classified as variable actions, see EN 1990.
(2)P Symmetrical loads on silos shall be classified as variable fixed actions, see EN 1990.

(3)P Patch loads associated with filling and discharging processes in silos shall be classified as variable free
actions.

(4)P Eccentric loads associated with eccentric filling or discharge processes in silos shall be classified as
variable fixed actions.

(5)P Gas pressure loads attributable to pneumatic conveying systems shall be classified as variable fixed
actions.

(6)P Loads due to dust explosions shall be classified as accidental actions.

2.4 Classification of actions on tanks
()P Loads on tanks shall be classified as variable fixed actions, see EN 1990.

2.5 Action assessment classification
(1) Different levels of rigour should be used in the design of silo structures, depending on the reliability of the

structural arrangement and the susceptibility to different failure modes.

(2) The silo design should be carried out according to the requirements of the following three Action
Assessment Classes used in this part, which produce designs with essentially equal risk in the design assessment
and considering the expense and procedures necessary to reduce the risk of failure for different structures (see
EN 1990, 2.2 (3) and (4)):

— Action Assessment Class 1 (AAC 1);

— Action Assessment Class 2 (AAC 2);

— Action Assessment Class 3 (AAC 3).

3) A higher Action Assessment Class than that required in 2.5 (2), as described in 2.5 (5), Table 2.1, may
always be adopted. Any part of the procedures for a higher Action Assessment Class may be adopted whenever it
is appropriate.

(4) For silos in Action Assessment Class 1, the simplified provisions of this standard for that class may be
adopted.
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(5) The Action Assessment Class for a silo should be determined by the conditions of the individual storage
unit, not on those of an entire silos battery or group of silos that may be situated in a complete facility.

NOTE 1: The National Annex may define the class boundaries. Table 2.1 shows recommended values.

Table 2.1: Recommended classification of silos for action assessments

Action Assessment Class Description

Action Assessment Class 3 Silos with capacity in excess of 10 000 tonnes

Silos with capacity in excess of 1000 tonnes in which any of the following
design situations occur:

a) eccentric discharge with e,/d . > 0,25 (see figure 1.1b)

b) squat silos with top surface eccentricity with e,/d. > 0,25

Action Assessment Class 2 All silos covered by this standard and not placed in another class

Action Assessment Class 1 Silos with capacity below 100 tonnes

NOTE 2: The above differentiation has been made in relation to the uncertainty in determining actions with
appropriate precision. Rules for small silos are simple and conservative because they have an inherent robustness and
the high cost of materials testing of stored solids is not justifiable. The consequences of structural failure and the risk to
life and property are covered by the Action Assessment Classification of EN 1992 and EN 1993.

NOTE 3: The choice of Action Assessment Class should be agreed for the individual project.
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Section 3 Design situations

3.1 General

()P Actions on silos and tanks shall be determined using the general format for each relevant design situation
identified in accordance with EN 1990.

NOTE: This does not mean that the paragraphs and values specified for buildings and bridges in EN 1990, A.1 and
A.2 are applicable to silos and tanks.

(2)P Selected design situations shall be considered and critical load cases identified. For silos, the design
situations shall be based on the flow characteristics of the stored particulate solid, as determined in accordance
with Annex C.

(3)P For each critical load case the design values of the effects of actions in combination shall be determined.

(4)P The combination rules depend on the verification under consideration and shall be identified in accordance
with EN 1990.

NOTE: Relevant combination rules are given in Annex A.
(5) The actions transferred from adjoining structures should be considered.

(6) The actions from feeders and gates should be considered. Special attention should be paid to unattached
feeders that may transfer loads to the silo structure through the stored solid.

(7) The following accidental actions and situations should be considered where appropriate:
— actions due to explosions;

— actions due to vehicle impact;
—  seismic actions;

— fire design situations.

3.2 Design situations for stored solids in silos

()P Loads on silos from the stored solid shall be considered when the silo is in the full condition.

(2)P Load patterns for filling and discharge shall be used to represent design situations at the ultimate and
serviceability limit states.

(3) The design for particulate solids filling and discharge should address the principal load cases that lead to
different limit states for the structure:
— maximum normal pressure on the silo vertical wall;

— maximum vertical frictional drag (traction) on the silo vertical wall;
— maximum vertical pressure on a silo bottom;

— maximum load on a silo hopper.

(4) The upper characteristic value of the bulk unit weight yshould be used in all load calculations.

(5) The evaluation of each load case should be made using a single set of consistent values of the solids
properties 4, K and @, so that each limit state corresponds to a single defined stored solid condition.

(6) Because these load cases each attain their most damaging extreme values when the stored solid properties
M. K and ¢, take characteristic values at different extremes of their statistical range, different property extremes
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should be considered to ensure that the design is appropriately safe for all limit states. The value of each
property that should be adopted for each load case is given in Table 3.1.

Table 3.1: Values of properties to be used for different wall loading assessments

Characteristic value to be adopted
Purpose: Wall friction | Lateral pressure ratio Angle of
coefficient ¢ K internal
friction ¢,

For the vertical wall or barrel

Maximum normal pressure on Lower Upper Lower
vertical wall
Maximum frictional traction on Upper Upper Lower
vertical wall
Maximum vertical load on hopper Lower Lower Upper

or silo bottom

Purpose: Wall friction Hopper pressure Angle of

coefficient u ratio F/ internal
friction ¢,

For the hopper wall

Maximum hopper pressures on Lower value Lower Lower

filling for hopper

Maximum hopper pressures on Lower value Upper Upper

discharge for hopper

NOTE I: It should be noted that @,,;, < ¢; always, since the material will rupture internally if slip at the

wall contact demands a greater shear stress than the internal friction can sustain. This means that, in all
evaluations, the wall friction coefficient should not be taken as greater than tan¢; (i.e. ¢ = tang,, < tang;

always).

NOTE 2: Hopper normal pressure p,, is usually maximized if the hopper wall friction is low because less

of the total hopper load is then carried by wall friction. Care should be taken when choosing which
property extreme to use for the hopper wall friction to ensure that the structural consequences are fully
explored (i.e. whether friction or normal pressures should be maximized depends on the kind of structural
failure mode that is being considered).

(7) Notwithstanding the above, silos in Action Assessment Class 1 may be designed for the single value of the
mean wall friction coefficient £, the mean lateral pressure ratio K, and the mean internal friction angle ¢, , for

the stored particulate solid.

(8) General expressions for the calculation of silo wall loads are given in Sections 5 and 6. They should be
used as a basis for the calculation of the following characteristic loads:
— filling loads on vertical walled segments (Section 5);

— discharge loads on vertical walled segments (Section 5);
— filling and discharge loads on flat bottoms (Section 6);
— filling loads on hoppers (Section 6);

— discharge loads on hoppers (Section 6).

3.3 Design situations for different silo geometrical arrangements

(1)P Different silo aspect ratios (slendernesses), hopper geometries and discharge arrangements lead to different
design situations that shall be considered.

(2) Where the trajectory of the solid falling into a silo leads to an eccentric pile at some level (see Figure
1.1b), different packing densities can occur in different parts of the silo that induce unsymmetrical pressures.
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The largest eccentricity in the solids trajectory e; should be used to assess the magnitudes of these pressures (see
5.2.1.2 and 5.3.1.2).

(3) The design should consider the consequences of the flow pattern during discharge, which may be
described in terms of the following categories (see Figure 3.1):

— mass flow;
—  pipe flow;
— mixed flow.
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a) Mass flow b) Pipe flow ¢) Mixed flow
Key
1 Mass flow
2 Funnel flow
3 All solids in motion
4 Flowing
5 Flow channel boundary
6 Stationary
7 Effective transmission
8 Effective hopper

Figure 3.1: Basic flow patterns
(4) Where pipe flow occurs and is always internal to the solid, (see Figures 3.2a and b) discharge pressures
can be ignored. Squat silos with concentric gravity discharge and silos with top-surface mechanical discharge
systems that ensure internal pipe flow (see Figures 3.4a and b and 3.5a) satisfy these conditions (see 5.1 (7) and
5.3.2.1 (2) and (4)).

NOTE: An anti-dynamic tube of appropriate design may also satisfy the conditions for internal pipe flow.
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a) Parallel pipe flow b) Taper pipe flow  ¢) Eccentric parallel d) Eccentric taper
pipe flow pipe flow
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Figure 3.2: Pipe flow patterns

(5) Under symmetrical mass or mixed flow (see Figure 3.1), the design should consider the unsymmetrical
pressures that may develop (see 5.2.2.2 and 5.3.2.2).

(6) Where pipe flow or mixed flow occurs with partial contact with the silo wall, the design should consider
special provisions for the unsymmetrical pressures that may arise (see Figure 3.2c and d and Figure 3.3b and c)
(see also 5.2.4).
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a) Concentric mixed flow b) Fully eccentric c¢) Partially eccentric
mixed flow mixed flow
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Figure 3.3: Mixed flow patterns

(7) Where a silo has multiple outlets, the design should consider the possibility that either any outlet alone, or
any combination of outlets simultaneously, may be opened when the silo is in the full condition.

(8) Where a silo has multiple outlets and the operational design has arranged for it to operate in a particular
manner, this manner should be treated as an ordinary design situation. Other outlet opening conditions should be
treated as accidental design situations.

NOTE: The term “ordinary design situation” above refers to a Fundamental Combination in EN 1990, 6.4.3.2. The
term “accidental load case” refers to an Accidental Design Situation in EN 1990, 6.4.3.3.

(9) Where a very slender silo is filled eccentrically, or where segregation in a very slender silo can lead either
to different packing densities in different parts of the silo or to cohesiveness in the solid, the asymmetry of the
arrangement of particles may induce unsymmetrical pipe or mixed flow (see Figure 3.4d), with flow against the
silo wall that may cause unsymmetrical pressures. The special provisions that are required for this case (see
5.2.4.1 (2)) should be used.
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a) Retaining silo b) Squat silo ¢) Slender silo d) Very slender silo
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Flowing

Flow channel boundary
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Effective transition
Effective hopper
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Figure 3.4: Aspect ratio (slenderness) effects in mixed and pipe flow patterns
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a) mechanical discharge b) air injection and air ¢) pneumatic filling of d) expanded flow hopper
with concentric pressures slides promote mass flow powders causes almost gives mass flow only in
flat top surface bottom hopper

Figure 3.5: Special filling and discharge arrangements

(10) Where a silo is filled with powder that has been pneumatically conveyed, two design situations for the full
condition should be considered. First, the stored solid may form an angle of repose, as for other solids. Second,
consideration should be given to the possibility that the top surface may be horizontal (see Figure 3.5c¢),
irrespective of the angle of repose and the eccentricity of filling. If this is the case, the eccentricities associated
with filling e; and e, may be taken to be zero, and the filling level should be taken at its maximum possible

value.

(11) Where a silo storing powder has an aerated bottom (see Figure 3.5b), the whole bottom may be fluidized,
causing an effective mass flow even in a squat silo geometry. Such a silo should be designed according to the
provisions for slender silos, irrespective of the actual slenderness h/d...
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(12) Where a silo storing powder has an aerated bottom (see Figure 3.5b), it may be that only a limited zone of
powder is fluidized, causing an eccentric pipe flow (see Figure 3.3b) which should also be considered. The
eccentricity of the resulting flow channel and the resulting value of e, should be evaluated with respect to the

fluidized zone, and not relative to the location of the outlet.

(13) The vertical walls of a silo with an expanded flow discharge hopper (see Figure 3.5d) may be subject to
mixed flow conditions that may cause unsymmetrical pressures during discharge. The evaluation of the
slenderness of a silo of this type should be based on h/d, in place of h/d, (see Figure 1.1a).

(14) Where a silo has a slenderness i /d, less than 0,4, it should be classified as squat if it has a hopper at its
base, but classed as a retaining silo if it has a flat bottom.

(15) Where the silo has a hopper that is not conical, pyramidal or wedge shaped, a rational method of analysis
of the pressures should be used. Where a hopper contains internal structures, the pressures on both the hopper
and the internal structure should be evaluated using a rational method.

(16) Where the silo has a chisel hopper (a wedge shaped hopper beneath a circular cylinder), a rational method
of analysis of the pressures should be used.

NOTE: Elongated outlets present special problems. Where a feeder is used to control the discharge of the solid from
the silo, its design may affect the solids flow pattern in the silo. This may produce either mass flow or fully eccentric
mixed flow, or fully eccentric pipe flow in the silo.

3.4 Design situations for specific construction forms

(1) In concrete silos being designed for the serviceability limit state, cracking should be limited to prevent
water ingress at any time. The crack control should comply with the crack width limitations of EN 1992
appropriate for the environment in which the silo is situated.

(2) In metal silos that are assembled using bolted or riveted construction, the provision for unsymmetrical
loads (patch loads) should be interpreted in a manner that recognizes that the unsymmetrical loads may occur
anywhere on the silo wall (see 5.2.1.4 (4)).

(3) In metal silos that have a rectangular planform and contain internal ties to reduce the bending moments in
the walls, the provisions of 5.7 should be used.

(4) The effects of fatigue should be considered in silos or tanks that are subjected to an average of more than
one load cycle a day. One load cycle is equal to a single complete filling and emptying, or in an aerated silo (see
Figure 3.5b), a complete sequence (rotation) of aerated sectors. The effects of fatigue should also be considered
in silos affected by vibrating machinery.

(5) Prefabricated silos should be designed for actions arising during handling, transport and erection.
(6) Where a manhole or access opening is made in the wall of a silo structure, the pressure acting on the cover
should be assessed as two times the highest value of the local design pressure on the adjacent wall. This pressure

should be used only for the design of the opening cover and its supports.

(7)  Where the roof supports dust filter assemblies, cyclones, mechanical conveying equipment or other similar
items, these should be treated as imposed loads.

(8) Where pneumatic conveying systems are used to fill or empty the silo, the resulting gas pressure
differentials should be considered.

NOTE: These pressures are usually <10 kPa, but significant vacuum (e.g. 40 kPa = 0,4 bar) can be applied, usually
where a conveying process design or operational error occurs. Silos should have appropriate relief protection for such
unexpected events, or the silo designer should ensure that they cannot occur.
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