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Streszczenie. W artykule opisano awarig zelbetowego stropu si-
losu na $rutg rzepakowa. Omoéwiono przyczyny oraz zakres
uszkodzen. Na podstawie rozwiazan technologii BIM (ang. Bu-
ilding Information Modelling) przedstawiono gtéwne elementy
projektu przebudowy konstrukcji silosu obejmujace demontaz
uszkodzonej czgsci oraz wykonanie nowe;.
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elementow technologii BIM

Abstract. The article describes a case study of a failure of
reinforced concrete ceiling of a rapeseed meal silo. The causes
and extent of damage are discussed. On the basis of BIM
technology (Building Information Modelling) the main elements
of the project of reconstruction of silo's structure are presented,
including disassembly of the damaged part and making a new one.
Keywords: accident; silos; BIM; project.

he BIM (Building Information
Modelling) technology enables
the creation of complex, n-di-
mensional models described by
the parameters related to the planning,
design, construction, and use of building
objects [1]. This also applies to projects
that involve the reconstruction of indu-
strial objects that have suffered from fa-
ilures. Silos are significantly more prone
to failures than other industrial objects
[2]. This is strongly connected to the in-
fluence of the stored material on the
structure of the silo both during loading
and unloading [3]. The smooth flow of
loose material depends, among others, on
the occurrence of: the arch effect, over-
hangs and cavities in the storage cham-
ber and zones where the material is de-
posited permanently. The main condi-
tions that cause these phenomena inclu-
de: the properties of the stored material
(grain size distribution and moisture con-
tent), the period of storage, the geometric
properties of the chamber (slenderness,
the parameters of the discharge hopper
and outlet) and the equipment applied to
support the discharge. The paper presents
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a case study of a failure of the silo ceiling
and the application of the BIM technolo-
gy in designing its reconstruction (the ce-
iling and the gallery).

Description of the structure
The group of silos was constructed at
the beginning of the 1970s. It consists of
five monolithic, cylindrical chambers
built from reinforced concrete (Photo 1).
The 38 m high chambers with hopper
bottoms, of an external diameter of
9.2 m and 0.4 m thick walls are filled
with use of belt conveyors and designa-
ted for storing rapeseed meal. The cove-
ring of the chambers is a trough slab ce-
iling, supported on the bottom T flanges
of prefabricated reinforced concrete be-
ams of the cross-section of 45 x 60 cm

¢) crushing of concrete in a beam

Silo battery: a) general view with indication of chamber failure; b) ceiling damage;

(web width: 25 cm, flange thickness: 15 cm).
The slabs, of a span of 8.45 m, total
length 0£9.94 m, and spacing of 3.25 m,
are made from concrete of the compres-
sive strength of 200 ATM (= 20 MPa),
reinforced with rods 6 ¢ 18 (stretch zo-
ne) and 2 ¢ 14 (compression zone) of
a yield strength of 4000 ~ 4200 ATM
(405 + 425 MPa). The ceiling of the si-
lo is loaded with the redler conveyor
and the gallery. The structure of the gal-
lery consists of steel frames spaced
at 2.2 m in form of columns and chan-
nel-section beams. The columns are
connected to the beams with gussets.
The frames of the gallery, inside the
chamber, were braced in one of the fo-
ur fields and decoupled. The columns
of the gallery are supported by the pre-

Bateria silosow: a) widok ogdlny z zaznaczeniem awarii komory, b) uszkodzenia stropu;

¢) zmiazdzenie betonu w belce
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viously described reinforced concrete
beams. The single-pitched roof made
from trapezoidal sheet metal is suppor-
ted on beams spaced at 1.1. m. The
shielding walls are also made from tra-
pezoidal sheet metal. Four ventilation
stacks were installed in the ceiling. The
technological equipment is supported
by two steel I-beams, connected by flat
bars welded to the top chords.

Description and causes
of the failure

During the use of one of the chambers
of the silo, a failure of the ceiling struc-
ture occurred (Photo 1). The failure in-
volved a crack in the ceiling slab (Pho-
to 1b) and crushing the compression zo-
ne of concrete in the span of the beam
(Photos 1b and 1c). As a result of signi-
ficant deformation, the connection be-
tween the column of the gallery and the
beam was lost. Due to safety reasons, no
visual inspection of the beams was con-
ducted on the inside of the chamber, so
the extent of damages in the stretch zo-
ne of the beams remained unknown.

The direct cause of the failure was the
spontaneous collapse of the arch of rape-
seed meal, which caused a negative pres-
sure with a vertical force directed to-
wards the bottom of the chamber (in spi-
te of the existing ventilation stacks). As
aresult of the emerging load, the bearing
capacity of the ceiling was exceeded.
The arch effect in silos may take the
form of either overhang or arches that
cause significant negative pressure at the
moment of spontaneous or induced de-
tachment [4, 5]. This is caused by the
fact that, after the collapse of the arch,
the volume of air in the space under the
ceiling of the chamber increases to the
end value that equals approximately the
total volume of the air above and below
the arch prior to the collapse. After so-
me time, the emerging negative pressu-
re equalizes with the atmospheric pres-
sure, provided that the ventilation equip-
ment has been designed and functions
correctly. The negative pressure in the
part of the silo located under the ceiling
is the higher, the more the silo is filled
and the higher the arch was located abo-
ve the discharge hopper. A common cau-
se of the emergence of arches is the ca-
king of the loose material as a result of

humidity. Even materials with low moistu-
re content may demonstrate arching beha-
viour, if the material is stored motionless
for a sufficiently long time. The time of
storage after which the arching processes
begin is the shorter, the higher the moistu-
re content in the material. Another factor
that influences the rate of the arching be-
haviour is the consolidation pressure of the
stored material. The level of this pressure
also influences the degree of cohesion and
the internal friction angle [4].

The application of BIM solutions
in the reconstruction project

The conducted visual inspection reve-
aled a large scale and extent of damages
to the ceiling. Repairing and reinforcing

the damaged parts of the structure raised
justified doubts in the technical and eco-
nomic aspect. Hence, it was decided to
prepare a design of reconstruction of the
ceiling and the gallery. At the first stage,
the plan of disassembly of the gallery and
the ceiling was developed, followed by
the second stage, which was the recon-
struction design. The designs were cre-
ated with the use of BIM solutions that
consist in creating 3D models in the Au-
todesk Revit software. In BIM-supported
design, each object is assigned multiple
parameters, including material characte-
ristics, geometric properties, and para-
meters related to the schedule of con-
struction and realisation of the design [1].
Assigning the appropriate scheduling pa-

Fig. 1. Gallery and silo ceiling disassembly steps (fill indicates item being disassembled):
a) windows; b) trapezoidal sheeting; c¢) purlins and rafters; d) section 1 (4 columns,
2 rafters, 4 purlins and 6 wall rafters); e) section 2 (4 columns, 2 rafters, 4 purlins, 6 wall
rafters, slope bracing and inter-pillar bracing); f) section 3 (2 columns, 1 rafter);
g) ventilation equipment, equipment support beams, redler; h) redler substructure;

i-j) chamber floor; k) floor beams

Rys. 1. Etapy demontazu galerii i stropu silosu (wypetnienie oznacza demontowany element):
a) okna; b) blacha trapezowa, c) ptatwie i rygle; d) sekcja 1 (4 stupy, 2 rygle, 4 platwie i 6 ry-
gli Sciennych); e) sekcja 2 (4 stupy, 2 rvgle, 4 platwie, 6 rygli Sciennych, stezenie polaciowe
oraz miedzystupowe); f) sekcja 3 (2 stupy, 1 rygiel); g) urzqdzenia odpowietrzajqce, belki pod-
trzymujqce urzqdzenia, redler; h) podkonstrukcja redlera, i-j) strop komory; k) belki stropowe
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rameters in the analysed model enabled
us to present the course of actions during
demolition works (Figure 1) and during
the reconstruction process (Figure 2).
The 3D model was also the basis for es-
timating the weight of specific elements
to select the suitable transport equipment.

The newly designed structure of the
gallery is built of frames that consist of
roof rafters and columns (spaced at 2.44

m). In the plane of the arrangement, a
rigid connection was installed between
the rafters and the columns and
articulated connections between the
bases of the columns. The frames were
braced in the longitudinal direction with
transverse bracing and inter-column
bracing. Roof beams (of a span of 3.25 m)
and columns made of CE180 and CE140
S235 steel sections in internal and

Fig. 2. Stages of execution of the designed structure: a) state after disassembly of the
ceiling; b) sockets of ceiling beams; c) epoxy-mineral mortar under steel beams; d) steel
ceiling beams; e) rim on silo jacket; f) grate in the gallery area; g) ribbed sheeting in the
gallery area; h) trapezoidal sheeting of the ceiling in the area outside the gallery; i) redler
with subconstruction; j-1) structure of the gallery —section 1+4; m) monolithic slab on the
trapezoidal sheet; n) housing of the gallery and installation of venting devices on the silo
ceiling; o) finishing layers of the silo ceiling

Rys. 2. Etapy wykonania projektowanej konstrukcji: a) stan po demontazu stropu,
b) gniazda belek stropowych; c) zaprawa epoksydowo-mineralna pod belki stalowe,
d) stalowe belki stropowe; e) wieniec na plaszczu silosu; f) ruszt w obszarze galerii;
g) blacha zeberkowa w obszarze galerii; h) blacha trapezowa stropu w obszarze poza galeriq,
i) redler wraz z podkonstrukcjq; j-1) konstrukcja galerii — sekcja 1+4,; m) plyta monolityczna
na blasze trapezowej; n) obudowa galerii oraz instalacja urzqdzen odpowietrzajqcych na
stropie silosu; o) warstwy wykornczeniowe stropu silosu
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external frames, respectively, were
designed (height of the lower column —
2.43 m; and of the higher — 3.00 m). To
support the gallery wall and window
casing, C65 section wall transoms, with
a span equal to the main frame spacing
(2.44 m) and a spacing of 1.30 m, were
used. The designed roof cladding was
made from 1.00 mm thick, three-span
T55 trapezoidal sheet metal laid in
negative. It was supported by single-
span purlins of C65 sections of a span
equal to the main frame spacing (2.44 m)
and a spacing of 1.10 m.

The ceiling structure in the gallery
area was designed from steel beams
consisting of two [-beams of IPE360 of
S235 steel, with a length of 9.8 m and a
span at the support axes of 8.4 m. A grid
of IPE 180 beams (span 3.25 m, spacing
2.44 m) and IPE 80 beams (span 2.44 m,
spacing 0.6 m) was designed on the
beams.The external layer of the roof is
constructed from 6 mm thick ribbed sheet
S235 steel, composed of 1.22 x 3.00 m
sheets in a five-span arrangement.

Outside the gallery area, the roof struc-
ture was designed in form of a double-
-span slab of 1 mm thick trapezoidal she-
et metal T55, laid in positive. Due to the
need to reinforce the trapezoidal sheet
metal at the planned ventilation stacks
(safety dampers); a 6.5 cm thick reinfor-
ced concrete slab (made on trapezoidal
sheet) was designed. The reinforced con-
crete slab made from C25/30 concrete is
reinforced with @16 rods in folds and
with a ®6 188/188 grid on the top. The in-
direct support of the trapezoidal sheet me-
tal was designed from IPE270 beams of
the span of 6.7 m at the support axes. Fi-
gure 2 presents the selected stages of con-
struction of the newly designed structure.

Static and strength calculations were
performed with the use of Autodesk Ro-
bot Structural Analysis Professional so-
ftware, with a separated spatial model of
the structure. Simultaneously with cre-
ating the geometric model in the Autodesk
Revit software, an analytical model was
created that was exported directly to the
Autodesk Robot Structural Analysis Pro-
fessional calculation software (Figure 3).

Conclusion
The direct cause of the silo failure was
the spontaneous collapse of an arch of
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Fig. 3. Calculation models for: a) gallery structure; b) silo floor structure
Rys. 3. Modele obliczeniowe w zakresie: a) konstrukcji galerii; b) konstrukcji stropu silosu

rapeseed meal, which resulted in signi-
ficant negative pressure. This, in turn,
led to an overload and, in consequence,
damaged the structural elements of the
ceiling of the chamber. The application
of BIM technology solutions in the re-
construction process enabled the presen-
tation of the stages of realisation of the
construction project, so that the docu-
mentation became transparent for all
participants of the construction process.
Apart from that, any interpretation er-
rors were eliminated. Thanks to the BIM
technology, the client was presented
with a spatial model of the object,
which, if necessary, allows analysing the
influence of various modifications on
the overall status of the project and the
costs. Exporting the 3D geometrical mo-
del to calculation software accelerates
the creation of the analytical model. As
aresult, the designing process is shorter,
and thus less expensive. The presented
design is an example of the application

of the BIM technology in the construc-
tion process to create a design of disas-
sembly and reconstruction of a structu-
re. The BIM process enables defining
and managing information both for new-
ly erected and reconstructed buildings.
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