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Abstract. The present work investigates the reinforcement of concrete wheat-grain silos under initial damage.
The reinforcement is achieved by mounting bands of carbon fiber reinforced polymer (CFRP) on the external
walls of the silo. 4 modes of reinforcement are adapted according to the width of the band, the gap between two
bands, the height of reinforcement and the number of layers achieved through banding. Analytical analyses were
conducted using the Reimbert method and the Eurocode 1 Part 4 method, as well as numerically through the
finite element software Abaqus. Results show that the normal pressure reaches a peak value when approaching
the silo hopper. Initial damage in a concrete silo was first determined using a 3D geometrical model, while the
damage analyses were conducted to optimize the CFRP reinforcement by mounting 2 CFRP bands close
together above and below the cylinder—hopper joint. Increasing the number of banding layers could produce
better performance as the damage was slightly decreased from 0.161 to 0.152 for 1 and 4 layers respectively.
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1 Introduction

Reinforced concrete silos (CSs), which are commonly used
for the storage of granular or powdery materials (e.g.
cereals and cement), are structures subjected to tempera-
ture variations and stresses when being filled and emptied.
These actions usually generate global or localized vertical
cracks in the structure walls, which leads to a shorter
lifetime [1,2]. The cracks are usually observed to one-third
the height of the silo [3]. This phenomenon has appeared on
wheat silos build in the 1960s and in the 1980s [3,4]. Crack
reparation is commonly achieved through the usual
techniques such as grout or concrete injection. However,
these techniques are not efficient at stopping the propaga-
tion of cracks [5]; therefore, there is a great need to find new
and reliable solutions.

Reinforcement of the structure through external wall
bonding using carbon fiber reinforced polymers (CFRPs) is
anew technique that is currently well adopted. Meanwhile,
most of research in the literature regards the reinforcement
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of cracked beams using CFRP, but CFRP reinforced silos
still require additional investigations. Most of these
investigations studied the behavior of various parameters
on silos, such as the effect of boundary conditions [6,7], the
effect of grain-flow regimes [8] and the material properties
[9,10]. Also, the interactions between the structure of a silo
and its stored material is of great interest [11-13].
Pressure prediction has been carried out through
theoretical and experimental investigations on silo walls
under static and dynamic loading, where adequate
solutions were found. Elghazouli and Rotter [14] have
shown that inadequate control of cracks causes rapid
deterioration of strength and may often lead to the
premature failure of the structure. Even the construction
method has a significant influence on the structural
behaviour and may substantially increase the vulnerability
of a structure. Nateghi and Yakhchalian [15] have studied
the effect of the granular material-structure interaction for
reinforced CS during seismic behaviour. They reported
that when the effective mass of granular material is equal to
80% of the total granular material mass, then more severe
tension damage occurs in silo walls. Ezz El-Arab [16]
observed the flow pattern and wall pressures during the
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Fig. 1. Concrete silo (CS) and modes of CFRP reinforcement in silos.

Table 1. Geometrical characteristics in CFRP concrete silos.

Total  Cylinder Cylinder Hopper Hopper Wall CFRP total CFRP hopper SLJcrrp MLJcprp
height height, radius, height, hatch thickness, height, height,

(m) HC (m) RC (m) HH (m) radius, Tw (m) HCFRP HHCFRP

30 27 3 3 0.8 0.18 (1/3) H 3.3 2x0.3 2x0.3

filling and emptying of cylindrical reinforced CS under
three seismic excitations. Numerical and experimental
static and dynamic analyses showed that the results were in
good agreement.

Investigations of CS repaired after crack degradation
are very limited. Yonggang et al. [3] used numerical
simulations to analyse the performance of silos after
strengthening their structures with CFRP laminates, but
they did not include the wall-stored material in their
analysis. The behaviour of concrete is considered to be
elastic. There have been 63% decrease in the first principal
stresses, while the values of the third principal stresses were
not significantly lower. This suggests that the use of CFRP
can restrain the advent and expansion of cracks. The work
reported by Louetri et al. [17] enhances the interest of using
CFRP in silos. They have presented a numerical analysis of
the reinforcement of steel slender silos having concentric
hopper with CFRP. In their simulations, the influence of
different reinforcement layers and the placement of
reinforcement have been analyzed to show that up to
50% reduction of stresses were obtained in the silo with five
layers compared to a silo with non-reinforced wall. They
suggested that the reinforcement with CFRP could be of
interest for silos having suffered from damage and alterations
that induced a reduction in the thickness of their walls.

The present work is an investigation on the reinforcement
of a concrete wheat-grain silo under an initial damage. The
CFRP bands were used to ensure the concrete wheat-grain
silo. The analytical method based on the Reimbert theory
and the Eurocode 1 Part 4 method, as well as FEM using
software Abaqus 6.14 [18], are all adapted for pressure and
stress analyses. A methodology using 3D numerical analysis
has been adopted to assess CFRP reinforced CS, which was
performed to optimize the CFRP reinforcement according to
plans for the numerical simulation. This simulation has been

developed as a function of the width of the band, the gap
between two bands, the height of the reinforcement and the
number of banding layers.

2 Adopted methodology

The methodology for assessing the behaviour of a CFRP
reinforced CS, which has conventional dimensions, follows
the geometrical models illustrated in Figure 1.

The corresponding geometrical characteristics are
given in Table 1.

This investigation is characterised by 4 modes for
CFRP reinforcement of a CS. Each mode is generated from
the results of the preceding mode results to obtain a
continuous chronological order for the CFRP reinforce-
ment analyses. The CFRP bands start at the cylinder—
hopper joint by mounting 2 bands of CFRP above and
below the joint. In fact, the 2 bands meet at the cylinder—
hopper joint with no gap forming one band layer. This
mode is attributed to a single layer joint (SLJ) of 2 bands of
0.3 m width. As more layers are added on the single band,
then the new reinforcement will consist of 2 bands mounted
above and below the joint but each band is formed with
more than one layer of CFRP. Therefore, the latter is
attributed to multi-layer joint (MLJ). Before assigning the
modes, analyses of the pressure and damage to the
unreinforced CS were conducted.

For the CS without reinforcements, in this case,
analytical Reimbert and Eurocode methods were first
carried out to determine the normal pressure on the silo
wall and the vertical pressures. Then numerical simu-
lations using the Abaqus software were conducted to
compare the pressures to analytical results and to detect
the initial damage caused during the first grain loading.
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Table 2. Mechanical and physical properties for concrete and reinforcement materials.

Properties of concrete and the reinforcement material Concrete FeE40 steel CFRP
Young’s modulus (MPa) 20800 200000 46 000
Poisson’s ratio 0.175 0.3 0.27
Density (kg/m®) 2500 7850 1750
Tensile strength (MPa) 620

Compressive strength (MPa) 25

Table 3. Mechanical properties of wheat grains.

Properties Designation Mean values
Angle of dilation (°) ) 17.6
Internal friction angle (°) 1) 25

Poisson ratio v 0.33
Grain-wall friction coefficient 7 0.44
Young’s modulus (MPa) E 5.129
Density (kg/m?) A 840

Mode 1: In the MBCFRP mode, multi-band CFRP silos
were reinforced to over 1/3 the total height represented by
Hcprp, which equals 10m. It should be stated that the
geometrical model for the numerical simulations contained
the first apparent initial damage. Commercial CFRP bands
with a 30 cm width were used. In this mode, the aim was to
optimize the number of mounted CFRP bands. This
depends on the gap between bands. So, gaps of 40 cm,
30cm, 20cm and 10 cm were progressively adopted until
the best results were obtained.

Mode 2: In the HMBCFRP mode, multi-band, CFRP
reinforcement of the hopper wall was performed, while the
optimized results from Mode 1 were used to optimize the
banding height.

Mode 3: In the SLJcprp mode, CFRP reinforcement of
a SLJ joint in the cylindrical-hopper joint zone was
performed to reduce the number of CFRP bands.

Mode 4: In the MLJcprp mode, CFRP reinforcement of
MLJs in the cylindrical-hopper joint zone was performed
to improve the performance of the CFRP bands.

3 Materials and properties

The properties of the materials in a CS and those used for
reinforcement are presented in Table 2. The model for
concrete damaged plasticity (CDP) describes the mechan-
ical behaviour of concrete [18]. The properties of steel,
which is also used to reinforce concrete, were obtained
through experimental tensile tests performed on specimens
prepared from FeE40 steel bars. The steel behaviour is
elasto-plastic with isotropic hardening.

External reinforcement is provided by carbon fiber-
based, unidirectional fabric that is coated with bi-
component epoxy resin suitable for the weaving
processing. The carbon fibers were selected because

of their appreciable properties in civil engineering
applications, such as those requiring a high stiffness,
high tensile strength, low weight, high chemical
resistance, high temperature tolerance and a low
thermal expansion of its mechanical characteristics
(e.g. the modulus of elasticity and the tensile strength).
The CFRP strips had linear elastic behavior. The
characteristics of the cast material/resin were mea-
sured in traction [19].

The main properties of wheat, in a dry state, are
summarized in Table 3. They were determined in the work
of Moya [20-22] and used in the studies of Vidal [7] and
those of Abdel-Rahim [23].

4 Pressure analysis
4.1 Reimbert and Eurocode pressure analyses

Fundamental theories and methods for the calculation of
pressure on silo walls use the notion of mobilized friction
forces on the wall. The first theory was attributed to
Janssen, which is based on the principle of the limit state of
plastic equilibrium described by the Mohr Coulomb
criterion [24,25]. Among the latter developed theories,
the Reimbert method [26] is commonly used and adopted,
which is also true of the present work, particularly for deep
silos when calculating the filling process. In deep-depth
silos, the lateral pressure reaches its maximum value
because the weight of a horizontal layer of the ensiled
material is equilibrated by the friction of the wall, where
the pressure is the same above and below, and tends
towards the same asymptotic limit.

In addition to the Reimbert method, the Eurocode 1
Part 4 method has also been used to calculate the normal
and vertical pressures exerted on silo walls. The Euro code
proposes the Janssen theory for these slender silos, and the
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Table 4. The Reimbert and Eurocode 1-Part 4 engineering models.

Pressure

Normal wall pressure

Vertical pressure

Reimbert (1)

Methods Eurocode (2)

Pn, = Pmax |:1 - (%"" 1)_2:|
Pn = ﬁ—f}Cz(Z)

P=alz(5+1)" +4]

Py = KZ;‘U Cz(z)

Table 5. Description for the reinforcement of concrete.

Reinforcement Cylindrical wall Hopper Distance between bars (cm)
Meridional 2 layers 0 10 2 layers ¢ 10 20
Circumferential 2 layers 0 14 2 layers 0 16 15

Reimbert theory for squat silos. Table 4 summarizes the
engineering models for these two analytical methods
[1,27,28].

With:

A
- KsuU

Zy

Cx(Z) =1 - () (@)

4.2 Numerical pressure analysis

In the last two decades, finite element methods based on
the Abaqus software have been used in the analyses of silo
structures [6,7,15,29]. The geometry and various materials
(e.g. concrete, steel and CFRP) are contained within the
silo structure. In addition to their interactions and the
behavioural problems arising from exerted pressures and
flows, the development of the present numerical approach
was achieved in three dimensions using the finite element
method available in Abaqus version 6.14. Real three-
dimensional geometrical modelling of silos made on
concrete was carried out to conduct a non-linear analysis
of silo walls using the elasto-plastic behaviour of the
materials. Incremental compulsory displacement calcula-
tion is adopted and details of the numerical models are
developed in the following sections.

4.2.1 Geometrical model

The geometrical model for the silo consists of two parts: a
cylindrical shaped part and a centred hopper-shaped part
(Fig. 1). The geometrical characteristics of the silo are
given in Table 1.

4.2.2 Structure model

A thickness-to-diameter ratio of 0.03 (<1/15) suggests that
the structure of the silo can be considered as a thin shell;
therefore, the effect of transverse shear deformation was
neglected. The cylindrical part and the hopper of the silo
wall were modelled with S4R elements, where each element

is a 4-node, quadrilateral, shell element with reduced
integration, containing five section Gaussian integration
points. Circumferential and meridional modelling of the
rebar in silos was defined as layers for the uniaxial
reinforcement of the shell elements. The concrete has been
reinforced in the cylindrical part and in the hopper with
steel bars of respectively 14 mm and 16 mm diameter with
their relative distance between bars. Details for steel
reinforcement of the silo are given in Table 5. The CFPR
material was modelled as S4R shell elements.

4.2.3 Modeling of the granular material

The wheat was modeled using three-dimensional elements,
continuum three-dimensional eight nodes, reduced inte-
gration (C3D8R). The wheat behavior was considered
elasto-plastic law, which enabled use of the Drucker-Prager
criterion for the plastic part; this criterion was used for the
calculation of silos in several works [6,7,13,16,24]. This
model is based on the yield surface (Eq. (5)).

F=ali++J2=k (5)

where o and k are constants that depend on the internal
friction angle and on the cohesion of the stored material
respectively, I; is the first invariant of the stress tensor and
Jy is the second deviatoric invariant.

A parametric study was carried out as a function of the
internal friction angle of the wheat, the coefficient of
friction and the Poisson’s coefficient to examine the
convergence of this model using the values given in Table 3.

4.2.4 Description of the CDP model behaviour

The validity of the CDP model for the prediction of damage
is described in references [30,31]. Basak and Paul [32]
reported the effectiveness of the model for modelling
reinforced concrete shells subjected to internal pressures.
The model assumes that the two main failure mechanisms
are tensile cracking and the compressive crushing of the
concrete material. It consists of a combination of non-
associated multi-hardening plasticity with scalar (isotro-
pic) damaged elasticity to describe the irreversible damage
that occurs during the fracturing process.
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Table 6. Design of the numerical simulations used to analyze the CFRP reinforced concrete silo.

No. Mode of Hcprp Hucrrp Hspy  Hurg (m) CFRP band Gap between Number of Number of Task
reinforcement (m)  (m) (m) width (m) bands (m) band layers bands
1 Concrete silo - - - - - - - - Pressure/ damage”
without CFRP
2 - - - 0.4 15
3 _ _ _ 0.3 17 Optimizing the
4 Mode 1 0-10 B B 0.3 0.2 1 21 CFRP reinforcement
5 - - - 0.1 26 gap
6 Mode 2 - 0-3.3 — - 0.3 0.2 1 7 Optimizing the
CFRP reinforcement
height
7 Mode 3 - - 2.7-3.3 - 2x0.3 0 1 2 Optimizing the
number of CFRP
bands
8 Mode 4 - - - 2733 2x0.3 0 2-5 4-10 Improving the

performance of
CFRP reinforcement

- Damage in modes 1-4 was analyzed according to the first damage obtained during the filling of silos without CFRP with wheat grains.

The main characteristics of the model are presented
below:

Strain rate decomposition
The strain rate is given by equation (6),

! !
g =" +¢7

(6)

where ¢ is the total strain rate, &' ¢l is the elastic strain rate
and ¢” is the plastic strain rate.

Stress—strain relations

The engineering stress—strain relationship is dependent on
the elastic damage scalar given by equation (7).

o=(1- d)DSl (e — spl) =D . (e — spl) (7)
where DSI is the initial material elastic stiffness,
D" = (1—d)D is the elastic stiffness of the damaged
material and d is the scalar damage variable for the
stiffness; the damage variables can take values from zero,
which represents the undamaged material, to one for fully
damaged material.

Reinforced concrete codes neglect the tensioned con-
crete, while the tensioned concrete between the cracks
contributes substantially to the rigidity. This is the result of
“tension stiffening” in the CDP model. Degradation of the
elastic stiffness is characterized by two damage variables dt
and dcwhich are assumed to be functions of the plastic strain
and are plotted respectively as a function of the cracking
strain and the inelastic strain. Details regarding dtand dcare
fully developed in the literature [18].

4.2.5 Loading, interface and mesh

The applied loads consist of a gravity load and a vertical
friction load under static conditions. Coulomb’s friction
model is used to describe the interaction between the silo
wall and the solid wheat bulk. Since the cohesion sliding
resistance between both materials c is assumed to be zero,
the wall friction coefficient (u = 0.44) was the only required
parameter. Hence, equivalent shear stress, 7, which is given
in equation (8), is linearly dependent on the wall normal
pressure, P.

t=upuP+c (8)

To simulate the contact of the stored material with the
wall, a surface-to-surface contact model was used with the
penalty method algorithm.

One of the main issues in modelling the CFRP
reinforcement of a CS is to solve the nature of contact
between the concrete wall surface and the CFRP bands.
This is achieved by using the constraint parameter in the
Abaqus software [33], which considers that the wall-CFRP
contact is perfectly adherent.

The filling process was modelled according to the
procedure described by the method for increasing the
gravity load [6,24,34].

A sensitivity analysis of the mesh was carried out using
an increasing number of elements. The final total number of
chosen elements was 13 531, which provides a good relative
convergence accuracy for the pressure values.
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Fig. 2. Analytical and numerically normal pressure in the
concrete silo.

4.2.6 Design of the numerical simulations

The design of the numerical simulations was determined
from the beginning of the investigation to ensure that, when a
simulation is carried out, the next one should produce
complementary information that will help to optimize the
CFRP reinforced CS. Therefore, the design of the numerical
simulations is presented chronologically in Table 6.

5 Results and discussion

5.1 Pressure analyses for the CFRP reinforced CS
5.1.1 Pressure predictions for CS

Results of the evolution of the normal pressure on the silo
wall, which was determined with both analytical and
numerical methods, are plotted as a curve of silo height as
a function of the applied normal pressure to the wall (Fig. 2).
The height-pressure curves obtained with the 3 engineering
models followed the same asymptotic trend, while the
pressure values were almost equal in the cylindrical part of
the silo and reached 33 kPa. When approaching the hopper,
the normal pressure increased drastically until it reached a
peak value. Meanwhile, the results revealed that the three
applied methods do not give the same peak value. They also
did not agree around the zone where this peak value
occurred. In fact, the Reimbert method suggested that a peak
value of 89.5kPa is observed at the cylinder—hopper joint,
whereas the Eurocode method reveals a higher pressure with
a peak value of 106.2kPa 2.15m below the cylinder-hopper
joint. Meanwhile, the FEM method shows a pressure peak
value of 98.8kPa at almost 4 m above the cylinder—hopper
joint. With regards to pressure, it is interesting to consider
the results reported in steel silos by Louetri et al. [17]. In fact,
near the cylinder—hopper joint results are in good agreement
with those obtained in the present work suggesting that the
normal pressure increases drastically. Meanwhile the present
work is focused on the reinforcement of damaged CS rather
than studying the elastic behavior of CFRP reinforced steel

354

30 9 —o— Pv (FEM calcul)

—— Pv (EC methode)

25

——Pn (EC methode)

20 A

Pn ( FEM calcul)

15 A

Height (m)

10 Pn=98.8kPa

H=3.97m

Pn=106.kPa
H=2.15m

0 20 40 60 80 100 120
(kPa)

Fig. 3. Evolution of normal and vertical pressures in the CS.

Silo wall pressure

silo.As expected [12,35,36], the additional pressure caused by
the dense quantity of stored material enhanced the
phenomenon by creating a peak at the top of the hopper
and then decreased as the section of the hopper decreased.
This is observed through the behaviour of the vertical
pressures, which followed the same asymptotic trend as the
normal wall pressures; however, their values were 2 times
higher in the cylindrical part when approaching the hopper.

Figure 3 shows comparative plots of the normal and
vertical pressures in the CS. Meanwhile, the vertical
pressure calculated with the three methods was in good
agreement for the cylindrical part of the silo. For the
hopper, the results of Reimbert method were higher and
were found not to be representative upon comparing them
to Eurocode and the numerical methods.

It is very difficult to say where the peak pressure
occurred with the analytical method, whereas the Abaqus
FEM method produced pictures to show what could really
happen at the cylinder—hopper junction. Figure 4 gives a
better picture of the behaviour of the pressure at the
cylinder—hopper joint. This is in good agreement with
events reported in literature reviews [6,7,29).

5.1.2 Effect of CFRP reinforcement

Investigation of the effect of CFRP reinforcement on silo
walls was conducted during the operation of grain filling
and when the filling was completed. Figure 5 shows the
effect of CFRP reinforcement on the silo walls. The
distribution of the normal pressure in the silo reinforced
with CFRP followed a similar asymptotic trend as that
obtained for a CS. Their pressure values were almost
similar to the cylindrical part of the silo. At the cylinder—
hopper joint, CFRP reinforcement caused a decrease in the
peak pressure, where a significant drop of 26% was
obtained. This effect led to exploratory analyses on the
eventual damage in the cylinder—hopper joint of the silo.
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Fig. 4. FEM distribution of the normal pressure in silos.

5.2 Damage analyses in the CFRP reinforced CS
5.2.1 Initial damage prediction

CFRP is employed to reinforce damaged CSs. Therefore,
the first damage analysis consists of observing the behavior
of the CS without reinforcement since the first grain filling.
Then, numerical simulations were conducted in a CFRP
reinforced CS. The FEM method offers possibilities, such
as locating the elements of the structure that are
susceptible to cracking under the maximum pressures
and inquiring about the status of the damage. For damage,
the zone most sensitive to cracking appears to be beneath
the cylinder—hopper joint. For the CS and the CFRP
reinforced silo, Figure 6 shows the localization of initial
damage at the top of the hopper, which is located just below
the cylinder—hopper joint.

The initial damage can be determined when the grain
filling operation is conducted by plotting the evolution of
the damage as a function of the ratio of the grain filling
volume to the total volume of the silo. It should be stated
that the bulk storage of grain is achieved progressively
by increasing the gravity loads method in 5 steps.
Figure 7 shows the evolution of damage in the CS and in
the CFRP reinforced CS until the silo was completely
filled.

The initiation of damage in the CS was observed from
a ratio of grain filling volume to the total volume, which
had a value of 0.35. A small damage value of about 0.005
was detected and then, when the silo was full, it increased
significantly following an exponential trend until it
reached a value of 0.152. In the CFRP reinforced CS,
damage evolution followed a linear trend with a very

35 -
30 4 . . .
- = = Silo reinforcef with CFRP
25 4 —o— silo without CFRP
E 20 A
1)
Q -
2 15
10 -
5 4
T T T D=~
0 - — . .
0 20 40 60 80 100

Normal wall pressure(kPa)

Fig. 5. Effect of CFRP reinforcement on the horizontal pressure
in the CS.

small slope that started at a grain filling volume to total
volume ratio of 0.62, where a damage value of 0.006 was
observed, and ended at a value of 0.047 when the silo was
completely full. Hence, CFRP reinforcement reduces the
initial damage in a CS by 3 at the end of the grain filling
process.

5.2.2 Effect of CFRP reinforcement on the CS with initial
damage

From the first operation of silo filling, a damage of 0.152
was generated and could grow as the silo was unloaded and
filled again. Therefore, it is interesting to reconsider the
numerical simulations for the CS, when initial damage
exists, to determine the evolution of damage as a function
of the normal pressure. Figure 8 illustrates a plot of damage
as a function of the normal pressure in both a concrete and
a CFRP reinforced silo with initial damage.

As the pressure increased as a function of height, the
initial damage was constant for an exerted pressure of up to
80 kPa. By the time the critical height of grain filling was
reached, the damage was found to have increased as a
function of the exerted pressure. At the end of the grain
filling process in the CS, damage jumped to 0.171 and 0.161
for the concrete and CFRP reinforced silos respectively,
which had respective pressures of 102.66kPa and
95.35 kPa. The maximum ratio for the damage in CS to
CFRP reinforced silos is 6%, which represents the
beneficial effect of CFRP reinforcement in CSs.

5.3 Optimization of CFRP bands

The number of CFRP bands depends on the height of the
silo to be reinforced, the width of the band, the gap between
the two bands and the number of layers in each CFRP
band. In the present work, a simulation plan was produced
according to the chronological and eventual events
resulting from one simulation to another.
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Fig. 6. Localization of damage at the cylinder-hopper joint: (a) in CS and (b) in a CFRP reinforced CS.
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Fig. 7. Prediction of damage initiation.

5.3.1 The effect of CFRP reinforcement gaps on silo
damage

Four modes for CFRP bands were proposed. In the
cylindrical part of the silo, the exerted pressure was almost
the same until the hopper part where the peak pressures
appeared. In Mode 1, the reinforced height was 10 m or 1/3
of the total silo height. Four gaps were adopted. The gap
was decreased from 0.4m by increments of 0.1 m, which
generated an increase in the number of CFRP bands as
shown in Table 5. As different peak pressure values were
obtained, they should be alternatively different damage
values (Fig. 9).

The investigation on the evolution of damage as a
function of the number of CFRP bands, which is expressed
by the gap between two bands, showed that, even when the
concrete was reinforced, the damage was higher as it
reached 0.205 for a gap of 0.4 m and decreased as the gap
decreased. However, at a gap of 0.1 m, it increased again.
However, at a gap of 0.1 m, it increased again. This suggests
that the reinforcement should be added with quite larger
gaps, otherwise for smaller gaps, there is too much
compressive pressure generated on the concrete leading
to worse behavior. Therefore, the reinforcement with
smaller gaps is no more interesting. For gaps of 0.3 m and

DAMAGET
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Fig. 8. Evolution of damage as a function of the normal pressure
in a CS with and without CFRP reinforcement.

0.2m the damage is almost respectively similar, 0.163 and
0.161. When considering the cost of reinforcement, then the
best configuration is the reinforcement with 0.3 m gap.

The next step is to determine how this number could be
reduced.

5.3.2 Effect of CFRP reinforcement gaps on stresses in silo

Stress analyses on optimized CFRP reinforced CSs consist
of observing the redistribution of circumferential and
meridional stresses in the cylindrical part and in the hopper
of a silo. Figures 10-13 show the circumferential and
meridional stresses in the cylindrical part and in the hopper
part.

Although there are both circumferential and meridional
stresses on the cylindrical part, it was noticed that the four
curves for the reinforcement with different gaps coincide
with the curve for a non-reinforced silo, except for a slight
decrease in the circumferential stress at the lowest level of
the evaluated wall at 2 kPa. This is explained by the weak
pressure over this part of the wall. However, at the level of
the hopper, there were important reductions in circumfer-
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Fig. 9. Evolution of damage as a function of the number of
CFRP bands.
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Fig. 10. Distribution of circumferential stresses in the cylind-
rical part.

ential and meridional stresses for a gap of 0.20m. This
reduction was about 31% and 32% for the circumferential
and meridional stresses respectively.

5.3.3 Optimization of the height CFRP reinforcement

From Sections 5.3.1 and 5.3.2, the best configuration was
for a height that was 1/3 of the total height and a gap of
0.2m. In the present section, the effect of the height is
studied by considering the height of the hopper with an
additional distance corresponding to the width of the
CFRP band mounted just above the cylinder—hopper joint
of 0.3m. This is attributed to Mode 2 for CFRP

4,5 1
: % silo without CFRP
41 9@ o mode 1 gap 0.4m
3.5 —a—mode 1 gap 0.3m
N —e—mode 1 gap 0.2m
s mode 1 gap 0.1m

A

Heigth (m)
o
o
Y
4
X

1,54
0.51 o > /Q X
.AIA/Q’{
0 a2 - —C- T 1
0 1000 2000 3000

Circumferential stress (kPa)

Fig. 11. Distribution of circumferential stresses in the hopper.
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—+—mode 1 gap 0.3m 30
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mode 1 gap 0.1m =
t20 g
=
20
r 15 ()
T
- 10
L5
‘ , . . 0
-2000 -1500 -1000 -500 0

Meridional stress (kPa)

Fig. 12. Distribution of meridional stress in the cylindrical part.

reinforcement, which is shown in Table 5, where numerical
simulations were conducted for a height of 3.3m. The
damage for Mode 2 was 0.1615, which was not very
different from the result obtained for Mode 1 (0.1617). This
shows that the reinforcement height could be reduced to
the hopper height.

5.3.4 Optimisation of CFRP bands in the hopper of a grain
silo

The results obtained in Section 5.3.3 suggest that the
number of CFRP bands could be reduced to 2 if Mode 3 is
applied. Therefore, the next simulations were performed
with 2 CFRP bands mounted on the upper side and beneath
the side of the cylinder—hopper joint. The results are given in
Table 7. Theseresultsshow that, as the same damage used for
Mode 2is applied, the reinforcement could use 2 CFRP bands
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Table 7. Optimization of CFRP bands for reinforcing concrete silos.

No. Mode of Hgpy Hyis CFRP band Gap between Number of = Number of Damage value
reinforcement  (m) (m) width (m) bands (m) band layers  bands mode
1 Mode 3 2.7-3.3 - 2x0.3 0 1 2 0.161
2 2 4 0.157
3 3 6 0.156
5 5 10 0.154

4,5 Initial damage was also investigated in the CS using a

3D geometrical model. The analyses were then conducted

7 with regard to the initial damage. The best solution was to

35 4 /W use a CFRP reinforcement by mounting 2 CFRP bands

that were 30cm apart above and below the cylinder—

1 hopper joint. Increasing the number of banding layers

silo without CFRP

,,,,, o--mode 1 gaps 0.4m

Height (m)

—4a—mode 1 gaps 0.3m

—e—mode 1 gaps 0.2m

mode 1gaps 0.1m

500 1000 1500

-500 0
Meridional stress (kPa)

-1000

Fig. 13. Distribution of meridional stress in the hopper part.

at the cylinder—hopper joint as presented in Mode 3 (Fig. 1).
There was no need to use multi-layer CFRP bands because
the results from Mode 4 revealed a slight decrease in the
damage, which was particularly true when 4 layers were
used. Hence, the best solution was to adopt Mode 4, which is
economically very interesting as only 2 bands were used and
resulted in less damage. Better performance could have been
obtained with 4 band layers, but the decision should result
from a common agreement among the silo managers.

6 Conclusions

The present work proposed FEM investigations on a CFRP
reinforced wheat-grain CS under initial damage. CFRP
reinforcement was used in a simulation plan based on width
of the bands, the gap between two bands, the height of the
reinforcement and the number of banding layers. The
investigation was carried out using analytical and
numerical engineering methods.

The Reimbert and the Eurocode 1 Part 4 methods were
applied to the cylindrical part of the silo and agreed with
the normal pressure values obtained using FEM analyses.
The normal and vertical pressures increased with the filling
height. While approaching the hopper part of the silo, peak
normal pressures were obtained, but they differed in values
and in localization within the silo depending upon the
engineering methods used.

could produce better performance as the damage was
slightly decreased from 0.161 to 0.152 for 1 layer and 4
layers respectively. The use of CFRP as an alternative for
repairing silos increases the volume of granular material
that could be stored in a silo. This makes it possible to
decrease the silo stresses by 32% when the gap between
CFRP bands is of 0.3m.

The former solution is economically accessible; there-
fore, it can be used in real conditions for wheat-grain silo
reinforcement to validate the present results.

Nomenclature

Interior surface of right section of silo cell

c Cohesion sliding resistance

CDP Concrete damage plasticity

CFRP Carbon fiber reinforced polymer

CS Concrete silo

cz Janssen’s coefficient

d Scalar stiffness degradation variable
dc Uniaxial compression damage variable
dt Uniaxial tension damage variable

DY Initial (undamaged) elastic stiffness

Elastic stiffness

e Young’s modulus (MPa)
EC Eurocode
f Yield surface

FEM Finite element method

h Height of silage (m)

H Total height of silo (m)

He Cylinder part height (m)

Hcprp Height of reinforcement by CFRP (m)

Hy Hopper height (m)

Hycrrp CFRP hopper height

HMBCFRP Multi bands CFRP reinforcement of the
hopper

Hsy g Height single layer joint

Hyirg Height multi-layer joint

I First invariant of the stress tensor

Jo Second deviatoric invariant of the stress

tensor
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k Constant of the Drucker—Prager model

Ks Value of normal wall pressure/vertical
pressure

MBCFRP Multi bands CFRP

MLJcrrp Multi layers joint CFRP reinforcement of
the cylindrical-hopper joint

P, Normal wall pressure (horizontal pressure)
(kPa)

P, oox Maximal normal wall pressure (kPa)

P, Vertical pressure (kPa)

Rc Cylinder radius (m)

Rh Hopper hatch radius (m)

SLJcrrp Single layer joint CFRP reinforcement of the
cylindrical-hopper joint

Tw Wall thickness(m)

U Interior perimeter

Z Considered depth

Zy Parameter used to calculate the actions

o Constant of the Drucker—Prager model

A Density (kg/m?)

¢ Internal friction angle (°)

v Poisson ratio

n Coefficient of friction on grain-wall

v Angle of dilation (°)

7] Diameter of the reinforcing bars (mm)

T Equivalent shear stress (MPa)

¢ Total strain rate

e Elastic strain rate

e’ Plastic strain rate

o Stress
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