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D = 6.40 m.
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2. ugarosialala ..o,
H = 24 m.

g IniLAuiarauaaaialale
Hl = 6 m.

ﬁ’)ﬁuq\‘ﬁ,ﬂi\"lﬁ;ﬁﬂ = H+H1
= 2446 = 30 m.

~Circular Ring Beam
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3.auuugaaasialala A.d.a.

aanuuUldunaeRn Conical Roof
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4. Ngraedialala o.d.o.

NNTBDNLULAUBYNLIRYUITENA-NIZLAIUNTUAR-NTA UGN 1A
Ring Beam or Circular Beam
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Allowable Stresses

Concrete
: Bond stresses
Direct
Concrete | Bending | compres- | Shear kg/cm? Modular
grade kg/cm? sion kg/cm?® ratio
k gy 2
ek Average 1 Local
M 100 a0 25 3 4 7 31
M150 | 50 40 5 6 10 19
M 200 70 50 7 g 13 13
/4 TN
M 250 ® 60 8 9 15 (i8)
‘M 300 100 80 9 10 17 9

5. AEUNIATLY Strength = 250-300 kg./sq.cm.

Use Maximum Compressive Stress {§5>kg./sq.m.
Use Modulus ratio m =<11)

6. un.gnnLAnTLsT AL Ul g

400 kg./qu.m.
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r =y =4 ' 1 9 9/
HHIBSNAH AR EUN] AU HAd 11803

ANNFINN  HUMHSIANANY  MUIBNITIANY  TINMENTIAN
Ay Avay Meay MuAvanazie
(1uas) (3aéu/a.?) (Fwu/u?)  au(Fadu/au’)
0-10 729 - 601 1330

837 - 601 1439
908 - 601 1509
962 - 601 1563
1043 - 601 1644

1105 - 601

= d =
591,053 303 uaIB Il

AMIAINISUATAS

dar &

UWIINENBEIBIINMTAT GUASITR

Use ,
7. Wind Force imaugy 0-40 m.= 150 kg./sq.m.
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(A)mstmun aumingesuiilala f.d.a. |
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m (A.1) "MwupIn Diameter
10+2.5{(D-3)/3} "

B e Twl =
= 10+2.5{(6.40-3)/3}

=C 12 84 cm. ummﬁumm

(A.2) mwum'm Helght

K"“-H ff
Twz 10+2. 5{(H 6)/12}"
/ = 10+2.5{(24-6)/3}
=25 cm.

| I ' ¢
—Gananuaniduinum

" d
L3anAUNUNT 25 cm.

Lﬁuumﬁuﬂﬂmqma‘lu = 6.4-0.5
= 5.90 m.

V=Volumeil? JJ’Wm’Jﬁﬂ‘Vle_I

—HTCR2
=24X%X22x2.95%2. 95/7 656.42 qb.m.

LL.=656. 42x400'{262 568 Tons
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(B)AUANRALTINTSINUULLN P
P=WH
= 400x24=9600 kg./sq.m.

(C)ﬁ’i‘L!.’Jﬂmqﬂ’)ﬁuﬂﬁ’ltﬁuiﬂﬂ)ﬁﬂ”muﬂﬂ

L = 2nR = 2x22x3.2x3.2/7
= 64.37 m.

L L=64.37 m.
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(D)AUNUM UL DN ALE. 3.

SeCtiOn
- Plan
U.ALA.0.
0.25 m.Thick = 22x(6.40-2x0.25)x0.25%24x2400
7 : ﬁ’)’{ugq —

= 278.331 Tons
LL.=262.568 Tons
W = 262.568+278.331=540.899 Tons
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E)Yfmaumluan M -

Wind Force = 0.7x150x6.4x24= 16.128 Tons
6.40 m.

L
\NH-""\-\. —~ o
/ - \
k\;],:z/‘j m
L] .
'q A 24 m

M = 16.128x12=193.536 Tons-m.

(F)Auinum e
Eccentricity e = M/W

= 193.536/540.899 .

A1 W

0.357 m. W8 35.7 cm.
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(G)PUNUMAUNANLETY Steel Area
17 steel is prov1ded

Jo8 ﬂaunmuumm 5 cm.

ANt U 16 mm.31U 310 Al

J
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W7D Spacing =

\
(WAL
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] ] TN
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L T

|
(T T 71
|
/
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[ | ]
[ ]
1

5 cm.

2
Area of Steel=0.01x(640)=(590)

- = 615 sq.cm.
Provide <31O bars of 16 mm.

Steel area = 623.41 sq.cm.>615 OK.
AIERUIZIIN = 64.37/309 =0.20 m. OK.

Laummﬂuuq o

20 cm.
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(H)n11980UAN Stress UANNUNRALILN

WAty 16 mm.3auau 310 Ldu
e Spacing = 20 cm.
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5 cm.
) =6.30m. WD 630 cm.

7 2
Equivalent area=0.25x 1 [(640)-(590)]+(m-1)x623.41
= 48321+6234 = 54555 cm.2

Equivalent thickness of steel ring ts
Find ts = 623.41 = 0.31 cm.
630

Equ1valent momeglt of inertia
[(640) (590)]+(m- 1)x6307t (630/2) x ts

—8228725852+304521525 8533247377 cm.4

For no tension to delvelop allowable eccentricity = 21/(AD)

2x8533247377/(54555x640) 488.79 cm. >35 7 cm.

A e wmmnﬂﬁ

AR Compression OK.
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ATIEAUAN Stress FANNUIRAULN
Max.compressive stress in concrete

W M

= — <+ I/
DZZ ﬂ’l M L]ju kg -cm.

A
540899 +\193536x100x320 A D/2
54555 8533247377

= 9.91+0.73 = 10.64 kg./sq.cm.< 85 OK.
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IBAU HAMBURG Central Cone Silos from the structural point of view

Thousands of this silo type are in operation for many years

General Information

The civil design of large
capacity silos requires
extensive know-how and
expertise.

Thisis mainly fulfilled
by the involvement of
qualified civil design
companies, which are
familiar with the state-of-
the-art.

Nevertheless, our experi-
enceis, that in some
cases, local codes, regu-
lations and guidelines are
used, that do not take
into account the com-
plexity of large silos, as
thisis e.g. stated in the
Eurocode EN 1991-4, or
the relevant national
codes such asthe DIN
EN 1991-4 (2005) and
DIN 1055-6.

IBAU HAMBURG works
for more than 30 years
together with the civil
design company Peter
und Lochner with regard
to the design of the cen-
tral conesilo.

This brochure describes
the construction princi-
ples according to the
above norms that should
be taken into account by
the design company as
well as the plant owner.

This brochure focuses

on the critical reinforced
concrete silo structural
elements, such as the
central cone, the silo wall
in the section adjacent to
and below the cone, the
silo walls above the cone
and the intermediate
walls for multicompart-
ment silos.
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ThelBAU
HAMBURG Central
Cone Silo—

The Original

The Storage Silo

13
15
1

IBAU HAMBURG intro-
duced the central cone
silo to the market in
1975, when the company
was established in
Hamburg, Germany. The
design is mainly used for
large storage silos in the
cement industry and
other mineral industries
for cement, raw meal, fly
ash, ground granulated
blast furnace slag, alumi-
na and similar products.
Storage silos for these
products have diameters
of 10 mto 30 m and
even more with storage
capacities up to 40000 t
and they require an effi-
cient and troublefree
emptying.

The IBAU central cone
silo has been proved to
be extraordinarily suc-
cessful. Today, more than
7000 units are in opera-
tion by various customers
around the world, so that
the central cone silo
design has also been
copied by other suppli-
ers. In the original 1BAU
design for large silos, the
central cone formsaring
space on the silo bottom.
Thisis divided into indi-
vidual aeration sections
that are slightly turned -
towards the discharge
openings in the cone with
asmall inclination.

The silo bottom is
equipped with so-called
fluidslides that have an
air-permeable fabric on
the upper side. The aera-
tion air is supplied by a IBAU central cone storage silo




IBAU HAMBURG Central Cone Silos from the structural point of view

O e =

View into the central cone silo with ring
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shaped bottom and fluidslide system




IBAU HAMBURG Central Cone Silos from the structural point of view

Flow channelsin an IBAU central cone silo
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blower and is led under-
neath the fabric in order
to fluidise the bulk mate-
rial above. Each aeration
section has its own flow
control gate and air
valve. For the material
discharge, the ring space
inthesilo is aerated sec-
tion by section so that in
acomplete cycle all sec-
tions have been aerated
and the entire material in
the silo has been set into
motion.

The discharge concept
requires only small quan-
tities of air and only a
small power consumption
of lessthan 0.1 kWh/t for
discharge. More than
99% material recovery is
reported by the users and
the first in-first out prin-
ciple till appliesfor a
well designed silo.

On the other hand, as
only the material above
the aerated silo section
will get in motion, with
the sectional aeration
concept flow channels
are formed so that the
silo discharge is eccen-
tric. In the IBAU con-
cept, the eccentric flow
within the silo is con-
trolled by the automated
flow control gates, which
will discharge only the
required flow rate from
the silo.

This controlled flow of
material corresponds
exactly to the consump-
tion of the plant and does
not generate, as with
other silo systems, an
uncontrolled material
flow inside the silo,
which may damage the
silo body. Thisleadsto
our motto: , Safety First”
by using IBAU silos.
Nevertheless, there are

also other silo designs
with central cones and
aeration sections avail-
able, where the material
flows from the aeration
section through large
openings directly into the
area under the cone with-
out any flow control
gates in-between.
Appropriate flow control
gates are only installed
for the discharge from
underneath the cone.

I BAU Silos- Safety First

IBAU Central Cone silos
are designed in such a
way that the complete
materia within the silois
in motion during a full
aeration cycle of the silo,
achieving a high empty-
ing rate of about 99 %.

Secondly, the aeration is
designed in such away,
that the flow channels
that are formed during
discharge are not or only
dlightly contacting the
silo walls. In the picture
on page 6 an interpreta-
tion of the formation of
flow channelsin large
capacity silos for the
cement industry has been
given. The controlled
flow viaflow control
gates is the basic concept
of the IBAU ,, Safety
First* principle.

|BAU HAMBURG has
also been asked to design
silos with a depressure
chamber. IBAU is aware,
that comparing this
design with the original

I BAU cone silo assuming
an identical number of
aeration sections and
aeration time, the large
openings of the cone
dramatically increase the

" ;r"'- 4
. AR

The emptying rate of the silo is more than 99 %

-

Aeration section and silo outlet




IBAU HAMBURG Central Cone Silos from the structural point of view

A

The origina

|BAU HAMBURG
central conesilo
is used for
diameters between
10 m and 30 m.

A
Original IBAU HAMBURG Silo

@ from10-30 m

| o

166 kg/s

T

0,03 m? opening
per flow control

2 x bulk loading:
2x 220t/

1 x packing plant:
1x 160 t/h

max. 166 kg/s
total discharge capacity 600 t/h

Calculation example for a silo diameter of 26 m
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B B

Silo with depressure chamber The diameter of
26 misonly
indicated for the

@ limited to 14 m comparison

between the origina
IBAU HAMBURG
cone silo and the
silo with depressure
chamber.

IBAU HAMBURG
only uses the silos
with depressure
chambers

for silo diameters
up to 14 m.

, — .

1 m? opening each dedust'ing 4 m/s rate of

2 x bulk loading: ' 1 x packing plant:
2x220t/h 1x160t/h
max. 166 kg/s

total discharge capacity 600 t/h

Calculation example for a silo diameter of 26 m
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dliding concrete

conical shell

silowall
(upper shell)

concrete not
reinforced

ring

lower cylindrical
shell

truck opening

weighing pit

ring foundation

pile foundation
circular

pile cap

eg. onefile
of piles
under silowall

Raised bottom version

dliding concrete

conical shell

silo wall
(upper shell)

concrete not
reinforced

ring beam

ring foundation

pile foundation
circular

pile cap

e.g. one row
of piles
under silowall

Standard bottom version

specific internal mass
flows. Thisinternal mass
flow increases with the
cone size, resp. the silo
diameter. These are the
main reasons, why | BAU
HAMBURG has limited
this design to silo diame-
ters of up to 14 m.

The Central Cone Silo
from the structural
point of view

CENTRAL CONE

The characteristic feature
of the silo structure is the
central cone, which
forms the bottom of the
silo compartment. The
central cone (inverted
Ccone) is spanning over

the complete silo section
and is supported only by
a setback of the outer silo
wall (lower cylindrical
shell as shown above).
No intermediate supports
arerequired for this
structure. The weight of
the steel floors for the
discharge equipment and
auxiliary equipment such
as intermediate bin and
filters placed below the
cone is small compared
to the weight of the bulk
material supported by the
central cone. Therefore it
is very economic to sus-
pend these floors from
the central cone, which
means no additional
columns and foundations
are required, and the use

of steel can be kept to a
minimum. A further
advantage for the free
spanning central cone
without additional sup-
porting columns is the
clearly defined load
transfer to the silo
substructure and subsoil.

All loads from the silo
structure are transferred
to the outer ring wall
below the cone.
Settlements are equally
distributed all over the
wall perimeter, due to the
symmetry and stiffness
of the structure, and
restraint forces due to
different settlements are
normally negligible. The
vertical loads from the

bulk material and the
suspended floors are
transferred to the sup-
porting wall by normal
compression forces in the
direction of the meridian.
The horizontal pressures
from the bulk material
are acting towards the
silo centre, which also
results in normal com-
pression. Therefore rein-
forced concrete is the
most advantageous con-
struction material for
these silos and the
amount of reinforcement
can be kept low. Due to
the shell structure of the
cone, bending moments
at the bottom of the cone
at the transition to the
ring beam and at the

10
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SPENNER ZEMENT Multi-compartment silo, Germany

11



IBAU HAMBURG Central Cone Silos from the structural point of view

upper edge fade out
quickly in some distance
from the edges, which
means additional rein- ! il
forcement due to the
restraint effect, is
required only locally.

RING BEAM

|

|
The ring beam located at |
the bottom of the conical |
shell transfers the meridi- |
an compression forces to
the supporting wall, |
where they are mainly |
acting in the vertical patch load
direction. The redirection ppe
of meridian loads also
causes horizontal loads,
which result into hori-
zontal tension forcesin
the ring beam. For large
silo structures these ten-
sion forces can be quite
high, so that concentrated
hoop reinforcement is
required. But due to the
size of the ring beam the
placement of this hoop
reinforcement is quite
simple.

From the structural point
of view it is sufficient to
place the inverted cone
on the silo wall without
any connecting reinforce-
ment, which means a Filling pressuresin a central cone silo
hinge in the static system
between cone and silo
wall. The horizontal dis-
placement due to loads
and temperature is equal
for all members adjacent
to the connection.

Due to the orientation of N
the horizontal loads the
displacement is orientat- —

ed outwards, which
results in circumferential
tensile stresses. Because
of an equal displacement
and equal circumferential
stresses, tension forces
will occur in thering Stresses in the ring beam

12
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beam as well asin the
silo wall adjacent to the
connection. The relation
of tension forcesis corre-
sponding to the relation
of concrete sections.

SILO WALL ABOVE
THE CONE

The main loads on the
silo wall are the loads
from the bulk material,
which will be applied as
horizontal pressures (ori-
entated outwards) and
wall friction loads (orien-
tated downwards). There
are several codes al over
the world, which specify
|oads from the bulk
material.

All common silo codes
including the new
Eurocode EN 1991-4
predict the same fill pres-
sures from concentric
filling and use the Jansen
formula, in which the
horizontal pressures
increase with the height
from the silo top to the
bottom, based on an
e-function and with the
silo diameter, the wall
friction coefficient, the
material specific weight
and the horizontal pres-
sure ratio as the main
parameters.

Much more difficult to
calculate and to predict
are the silo discharge
pressures, especialy
when flow channels are
formed above the aerated
section in the central
cone silo during dis-
charge. Practical calcula
tion methods are given in
the Eurocode EN 1991-4
aswell as the latest revi-
sion of the DIN 1055-6,
which is mandatory in
Germany for the calcula-

I BauMineral
Hertan

I BAU central cone silo 25.000 m® at the Mehrum Power Plant

13



IBAU HAMBURG Central Cone Silos from the structural point of view

tion of silo loads and
which was released in
2005 in Germany togeth-
er with the Eurocode.

Generally, the stress
level of the material
within the flow channel
is much below the bulk
materia at rest.
Accordingly, thereisa
pressure reduction in the
area, where the flow
channel touches the wall
and on the other hand
thereis a pressure
increase beside this area
over a corresponding
length of the perimeter.

The pressure on the
remaining wall perimeter
is specified as the load
due to filling. An illustra-
tion of wall loads during
dischargeis given in the
figure on the opposite
page. The parameter rc
describes the radius of a
flow channel, ec the
eccentricity of the flow
channel from the silo
centre and I¢ the length
of the flow channel at the
silo wall. According to
EN 1991-4 and the Ger-
man code DIN 1055-6,
for silos with large
eccentricity (ec = 0.5r¢)
and assessment class 3
(silo capacity larger than
1000 t) calculations
should be performed for
no less than three values
of the radius of the flow
channel, when the geom-
etry of the flow channel
cannot be directly
deduced from the dis-
charge arrangements and
silo geometry. All three
sub-load cases have to be
analysed for design and
the maximum horizontal
reinforcement required
for these three cases has
to be provided.

For the analysis of a
cylindrical silo wall for a
load case with variable
pressures the finite ele-
ment method has to be
adopted, which takes into
account the 3-dimension-
a performance of the
wall structure. This
means it is not longer
possible to perform the
structural analysis of the
silo wall of acentral
cone silo with smple
equations as it was possi-
ble according to the 1987
edition of the DIN code.

Nevertheless, DIN
1055-6, edition 2005 still
uses the patch load con-
cept, which shall be
applied on the silo wall,
at several heights of the
wall, resulting in a vari-
able increment over the
height. The analysis and
design due to a patch
load applied on a cylin-
drical wall has been
focused on the bending
moments and normal
forces, which are caused
by the patch load. Shear
forces have to be consid-
ered in a separate calcu-
lation.

The German DIN code
DIN 1045-1 for the
design of reinforced and
post-tensioned concrete
specifies the ultimate
shear force, which can be
taken by a concrete sec-
tion without shear rein-
forcement depending on
the concrete strength,
ratio of reinforcement
and stress due to anor-
mal force.

Compression on the sec-
tion means an increase of
the ultimate shear force
whereas tension means a
reduction.

The shear design of large
central cone silos for
shear and tension forces
caused by the loads due
to aflow channel leads to
the conclusion, that for
usual concrete strength
and awall thickness of
30-35cmthereisa
limit for these shear
forces for asilo diameter
of approx. 14-16 m. This
means due to this design
equation awall of such a
silo without shear rein-
forcement would not be
permissible for diameters
> 14 — 16 m when
assuming large discharge
eccentricity. One solution
would be the installation
of shear reinforcement,
which is not a preferable
way for such alarge wall
area. Another more
advantageous solution is
post-tensioning of the
wall. As described above,
compression, which can
be gained by post-ten-
sioning, increases the
shear capacity of a con-
crete section.

Simultaneously the hori-
zontal wall reinforcement
can be reduced by a
remarkable amount,
because the post-tension-
ing tendons or strands
have a much higher ten-
sile strength than
deformed rebars, which
means a double positive
effect.

The remaining question
is the proper ratio of
post-tensioning. Because
aring shaped tendon or
strand in a cylindrical
wall will cause compres-
sion only, it is not eco-
nomic to counteract
bending moments due to
loading or temperature
drop in the wall by post-

tensioning, because this
would need very high
post-tensioning forces.

The most economic way
is an amount of post-ten-
sioning forces which
compensates the tension
forces from the bulk
material and an amount
of inner and outer
deformed rebars, which
can counteract the bend-
ing moments due to
loads. With this combi-
nation the control of
crack width due to tem-
perature restraint stresses
in thewall is very eco-
nomic and the amount of
post-tensioning steel and
deformed rebars is well-
balanced.

LOWER PART OF THE
SILO WALL

The lower part of the
compartment wall, which
is adjacent to the ring
beam and the plain con-
crete on the ring beam,
where the fluidslides are
located, is not loaded
directly with the horizon-
tal pressures from the
bulk material. But due to
the compatibility of the
structure thiswall part is
also stressed by the mate-
rial stored above, which
causes horizontal tension
decreasing from the top
of the plain concrete
downwards. As already
described before, the
area, where the inverted
cone is supported, will
also be tensioned, which
means the tension forces
areincreasing again
when approaching to this
area. These changing ten-
sion forces are caused by
changing horizontal
deformations of the silo
wall, which in turn
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A Static
N

Static solid

ELg\nNnel __/

/ 7/ /
Elevation with flow channel Cross-section with pressure pattern

Static Pressure values vary
pressures with depth in the silo

solid

Phee

Local high
pressure

Flow
channel

Flow
pressures

Channel edge
pressures

<

channel geometry assumed for analysis pressures

Flow channel and pressure distribution (EN 1991-4)

vertical forces horizontal forces
ne nd

Internal forcesin lower part of the silo wall

Flow channel
pressures

bending moments
moe

means bending moments
and shear forcesin the
vertical direction of the
silo wall. Combined with
vertical compression
forces due to dead load
and wall friction loads
mainly this has to be
considered for the wall
design.

Equally distributed pres-
sures from the bulk mate-
rial and high tempera-
tures inside the silo due
to hot material stored in
the silo will cause hori-
zontal deformations to
the outside. The bending
moments and the shear
forcesin the vertica
direction will be obvious-
ly smaller, if the wall can
move without restraint.

This meansit is prudent
not to provide any con-
nection between the silo
wall and the ring beam
(including the plain con-
crete). As described
above there are also
unegually distributed
horizontal pressures on
the silo wall, which caus-
es unequal horizontal
deformations accordingly
and thus an oval shape of
the wall mainly with
changing deformations to
the inside and outside
along the wall perimeter.
This effect has been
observed during measure-
mentsat severa silowalls.

A horizontal inwards
movement of the silo
wall will be restricted by
the ring beam and the
plain concrete on top of
the ring beam, which will
cause high restraint
stresses in thisarea. In
order to reduce these
restraint stressesit is rec-
ommended to install a

15
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soft board between silo
wall and the plain con-
crete with a minimum
height of at least 1m and
2 cm thickness. Also
post-tensioning of the
wall causes inward defor-
mations, which is afur-
ther reason for the instal-
lation of such a soft
board. There have been
some severe damages of
silowadlsinthisareain
the past, because these
movements were neglect-
ed and the restraint
stresses from arigid hori-
zontal support were not
considered for design.

SILO WALL BELOW
CENTRAL CONE

The wall below the cen-
tral cone is loaded with
the complete vertical
loads of the structure
above. Thisis one advan-
tage of the central cone
silo: All main vertical
loads are equally distrib-
uted on the silo perimeter
and transferred to the
foundation. Thereisno
doubt about the distribu-
tion of the loads and no
difference for loading
and discharging. If there
are large truck openings
below the cone the loads
are concentrated beside
and between the open-
ings. These areas are
comparable to columns
and the reinforcement
should be provided corre-
spondingly with vertical
rebars and enveloping
horizontal stirrups.

The wall above the open-
ings is working as a deep
continuous beam, which
means additional hori-
zontal reinforcement in
thisarea. As already
described near the sup-

port of the cone high hor-
izontal tension forces
will occur, which require
concentrated ring rein-
forcement. Thisring
reinforcement together
with the ring reinforce-
ment of the ring beam
has to carry the horizon-
tal part of the thrust from
the conical shell. Due to
the concentrated horizon-
tal reinforcement open-
ings shall be avoided in
this area, at least for 1 m
height below the support
of the inverted cone. At
the support of the cone
loads from the upper wall
and from the cone are
applied on the lower
wall. Different loads will
cause transverse splitting
forces below the cone
support, which require
transverse ties or stirrups
inthis area

LOADS ON THE
CENTRAL CONE

A part of the bulk materi-
al weight is transferred to
the silo wall by wall fric-
tion, the remaining part
is transferred to the cen-
tral cone as the bottom of
the silo compartment.
The inclined surface of
the cone is loaded with
normal pressures and
meridian friction forces
from the bulk material
due to the vertical and
horizontal pressuresin
the silo compartment.

This causes horizonta
and meridian compres-
sion stresses in the cone
wall. In principle the
maximum vertical pres-
sures calculated from the
bulk material on the silo
bottom result from the
load case “filling”.
During discharge the

wall friction loads will be
increased and due to the
equilibrium of the total
loads the vertical pres-
sures on the silo bottom
will be reduced. The
resulting loads on an
inverted cone are diffi-
cult to measure and
therefore not exactly
known, but correspond-
ing to the loading on a
flat silo bottom the load
case “filling” can be
assumed as governing for
the vertical loading as
well.

Due to the 2005 edition
of DIN 1055-6 the verti-
cal load from the load
case “filling” on a hori-
zontal silo bottom had
not to be increased any
longer with afactor ch
for cement, raw meal, fly
ash etc. in order to con-
sider pressure increase
due to dynamic effects.
But as the uncertainty for
the loading on the coneis
remaining, it is recom-
mended to increase
cbh=1.0t01.33.

The discussion still refers
to uniformly distributed
loads, but as described
for the silo wall no uni-
formly distributed loads
will occur in a central
cone silo. This was not
considered when the first
inverted cone silos were
developed and for many
years the inverted cones
were designed with the
assumption of uniformly
distributed, but increased
loads. Nevertheless, the
recommended incremen-
tal factor can be seen as a
factor for considering
unequal loads on IBAU
central cones and thus
leads to an adequate
design result.

Construction
Guidelines

SILO WALL

Today, the silo wall of a
reinforced concrete or
post-tensioned silo is
normally performed as a
slipform concrete struc-
ture. This means that a
formwork of about 1.2 m
height has to be moved
upwards continuously
with an average hourly
rate of about 10 — 20 cm.
The rate of concreting
and installing of rein-
forcement has to be
adapted to this speed as
well as the concrete mix,
because hardening of the
concrete governs the
progress of the slipform
procedure. The shape and
arrangement of rebars or
built-in parts must be
adequate for this method,
because the place for
installing the reinforce-
ment and built-in partsis
restricted by the so-called
yokes of the slipform.

Slipform concrete needs
both — skilled planners
and skilled personnel on
site, otherwise there will
be severe quality prob-
lems. During the dlip-
forming procedure a per-
manent supervision is
strongly recommended
because there is no possi-
bility for amendments
later. If al is done prop-
erly the concrete strength
is corresponding to a
cast-in situ concrete.

There can be minor defi-
ciencies of the concrete
cover, which isin contact
with the moving form-
work. Therefore the bond
quality between rein-
forcement and the
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enveloping concrete
could be reduced. In
order to get an adequate
safety level the anchor-
age length as well as the
length of lap splices of
the rebars has to be
increased compared to a
cast-in situ concrete.

Due to the normal pres-
sures on the silo wall
from the bulk material
the horizontal rebars at
the inside and outside
face of the silo wall are
under high tensile stress-
es, which means the ten-
sion lap splices of these
rebars are essential for
the structural integrity of
the silo wall. From tests
of such tension lap
splicesit is awell-known
phenomenon, that the
capacity of lap splices for
large bar diametersis
reduced due to splitting
stresses in the enveloping
concrete. Therefore one
measure is proper stag-
gering of horizontal ten-
sion lap splices from ring
toring.

As an additional measure
enveloping ties or stir-
rups have to be provided
for tension lap splices of
rebars with 16 mm diam-
eter or more. Without
such ties brittle failures
can occur, which could
possibly cause the failure
of acomplete vertical
line of tension lap splices
inawall. This phenome-
non is known as “zip”
effect and has been
experienced from several
collapses of silowallsin
the past.

The inverted cone is
placed on the silo wall on
a setback of the wall,
which means the lower

part of the wall is thicker
than the upper. In spite of
this change the wall can
be executed continuously
by dlipforming. With
proper preparation and
skilled personnel it is pos-
sible to change the dlip-
form without interruption.
Of course all connecting
or starter bars for other
members will hinder the
progress and should be
avoided when possible.
From the structural point
of view thereis no con-
nection required between
the silo wall and the
inverted cone and there-
fore no connecting rebars
should be provided.

For large silos the amount
of deformed rebars
required for the horizontal
tension combined with
bending moments will be
very high. Due to the
slipforming process,
which is usually provided
for the construction of
the silo wall, the amount
of rebars, which can

be installed per meter of
height, is limited.
Furthermore, a congestion
of reinforcing steel will
affect the proper installa-
tion and compaction of
the concrete. Therefore,

it is prudent to provide
horizontal post-tensioning
for the silo wall of large
diameter silosin order

to reduce the amount of
deformed rebars.

CENTRAL CONE

Since the development of
the inverted cone some
alternative methods have
been used for the con-
struction of the cone. In
the beginning several
cones were performed as
a cast-in-situ structure
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Lifting of cone segments
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Central cone made of precast cone segments
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Prefabricated cone for multi-compartment silo
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Multi-compartment cone silo
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with scaffolding and bot-
tom formwork as well as
atop formwork. Thisisa
time consuming con-
struction and therefore
other solutions were
developed. The most suc-
cessful method, which is
used in the meantime
nearly without exception
are precast segments with
trapezoidal shape in com-
bination with cast-in situ
concrete for the remain-
ing joints.

The precast segments
cover the complete bot-
tom side of the cone and
are placed on the setback
of the silo wall. Dueto
transport and erection
reasons the maximum
width of such segments
is limited to approx.

3.2 m for usua condi-
tions. Most of the seg-
ment area has the thick-
ness of the final cone, the
bottom part adjacent

to the ring beam and the
meridian sides have a
reduced thickness with
rough surface and stir-
rups protruding from the
bottom concrete. The
bottom part of the precast
segments is the inner
formwork of the ring
beam, the silo wall isthe
outer formwork.

The ring beam is a cast-
in situ structure, which is
joined to the cone seg-
ments by connecting stir-
rups. The meridian sides
of the cone with reduced
thickness form meridian
joints, which are al'so
filled with cast-in situ
concrete. Since thereis
horizontal compression
mainly in these joints the
lap length of the connect-
ing stirrups can be small.
The top side of the

meridian joints can be
made with formwork
panels, which are
clamped to the precast
segments or expanded
metal attached to the stir-
rups can be used as form-
work when using a stiff
concrete mix.

Precast segments, cast-in
situ ring beam and
meridian joints as well as
atop dab form a com-
plete composite rein-
forced concrete structure,
which can be constructed
within much shorter time
than a complete cast-in
situ member. Because the
segments are produced in
aflat horizontal form, the
resulting cone structure
has a polygon shapein
plan, which must be con-
sidered for the geometry
of the steel floors, which
are suspended from the
cone, that does not affect
the bearing capacity of
the structure.

For the first inverted
cones made with precast
segments scaffolding
towers placed in the silo
centre were used, sup-
porting the segments near
the top. This solution
was followed by suspen-
sion members fixed at
the silo wall and support-
ing the segments near the
top. Though the installa-
tion of rebarsis hindered
by the suspension
members this solution

is preferred by most
contractors nowadays.
For large truncated
cones, where a formwork
is needed for the top
slab, the use of a scaf-
folding tower still
remains a useful option.
Depending on the weight
of segments, height of

IBAU Ring silo design
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the silo wall and avail-
ability of heavy cranes
the cone segments can be
lifted over the top of the
of the silo wall. Alter-
natively the slipform pro-
cedure of the wall can be
stopped approximately at
the level of the cone top,
which makes the con-
struction of the cone
much easier, but needs
two dlipform phases.

Another solution, which
has been used by some
contractors, is a bottom
scaffolding and form-
work, where the concrete
isinstalled as a so-called
shotcrete or sprayed con-
crete. Due to several
construction deficiencies
this method was not
really successful and is
not recommended.

MULTI-COMPART-
MENT SILOS

The central cone silo
with a single circular
compartment was very
successful from the
beginning of its develop-
ment. One of the reasons
was the very robust per-
formance of the cone
structure as a silo bottom
with a very high bearing
capacity. Therefore, the
transformation of acircu-
lar single cell section into
multi-compartment silo
sections was the next
logical step.

The conical shell is able
to carry ring loadsin
plan as well as meridian
loads with compression
forces mainly combined
with some bending
moments, which do not
affect the cone structure.
Therefore, the inverted
cone will not restrict the

IBAU Ring silo design
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division into several
compartments. The silo
walls are the governing
criterion for an economic
and reasonable division.
One of the first requests
from the clients were two
compartments. A divi-
sion of acircleby a
straight wall through the
centre of the circle needs
an enormous amount of
concrete and reinforcing
steel for usua silo diam-
eters. Only for silo diam-
eters < 10 m such a solu-
tion would make sense.

Therefore, as an aterna
tive the so-called ring
silo was developed with
two concentric circular
walls, which form an
inner circle and an outer
annular cell. Because the
pressures in the outer
annular cell =ring
depend on the width of
the gap, the horizontal
wall pressures on the
outer wall are much
smaller than for asingle
cell, where the pressures
depend on the radius.

Asthe DIN 1055-6
excludes specifications
for ring silos, modifica
tions in the formulas of
the code should be adopt-
ed with the following
recommendations:

- Uniformly distributed
loads from the bulk
material can be calcu-
lated with the ratio
Alu=bl/?2,

- A = cross section area
of the cell

- u = internal perimeter
of the cross section

- b = width of the annu-

lar gap

None uniformly distrib-
uted loads can be calcu-
lated with a modified
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patch load; the size of the
patch load should refer to
the outer silo diameter
and the inner silo wall
should be neglected; the
patch pressures can be
deducted from the uni-
formly distributed loads.
A combination of these
|load assumptions has
been used successfully
for many ring silosin the
past. Further comparisons
to calculations with an
inclined surface of the fill
in the silo along the wall
perimeter, which were
intended to represent the
discharge from one open-
ing for along time, have
shown good congruence.

According to the flow
channels in the case of
large eccentric discharge,
it is prudent to assume
similar flow channelsin
aring silo aswell.

As arecommendation the
diameter of the flow
channel should be adapt-
ed to the width of the
annular gap. The pressure
pattern should be gained
according to asilo cell
with the diameter of the
outer wall and without
considering an inner cell.

Another possihility for

a multi-compartment
division is separating
acircular cell by radia
diaphragm walls. For
small diameters 3 cells
are possible, for large
diameters a minimum of
4 diaphragm walls should
be used. For an economic
design the following
recommendations should
be considered:

- The cross section of
asingle cell should be
ascloseto acircleas
possible

24
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- The diaphragm walls
cause restraint
moments at the inter-
section with the circu-
lar wall. Therefore the
circular wall should be
strengthened in this
area by increasing the
wall thickness with a
chord-like section. The
end of the diaphragm
wall should be
strengthened by trian-
gular fillets (haunches).

Combining the ring silo
concept with the radial
cell design, the annular
cell of aring silo can be
divided by diaphragm
walls into severd cellsas
well as the inner circular
cell. This can be done for
the inner and outer cell
simultaneously or for one
of these cellsonly. In
case diaphragm walls will
be provided inside and
outside simultaneously,
the pattern of the walls
should be adapted prefer-
ably in this way, that
inner and outer diaphragm
walls arein oneline.
This will reduce bending
moments and restraint
stresses in the walls and
allow a better installation
of rebars during the dlip-
forming process.

The construction of a
multi-compartment silo
with inverted cone can in
principle be done accord-
ing to asingle cell silo.
But there are some modi-
fications required due to
the more complicated
construction sequence:

- The outer wall and the
inverted cone of aring
silo can be performed
in the same way as for
asingle cell silo and
the inner ring wall can

Two examples of multi-compartment silo designs
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Many Thousands
of IBAU Silos
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Multi-compartment silos evolved from single cell and ring silo references dated Jan. 2008
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be added by a separate
slipforming process.
The main advantage is
the protection of the
work inside from envi-
ronmental influences,
but a disadvantage is
thelifting of al build-
ing materials over the
top of the outer wall,
which has been fin-
ished before.

Therefore preferably
the outer wall is con-
structed up to the top
of the cone. Then

the cone is made as
described for the single
cell silo. Following this
the base ring of the
inner wall at the inter-
section with the cone
can be constructed.
Now slipforming of the
inner wall can follow.
If there are enough
skilled workers and
enough crane capacity,
inner and outer wall can
be built simultaneously.

Summary

With regard to the silo body there is world-
wide no silo system which is more economi-
cal than the IBAU HAMBURG central cone
silo. A proof for that are more than 7,000 silos
with diameters ranging from 10 to 30 m.

In case of asilo with
diaphragm walls, which
are connected to the
outer circular silo wall
the following adaptation
isrequired:

- The part of the
diaphragm wall, which
is connected to the
cone, cannot be built
with a slipform, but
must be constructed as
cast-in situ concrete.
Thismeans, in afirst
step the outer wall
must be approximately
built up to the top of
the cone. The shape of
the wall in plan above
the ring beam must be

adapted to the final
shape of the wall
including thickening at
the intersections with
the diaphragm walls.

Starting from the ring
beam up to the top of
the cone horizontal
starter bars with cou-
plers for the diaphragm
walls have to be pro-
vided.

The construction of the
inverted coneis
according to the cone
of the single cell silo,
but as an additional
measure starter bars for
the diaphragm walls

IBAU HAMBURG
recommends as civil engineers for IBAU SILOS:
www.PuL.ingenieure.de

For more than thirty years Peter und Lochner are taking part
in development and improvement of the | BAU Central Cone Silo.

We are one of the international |eading engineering companies
for planning and design of large
reinforced concrete and post-tensioned storage and blending silos.

Silos for cement, clinker, raw medl, ...
Various structures for kiln lines, ...

Our secret is ... EXPERIENCE

Peter und Lochner
Beratende Ingenieure

fur Bauwesen GmbH
Consulting Civil Engineers

HauRmannstr. 78, D-70188 Stuttgart
Phone +49 711 / 92377-0

Telefax +49 711 / 92377-28

e-mail S@PuL .ingenieure.de

have to be provided.
Depending on the divi-
sion of cone segments
and diaphragm walls
these starter bars are
placed in the segments
or in the meridian
jointsin between the
segments. After
finishing the cone the
lower part of the
diaphragm walls has to
be added as a cast-in
situ member.

Now the outer wall,
diaphragm walls and
cone are ending at the
same level with the
vertical starter bars for
the section above
protruding from the
construction joint.

- Following this the dlip-
form for the digphragm
walls has to be con-
nected to the dipform
of the outer wall and
the complete multi-
compartment section
can be performed
simultaneously.

Although the information
is intended to be up-to
date at the time of print-
ing, IBAU HAMBURG
does not warrant the
compl eteness and/or
correctness of the content
and is not responsible

for any changesin the
guidelines or to give note
on such changes.

Accordingly, this
brochure is not intended
as areplacement of
local guidelines or the
replacement of the
expertise of the design
company and so

IBAU HAMBURG cannot
be held responsible for
any claims from using
these documents.
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