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Abstract: This paper presents a literature compendium about the main studies on the structural
behavior, vulnerability, and risk of industrial silos, as one of the most important players of different
industrial processes. This study focuses on the main scientific works developed in the last decades,
highlighting the more notable issues on circular steel silos as the most widespread typology in
practice, such as the content–container complicated interaction, the structural and seismic response,
and the several uncertainties in the design and assessment processes. Specifically, this paper proposes
a near-full state-of-the-art on (i) the behavior of silos under different kinds of loads, ordinary and
extreme, (ii) the effects of imperfections and the interacting structures (e.g., ring beams, supporting
structures), (iii) the stored material properties, the relevant uncertainties and the impact on the silo
behavior, (iv) the possible failure modes given by the focused structural configuration and the stored
materials, and (v) assessment and risk mitigation strategies. Throughout the text, some considerations
are provided in order to summarize the more recent research trends about steel silos and to highlight
the still open issues on the risk and vulnerability reduction of these kinds of structures.

Keywords: industrial silos; shell structures; failure modes; silos vulnerability; risk assessment

1. Introduction

Storage silos are widely used in several engineering services and applications, whether
in construction work, industry, agriculture, or even aerospace sector. The main task of
these kinds of structures is the possibility to store a huge range of different materials
such as liquids and solids, that are useful for the industrial processes, treatments, and
productions. It has to be noted that silos are essential parts of different industries that
consist of structures usually subjected to numerous accidents, which cause severe losses
and injuries to occupants and damages on the surrounding environment. In general, past
hazardous events like earthquakes have shown critical facilities subjected to large damages
and catastrophic consequences. On top of that, it shows the design methods for new
industrial structures have non-negligible uncertainties, especially for extreme events. This
document will also highlight some aspects on the entire structural stock constituting plants
where silos are present. As a matter of fact, silos could be defined as huge vessels used as
storage for massive quantities of granular bulk solids with capacities that vary from tons
up to thousands of tons [1]. Nowadays, silos can be constructed using typical construction
materials (e.g., reinforced concrete, RC, and steel) and they can be indicated as silos, bins,
bunkers, or hoppers. Historically, the first examples of silos date back to a hundred years
ago where they were built using field stones. The main purpose of silos was storage for food
and grain, as shown in Figure 1. Their shape was standardized as a cylindrical structure
covered with a trullo or domed roof and provided with an opening as a front door used for
unloading purposes. Over the last decades, with the advancement of technology and the
spread of the most recent structural materials, many examples of silos can be found that
are constructed using different kinds of materials, such as steel, stainless steel, concrete,
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plastic, and aluminum. Likewise, different structural configurations and arrangements can
be observed in the practice, such as flat-bottom ground-supported silos or elevated ones
resting on a special supporting system. Firstly, given the stored material, a first classification
can be outlined: silo is the term used to refer to the container used to store solid materials,
while tank is the term applied to the container that stores liquid. Owing to the fact that
the shape and the design are different, therefore, they shall deserve different treatments.
Herein, the silos storing solid could be classified based on the supporting system (flat-
bottom ground-supported silos and elevated silos), on the aspect ratio (squat or slender),
or on the construction method (welded/bolted for steel silos, and slip/step form for the RC
silos). Specifically, steel silos could be distinguished as stiffened or unstiffened, whether
corrugated or flat-wall silos, with either single sheets or double sheets. One of the main
uses of silos in manufacturing processes is the intermediate storage between successive
operations, or among different stages from production to transportation. Figure 2 shows an
example of silos battery, serving as grain-storage with a capacity of thousands of tons in an
industrial site located in Italy.
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The aim of this work is to provide a near-full state-of-the art about silos as defined
above, accounting for the wide range of these typological structures. The study is directed
to circular silos with its main focus on steel ones (elevated and flat bottomed), as they are
the most widespread silos in the practice [1]. The first aspect to highlight is the structural
nature of circular silos, which are shell structures and, for this reason, the terms silos and
shells (refereeing to the silo walls) will be often used alternately. Following this, a general
summary of the main research topics connected to circular silos is mentioned, which will
be detailed and discussed in the following sections of the paper and that aim to outline the
main structural behavior aspects and the main risk and vulnerability sources associated to
these structures:

a. Structural integrity and the response of the silo to gravity loads (dead loads, grain
loads) [2,3], seismic loads [4,5], thermal loads [6]; the impact of the different aspects
on structural behavior of silos, such as supporting system arrangements, silo-columns
attachment [7,8], ring beam [9,10], imperfection measurement [11,12], imperfection-
sensitivity of the shell [7,13], imperfection methods representation [14], and buckling
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behavior [15,16]. Furthermore, some aspects regarding the structural integrity im-
proving [17,18] and strengthening [19] are provided.

b. Identification of the dynamic properties and the dynamic response of silos under
extreme load conditions, like earthquakes [20,21] and blast loads [22].

c. Properties of the bulk solids and influence on the silos’ vulnerability on the base of
material properties variation [23], behavior of the stored material during discharging
and its influence on design loads variation [24,25], particle-silo interaction under
different load conditions, such as static and dynamic actions [26].

d. Design standards of silos, looking at the main limitations, deficiencies, and possible
improvements [27].

e. Failure modes of silos, such as the yielding and buckling of cylindrical shells [7], the
main causes and several phenomena leading to collapse [28,29].

f. Assessment of existing silos, by means of destructive and non-destructive test [30],
in-situ measurements [31], and assessment frameworks.

2. Structural Typology and Arrangement of Circular Silos
2.1. Construction Material and Geometry

Regarding to the construction material, as any other structures and infrastructures,
silos are usually built by means RC, steel, stainless-steel, aluminum. In some cases, com-
posite material can be used for some shell structures, as for special industrial applications
or for the aerospace field [32]. Historically, silos were constructed using wood, brick, or
stone as farm silos. However, steel and RC are the most spread as nowadays construction
materials for silos in the different sectors. Whereas metal silos are characterized as thin-
walled structures, RC ones have relatively thicker walls. Therefore, the first ones are more
sensitive to compressive stresses and buckling, while the second ones are more sensitive to
horizontal pressure. For that reason, RC silos are always preferable for tall and slender silos,
where the axial compression forces are the governing stresses but not the circumferential
ones [33]. However, this is not applicable to squat silos, where the horizontal pressure
and the circumferential stresses are dominant, but not the vertical compression, thus steel
is preferable.

Silos shapes are objects of classification, according to the purpose and the usage of
the container. The circular plane shape is the most common feature among the majority of
silos in industry [1]; however, the in-plan shape variation could occur in the supporting
system under the silo. Thus, two main configurations are recognized: (i) ground supported
silos [34], where the shell body rests directly on the foundation as anchored or unanchored
to the ground; (ii) elevated silos [35], where the supporting system could be a structural
frame or made by isolated columns (e.g., district supported silos) [7]. In both configurations,
an adequate clearance under the discharge gate of a silo is required to allow for easy
placement of a discharge conveyor, or other device [36]. Considering that, for the second
configuration, a large space is required to allow for a possible transportation means beneath
the elevated silo. However, for any of these typologies, the structural behavior of the shell
body varies under different circumstances and different applied loads [1].

2.2. Supporting Arrangements

Silos vary in the supporting system depending on the capacity, usage, and opera-
tion. Hence, a significant variation in the structural behavior and the response to different
excitations (e.g., seismic loads) occurs as a function of the supporting arrangement. As-
suming that ground supported silos rest directly on the foundations, different support
arrangements could be recognized for elevated silos (for instance, see Figure 3) depending
on the silo size and on the magnitude of the force introduced into the shell body by the
local support. Light silos could be discretely supported by columns, where a limited num-
ber of equidistant isolated columns are used with [37] or without [38,39] transition ring
girder around the circumference. In addition, different means are developed to arrange the
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column-shell attachment, so that the resistance of the shell body to the local buckling and
local failure is increased.
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Talking about the discretely supported silos, the main deficiency is that the structure
suffers high local axis compressive stresses concentration, thus possible local failures can
occur such as plastic yielding or elastic buckling. Concerning this topic, Jansseune et al. [38]
introduced a study in which a possible solution is suggested to increase the failure load of
silos for this configuration. It consisted in adding longitudinal stiffeners as localized above
each support resulting in a positive significant influence on the buckling behavior/loads.
Nevertheless, it proves to be disadvantageous from a certain critical height over which the
column is attached to the silo. The dependency of the buckling behavior and the failure
load on the thickness and radial width of the stiffeners was investigated in [40]. Small
silos with discrete supports could also be supported on local brackets attached to the side
of the shell (for instance, see Figure 3). Later, Doerich and Rotter [41] presented a study
outlining the behavior of discretely supported silos on several brackets rigidly connected
to stiff columns. This study observed the local pre-buckling deformations and bifurcation
mode and the local plastic collapse.

Another aspect that gains more interest among researchers is the ring girder, since
it has a major role in reducing the potential buckling. The ring girder beneath the silo is
responsible for redistributing reactions forces from supports into a more uniform stress
state in the cylindrical shell body [37]. This aspect is dependent on the relative stiffness
between columns and shell. In addition to that, the silo ring girder has a main role in
carrying the circumferential force and to resist the radial component of the inclined tension
in the hopper [42].

In discretely supported structures, a nonuniform axial compressive stress is developed
in the shell wall. The uniformity degree of the stresses could be assessed by the criterion
developed by Topkaya and Rotter [9] based on the relative stiffness of the ring beam and
the cylindrical shell. Topkaya and Zeybek [10] presented a study aimed to assess the
applicability of this criterion to cylindrical shells, accounting for global shear and bending.
Combinations of different ring beam and cylindrical shell under global shear and bending
actions were numerically analyzed, where the non-uniformity in the axial stresses was
quantified. In conclusion, the result confirmed the applicability of using this criterion
for the mentioned load conditions. The ratio between shell and beam stiffness was also
addressed by Zeybek et al. [43], where a closed section ring beam with less stiffness than
the ideal one was investigated. Still, the effect of the stiffness ratio on the ring beam stresses
and on the buckling capacity of the shell was observed. The resultants’ stresses were
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recorded using a finite element (FE) parametric study and the analytic solution of Vlasov’s
curved beam theory [44]. The paper concluded that the design of a ring beam based on
Vlasov’s theory equation is conservative, since it ignores the contributions made by the
attached shell and hopper. Moreover, the resulted stress reduction, compared to the values
of the Vlasov’s theory, could be attributed to the stress redistribution being partly achieved
by the shell, while this redistribution is determined by the shell-ring stiffness ratio. The
shell buckling capacity suffers from significant reduction when the shell-ring stiffness
ratio, ψ, exceeds the value of 0.1, and this becomes dramatic when ψ exceeds 1.0 [43].
With this regard, Zeybek and Seçer [37] provided design expressions for a ring beam of
elevated steel silos and the effect of its relative stiffness (shell/ring stiffness ratio) on the
ring behavior considering different supporting systems. These parameters were varied by
in turn considering four columns, four columns with secondary beams, and eight columns
beneath the silo, with the aim to develop design guidelines for the support conditions [37].

2.3. Imperfections’ Effects and Modelling

In typical cases, steel silos design concerns about avoiding stability failures, as occurs
in many different shell structures, whether in the form of local or global buckling failure.
However, the buckling capacity is very sensitive to the geometric imperfections as a function
of amplitude and form. Geometric imperfections can be defined as the shape deviations
from the perfect structure due to the manufacturing process. Hence, in the design of
silos, a local high pressure must be imposed on the wall, for accounting the existence of
geometrical imperfections.

In spite of the extensive experimental and theoretical works in the literature addressing
the behavior of the axially compressed cylinders [14,45,46], there is still a gap between the
predictions obtained by the numerical models and the realistic results provided by the
experiments. However, the usual scatter among numerical and experimental predictions, in
terms of buckling capacity, could be chiefly traced back to the structural imperfections that
are unavoidable in the practical construction [47]. In addition, it is worth considering that
this discrepancy is much severe when combining other imperfection types, such as loading
imperfections [48,49]. This issue is considered as one of the main classical problems about
homogeneous isotropic structural mechanics, which has not been fully understood [50].
The classical formulation for estimating the buckling load of cylindrical shell was derived
more than hundred years ago, without considering any kind of imperfection [51]:

Npre =
2 · π · E · t2√

3(1 − ϑ2)
(1)

where Npre is the buckling load of actual perfect cylindrical shells, E is the elastic modulus
of the construction material, t is the wall thickness, and ϑ is Poisson’s ratio of the con-
struction material. However, it has been long stated that the reduction of the geometrical
imperfections decreases the discrepancies between the experimental results and the analyti-
cal [52,53] or numerical estimates [54]. Still, these differences are greater and greater in the
case in which the axial compression is more significant than either pressure or torsion [52].
Nevertheless, there are no closed-form solutions to account for imperfection during the
design phases [32].

Typically, in the design practice of thin-walled shell structures, the influence of the
geometric imperfections could be considered by employing techniques known as artificial
substitute imperfections (ASI) [55]. For example, eigen-mode imperfection technique could
be adopted where the imperfection is assumed in the form of the bifurcation buckling mode
taking into account varying imperfection amplitudes. Thus, the buckling strength could
vary depending on the considered buckling mode and amplitude [54,56]. Eigen-mode im-
perfection is adopted in preliminary design of cylindrical shell structures; however, it could
lead to a very conservative design and it is not easy to define the order and the magnitude
of the rational eigen-mode shape imperfections [57]. Techniques of ASI are developed in
the literature based on probabilistic methods to represent the geometric imperfection in
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cylinders. For instance, Monte Carlo simulation and first-order second-moments method
were developed by Elishakoff et al. [58], aiming to determine the stochastic distribution of
the buckling load. However, imperfection representation based on probabilistic methods
are rather complex [59]. In the same context, Kriegesmann et al. [60] developed a probabilis-
tic design procedure for cylindrical shells with a reduced computational cost comparing
to the conventional ones. Away from probabilistic methods, different perturbation meth-
ods were introduced as deterministic approaches, such as the Single Perturbation Load
Approach (SPLA) firstly proposed by Hühne et al. [61] and dealing with thin-walled cylin-
drical composite shells. Inspired by SPLA, single perturbation displacement approach, and
single boundary perturbation approach were later developed [59]. Particularly, according
to SPLA, the geometrical imperfection effect in a cylindrical shell could be included by
introducing a radial perturbation load into the middle part of the cylinder. However, it
was proved that using SPLA in the analyses of cylindrical shells provides realistic buckling
characteristics [32]. SPLA has been used in many studies for different kinds of cylindrical
shells as isotropic metallic [62] or composite [32,63]. Unlike probabilistic approaches, SPLA
is independent from the need of measured imperfections, however, some limitations are no-
ticed, as it does not cover all types of imperfections, as the boundary condition imperfection.
Therefore, comparing the numerical results with the test buckling loads, the SPLA method
can be not enough conservative, as shown in [63]. Using this geometrical imperfection
approach for isotropic metallic shells, the obtained results provide superior design loads if
compared with the standard of NASA SP-8007 [64], especially for those shells showing an
axisymmetric buckling pattern in the pre-buckling range under axial loads [59].

Multiple Perturbation Load Approach (MPLA) was introduced by Arbelo et al. [65]
as an extension of the SPLA for composite cylindrical shell. According to this approach,
multiple perturbation loads are considered instead of the single perturbation load. Thus,
three parameters were accounted for: the location, the number, and the magnitude of
the considered loads. Based on numerical and experimental approaches, Jiao et al. [62]
stated that MPLA is a more rational design method, especially for metallic cylindrical shell
structures, comparing to SPLA. As a matter of fact, the lower-bound of cylindrical shell
is sensitive to the number of perturbation loads, especially when these loads are evenly
distributed along the circumferential direction. Still, the smaller inhomogeneous degree of
the perturbation loads magnitude, the more possibility to acquire a robust lower-bound
buckling load.

Steel silos are constructed conventionally by rolling separated steel panels and by
welding them to form the silo walls, thus, unique imperfection types develop in the silo
walls as consequences of the construction process. For instance, Pircher and Bridge [66]
presented a study in which the imperfections caused by the weld-induced residual stresses
in circular cylindrical silos was investigated. The study found that the weld material
properties contributed to the changes in buckling and post-buckling behavior of the in-
vestigated cylinders. Moreover, the study considered the weld-induced residual stresses
and found that these latter contribute to an earlier onset of yielding. Another study pro-
posed by Ding et al. [11] indicated that the geometric imperfections in silos are closely
associated with the joints of steel panels forming the wall. Using a numerical approach,
Jansseune et al. [7] presented a study investigating the impact of different imperfection
forms on the failure behavior of locally supported steel silos, considering different ar-
rangements of stiffening/supporting and different equivalent imperfections shapes, e.g.,
nonlinear buckling mode, linear bifurcation mode, several post-buckling deformed shapes
of the perfect shell, a weld-induced imperfection accounting for varying amplitudes and
orientations. The study ranked the relevant imperfection shapes according to their adverse
effects on structural behavior and response in terms of nonlinear buckling modes and
post-buckling deformed shapes. It is worth noting that circumferential weld depression
(also named type A) is a realistic imperfection as it is closely related to the fabrication
process of silos. However, it is relatively considered the most deleterious compared to
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other imperfection forms according to this study. The study concluded that the inward
imperfections are more unfavorable than the outward ones [7].

Nevertheless, optimization techniques, such as the one proposed by Ning and Pel-
legrino [49], could be applied to the structural form of cylindrical shell for minimizing
the discrepancy between the geometrically perfect structure and geometrically imperfect
structures, i.e., producing imperfection-insensitive axially loaded cylindrical shells. The
technique mainly relies on achieving a reduction of the local radius curvature by changing
the cross-section of the shell, to have an optimized wavy or sinusoidally corrugated wall
based on numerical and experimental investigation [17,49]. The optimized cross-section
provides a shell with a low sensitivity to geometrical imperfections, and high critical buck-
ling stress than those of conventional circular cylindrical shell. Eventually, the shell failed
with highly localized buckling modes leading to a superior mass efficiency more than
almost all previously reported stiffened shells [49].

2.4. Buckling Types and Analysis

Like most of the conventional steel structures, buckling under vertical compressive
stresses is the critical consideration for the thin-walled steel silos prone to a loss of stabil-
ity [15,67]. The main sources of the vertical compressive forces in silos are the frictional
traction pressure imposed by the stored material and the horizontal pressure. While the
horizontal pressure imposed by the initial filling slightly increases with stored material
depth, the frictional traction pressure significantly increases as the depth of the stored
material increase, as shown in Figure 4 and according to the Janssen’s theory [33]. For this
reason, the tall (or slender) silos are built with RC material, where the vertical traction
pressure dominates the horizontal one. Instead, steel shells are susceptible to vertical
pressure, thus, the shortest (or squat) silos are usually built with steel, especially where the
horizontal pressure is dominant with regard to the vertical traction pressure.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 7 of 42 
 

modes and post-buckling deformed shapes. It is worth noting that circumferential weld 

depression (also named type A) is a realistic imperfection as it is closely related to the 

fabrication process of silos. However, it is relatively considered the most deleterious com-

pared to other imperfection forms according to this study. The study concluded that the 

inward imperfections are more unfavorable than the outward ones [7]. 

Nevertheless, optimization techniques, such as the one proposed by Ning and Pelle-

grino [49], could be applied to the structural form of cylindrical shell for minimizing the 

discrepancy between the geometrically perfect structure and geometrically imperfect 

structures, i.e., producing imperfection-insensitive axially loaded cylindrical shells. The 

technique mainly relies on achieving a reduction of the local radius curvature by changing 

the cross-section of the shell, to have an optimized wavy or sinusoidally corrugated wall 

based on numerical and experimental investigation [17,49]. The optimized cross-section 

provides a shell with a low sensitivity to geometrical imperfections, and high critical buck-

ling stress than those of conventional circular cylindrical shell. Eventually, the shell failed 

with highly localized buckling modes leading to a superior mass efficiency more than 

almost all previously reported stiffened shells [49]. 

2.4. Buckling Types and Analysis 

Like most of the conventional steel structures, buckling under vertical compressive 

stresses is the critical consideration for the thin-walled steel silos prone to a loss of stability 

[15,67]. The main sources of the vertical compressive forces in silos are the frictional trac-

tion pressure imposed by the stored material and the horizontal pressure. While the hor-

izontal pressure imposed by the initial filling slightly increases with stored material depth, 

the frictional traction pressure significantly increases as the depth of the stored material 

increase, as shown in Figure 4 and according to the Janssen’s theory [33]. For this reason, 

the tall (or slender) silos are built with RC material, where the vertical traction pressure 

dominates the horizontal one. Instead, steel shells are susceptible to vertical pressure, 

thus, the shortest (or squat) silos are usually built with steel, especially where the hori-

zontal pressure is dominant with regard to the vertical traction pressure. 

 

Figure 4. Silo and wall loads: (a) normal pressure; (b) vertical compression variation. 

Historically, extensive knowledge has been developed on the buckling behavior of 

an empty cylindrical shell under uniform compression even in combination with internal 

pressure. Different aspects of buckling and post buckling behavior of shell structures un-

der uniform and well-quantified loads were historically addressed by several researchers, 

as defined in [68] and references therein. In [69], Teng extensively presented the research 

work performed on shell buckling through the last century. Nevertheless, the buckling 

strength of silos is dependent on many factors, such as the magnitude and distribution of 

both the frictional and horizontal pressures, the imperfections amplitude and shape, and 

the elastic restraint of the stored material against buckling. For instance, the eccentric fill-

ing or discharge causes variation in the applied pressure resulting in a worse stress state 

in the bin wall than even higher uniform pressure [70]. Therefore, some studies were 

a b 

Figure 4. Silo and wall loads: (a) normal pressure; (b) vertical compression variation.

Historically, extensive knowledge has been developed on the buckling behavior of
an empty cylindrical shell under uniform compression even in combination with internal
pressure. Different aspects of buckling and post buckling behavior of shell structures under
uniform and well-quantified loads were historically addressed by several researchers, as
defined in [68] and references therein. In [69], Teng extensively presented the research
work performed on shell buckling through the last century. Nevertheless, the buckling
strength of silos is dependent on many factors, such as the magnitude and distribution of
both the frictional and horizontal pressures, the imperfections amplitude and shape, and
the elastic restraint of the stored material against buckling. For instance, the eccentric filling
or discharge causes variation in the applied pressure resulting in a worse stress state in the
bin wall than even higher uniform pressure [70]. Therefore, some studies were introduced
in the literature addressing the buckling behavior of silos under eccentric discharge. One
of the earliest comprehensive studies was conducted by Rotter [15], in which experiments
were performed to investigate the buckling behavior of a cylindrical shell under pres-
sure directly induced by the stored solids. This study took into consideration buckling
strength increment derived from the stored solid stiffness. The study treated flat-bottom
silos, considering concentric/eccentric filling and discharge. For concentrically filled si-
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los, according to the results of the experiments, a benign buckle of mostly axisymmetric
mode was observed with significant reserves of post-buckling strength compared to the
empty pressurized cylinders. For silos under concentric discharge, an accentuated buckling
mode was observed. However, larger and different buckling modes were observed under
eccentric discharging with a catastrophic collapse. In addition, two main remarks were also
recorded as outcomes of this study: the first one is related to the filling depth, where it was
found that the critical filling depth under discharges is as low as that one when the silo
under filling loads only; the second one is relevant to the channel of flowing, where it was
found that it was not critical to the buckling strength [15]. Similar issues were studied by
Rotter [50], which presented buckling features outlining of thin shells under axial loads.
The study addressed moderately slender perfect silos. Within this study, the author tried to
come up with practical design recommendations. In this context, the study concluded that
the behavior of these shells has many complexities, and to derive design rules out of the
observed buckling features is far from being complete. Moreover, the author stated that the
effect of unsymmetrical axial distribution among the cylindrical is the most critical point
to understand. On this topic, the European standard EN 1991-4 [71] suggests a unique
approach (mentioned in Section 5.5) to characterize the unsymmetric pressure exerted
by eccentricities in silo filling/discharging. Sadowski and Rotter [67] introduced a study
addressing the buckling behavior and imperfection sensitivity of a moderately slender
silo, considering the real-life conditions and more realistic situations by taking into con-
sideration the eccentric solids flow and the associated unsymmetrical pressure on the silo
wall. The study adopted the approach suggested by the European Standard EN 1991-4 [71]
to characterize the unsymmetric pressure exerted by the eccentric discharge. The study
defined the critical regions of the highest compressive axial membrane stresses, where the
silo may buckle, providing a dissertation on the phenomenon of the mid-height buckling
failure that was frequently observed in the practice. In this phenomenon, a very high
membrane stress developed in the thin wall coinciding with the lower bulk-induced inter-
nal pressures in the flow channel leads to eliminate the elastic restraint provided by the
solids. The study mainly stated that a silo designed for symmetrical filling/discharging
conditions only (according to EN 1991-4 [71]) may encounter a disastrous failure if eccentric
discharging develops. In addition, this work was resumed by Sadowski and Rotter [16] for
very slender silos, taking into consideration the imperfection sensitivity of the buckling
failure mode. Similarly, this study characterized the unsymmetric pressure induced by
the eccentric discharge in accordance with the description provided by EN 1991-4 [71].
Then, the geometric and material nonlinearities were considered for buckling calculations
according to the European standards EN 1993-1-6 [72]. Authors concluded that the ap-
proach of EN 1991-4 [71]. For unsymmetrical pressure modelling (induced by eccentric
discharge) is highly damaging for a very slender stepped-wall metal silo if it is designed
only for symmetric pressure. The nonlinear FE model yielded that the European provi-
sions EN 1993-1-6 [72] should be re-edited as they are formulated, considering experiments
under axisymmetric conditions only.

However, the vulnerability of cylindrical shells to the different buckling modes could
be reduced and the structural efficiency could be enhanced by adopting alternative struc-
tural arrangements, such as a closely stiffened shell, a cylindrical shell reinforced by
stringers/corrugations [73] and rings [18], or even fiber reinforced polymers [19]. In other
words, the basic idea is to use a higher efficient material in silos construction. In practice,
the shell body of the silo could be combined with ring or vertical stiffeners, aiming to reduce
the thickness of the shell without decreasing the buckling resistance of the silo. Corrugated
walls could also be used in combination with different stiffeners, as for example, shown
in Figure 5. One of the first studies addressing the stiffened shell buckling behavior were
conducted by Flügge [74], pursuing to produce lightweight structures, in order to meet the
demand of the aerospace and ship industry. A few decades later, Singer [75] developed an
extensive experimental program and provided a remarkable approach (used until today)
to simply analyze stiffened shells. In the recent scientific literature, a huge research work
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is introduced addressing meanly the stiffened shells used for aerospace applications, for
example [76,77].

In the last few years, several researchers reactivated the research about stiffened
shells used in the field of civil engineering. Some research directions approached the
interaction of different strengthening techniques with corrugated shells. For instance,
Błażejewski and Marcinowski [73] introduced a study in which they investigated the
buckling behavior of vertical stiffeners attached to the shell body of a corrugated silo. The
considered stiffeners have the characteristics of cold-formed steel sections. The paper deals
with numerical modelling of the elasto-plastic collapse of the columns and it was revealed
that the buckling resistances obtained by the proposed numerical approach were greater
than their counterparts yielded by the European standard, appearing to be more realistic. In
the same context, Rejowski and Iwicki [78] presented a study devoted to assess the stability
of steel cold formed silo stiffeners, through a FE analysis. In this study, different modelling
approaches were considered along with the symmetric and axisymmetric loads imposed
by the stored material, according to EN 1991-4 [71]. The numerical calculations addressed
a real cylindrical silo of corrugated sheets, with a 17.62 m height, 8.02 m diameter, and was
strengthen by 18 vertical stiffeners of open thin-walled load-bearing profiles. The stability
FE studies showed that the methods provided by EN 1993-1-6 [72] could be conservative,
especially when considering the stiffener as a beam resting on elastic foundation, while
the orthotropic shell theory is more realistic when compared to the FE outcomes. Thus,
authors suggested a modification on the column elastic foundation stiffness resulting in
comparable outcomes to the obtained FE solutions. The same authors proposed a method
for the buckling strength estimate for stiffened corrugated silo with different geometry and
including a simplified model.
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Another way to increase the mass efficiency of thin-walled shells is represented by ring
stiffeners. Jäger-Cañás and Pasternak [18] proposed a design procedure to bridge the gap
in the standards related to quantifying the beneficial effect of ring stiffeners attached to the
shell body under axial compression. The study investigated the applicability of the available
design procedures for structures with significate radius/thickness ratio up to 10,000 (this
ratio is limited to 5000 in EN 1993-1-6 [72]). The study revealed that high slender stiffened
cylinders showed about 380% strength gains as benefit from the ring-stiffening, if compared
to the unstiffened case. Recently, a numerical study calibrated with experimental series
presented by Li et al. [80]. The study employed the 3D scanning technology to measure
imperfection, and the FE analysis yielded very close result to the ones of experiments. The
research evaluated the influence of different factors (ring-stiffener parameters, imperfection
amplitude, ring geometry) on the buckling load of cylindrical shell.

Authors concluded mainly that the buckling capacity of ring-stiffened shells decreases
significantly until the stiffener spacing is greater than two buckling half-wavelengths. A
conclusive summary of the topics about structural typology and arrangement of circular
silos is reported in Table 1.
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Table 1. Structural typology and arrangement of circular silos. H, R, and t indicates the height, the radius, and the thickness of the silos.

Reference Typology Motivation Stored Material H/R R/t Specimen Investigation Strategy

Jansseune et al. [38] Elevated steel silos discretely
supported on columns

Shell-column attachment,
geometry improving. Granular material 8 200–1000 Full scale Numerical

Jansseune et al. [40] Elevated steel silos discretely
supported on columns

Failure modes and
connection geometrical

enhancements
Granular material 8 1000 Full scale Numerical

Doerich and Rotter [41] Elevated steel silos discretely
supported on columns

Shell-column attachment
and behavior description. Granular material 4 600 Full scale Numerical

Topkaya et al. [9,10]
Zeybek et al. [37,43] Elevated steel silos

Ring girder, stiffness
criterion, arrangements of

supporting system
- - - - Numerical

Winterstetter and
Schmidt [55] Steel cylindrical shell Geometric imperfections Empty 2–4 94–148 Scaled Numerical/experimental

Teng and Song [56] Steel cylindrical shells Eigenmode, imperfections Empty 3 500 Numerical
Elishakoff et al. [58] Cylindrical shells Random imperfection Empty 1.4–1.95 386–681 Scaled Numerical

Hühne et al. [61]
Castro et al. [32] Composite cylindrical shells

Geometrical imperfection
techniques- perturbation

approaches
Empty - - - Numerical

Wagner et al. [59] Composite cylindrical shells
Geometrical imperfection
techniques- perturbation

approaches
Empty 3 330 Scaled Numerical

Arbelo et al. [65] Composite cylindrical shells
Geometrical imperfection
techniques- perturbation

approaches
Empty 2 200, 540 Scaled Numerical

Jiao et al. [62] Steel cylindrical shell Imperfection, SPLA,
and MPLA Empty 0.75–0.6 667–833 Scaled Numerical/experimental

Kriegesmann et al. [60] Composite cylindrical shells Probabilistic imperfection
approach Empty 2.04 500 Scaled Numerical/experimental

Khakimova et al. [63] Composite cylindrical shells Validation of the SPLA Empty 2 533 Scaled Numerical/experimental

Pircher and Bridge [66] Steel circular silos, welding
rolled steel strakes.

Circumferential
weld-induced imperfection,

residual stresses.
Empty 3 100 Full-scale Numerical

Jansseune et al. [7] Elevated steel silos Imperfection forms
modelling and investigation Empty 2–10 100–1000 Scaled Numerical

Ning and
Pellegrino [17,49]

Isotropic/orthotropic
wavy shells

Silo cross-sectional
shape optimization. - 1.6, 2 555.5, 195 Scaled Numerical experimental
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Table 1. Cont.

Reference Typology Motivation Stored Material H/R R/t Specimen Investigation Strategy

Rotter et al. [15] Thin-walled flat-bottom steel
silos

Buckling behavior under
filling/discharging induced

stresses
Granular material 620–900 630–3940 Scaled Experimental

Sadowski and Rotter [67] Flat-bottom steel silos
Eccentric discharge

unsymmetrical pressure,
slender silos

Wheat 6 500–1000 Full scale Numerical

Sadowski and Rotter [16] Flat-bottom steel silos
Eccentric discharge

unsymmetrical pressure,
slender silos

Cement 10.4 278–833 Full scale Numerical

Jäger-Cañás and
Pasternak [18]

Ring-stiffened steel
cylindrical shell

Design ring stiffeners under
axial compression Liquid 1 125–10000 Full scale Numerical

Rejowski and Iwicki [78] Flat-bottom corrugated
steel silos

Stability analysis of
silo stiffeners Bulk solids 4.4 5347 Full scale Numerical

Li et al. [80] Ring-stiffened cylindrical
steel shell

Ring-stiffeners
arrangements,

buckling behavior
Empty 0.78 796 Scaled Numerical/experimental

Batika et al. [19] Isotropic metallic
cylindrical shell

Elephant foot,
buckling behavior,

fibre-reinforced polymer
Empty 1 1000 Full scale Numerical
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3. Earthquake Loading and Seismic Response of Silos

Accounting for seismic excitations, as one of the main hazardous actions on structures
and infrastructures, the response of silos has long been the subject of intensive research
studies [4]. A considerable research work has been undertaken through the last century,
addressing fluids-filled tanks to quantify the wall loads induced by seismic excitation
where the sloshing action is a governing factor [81]. However, what distinguishes silos
from tanks is that the filling material is of solid nature. Consequently, only a specific portion
of the seismic inertia load is transmitted to the walls thanks to the shear strength and the
stiffens of stored bulk. Thus, the stored material properties have a significant effect on the
silo seismic response. For instance, the wall–solids interaction and its effect on seismic
response is a critical point to be mentioned [82]. In general, the imposed loads by seismic
excitation on a circular cylindrical silo walls are significant and could cause unsymmetrical
pressures distributions on the silo walls. The main parameters governing the seismic
response of the system are: (i) the height-to-radius ratio [83]; (ii) the physical properties
of the contained material [82].; (iii) the characteristics of the ground motions [20]; (iv) the
effects of the wall flexibility [5]. Several studies in the scientific literature were introduced
to increase the knowledge about the response of cylindrical silos storing granular material
to earthquakes [84]. In this context, shaking-table/vibration tests [85,86] were carried out
in many cases, aiming to characterize the response of the system and observe the relevant
parameters, such as the dynamic wall pressure, base shear, base moment in the wall, and
the stresses exerted on the silo’s foundation.

Going into detail, Younan and Veletsos [20] analytically examined a vertical, rigid,
and circular cylindrical tank storing homogeneous and linear viscoelastic solid under a
harmonic earthquake-induced ground motion. The purpose of the study is to introduce a
simple and reliable method of analysis for this kind of system. An analytical formulation
was developed to describe the seismic response of the filled silo, which was adopted by the
European standards EN 1998-4 [87]. In particular, the seismic response of the system can be
analyzed by quantifying the contributing mass to the base shear, which was demonstrated
to be governed by the slenderness ratio [20] and by the wall flexibility (relative to that
of the stored material) [5]. Based on a FE model, Rotter and Hull [4] derived design
criteria for steel squat ground-supported silos, accounting for earthquake response under
quasi-static horizontal body force (uniform horizontal acceleration). In this study, the
stored material was characterized by its elastic modulus as an isotropic and homogeneous
material. The results obtained in this study were implemented in EN 1998-4 [87]. In this
regard, aiming to verify load assumptions recommended by EN 1998-4 [87], Holler and
Meskouris [86] characterized the behavior of seismically excited granular material steel
silos. The study considered the variation of some key parameters, such as aspect ratios, the
influence of the nonlinearity of the granular material, the wall—solids interaction effect, and
the soil—structure-interaction influence. The results of this study suggested to reduce the
effective mass considered in the analysis to achieve more economic and realistic design than
the ones provided by EN 1998-4 [87]. Specifically, the proposed loads are conservative in
the case of squat silos, while they are adequate for slender silos. Similarly, Yakhchalian and
Nateghi [88] presented further numerical investigation addressing the seismic behavior of
flat bottom ground-supported steel silos. The study emphasized the influence of the aspect
ratio on the seismic response and concluded that assuming a constant value of acceleration
distribution along the height of squat silos (based on EN 1998-4) leads to conservative
design pressures for a squat silo, while this assumption is not conservative for a slender
silo. Nateghi and Yakhchalian [89] further investigated the effect of granular material-
structure interaction under earthquakes for RC silos. This study takes into consideration
of different sources of nonlinearity in silo walls and in granular material. As the main
result, it was observed that shear cracks developed when the interaction is neglected in
the model. Silvestri et al. [21] evaluated, with an analytical approach, the exerted actions
provided by grains on walls in circular flat-bottom silos during earthquake, leading to a
new physically-based evaluation of the effective mass of grain. The study excluded the
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wavy wall silos. In particular, this study was devoted to the evaluation effective mass that
acts on the silo walls during the earthquake. It turns out that this mass could be far less
than the value proposed by EN 1998-4 [87] (80% of the total mass). Consequently, lower
horizontal actions than the one provided by EN 1998-4 [87] can be adopted (especially for
squat silos) and this result is also in accordance with the outcomes of the study presented by
Holler and Meskouris [86]. For example, for a low height/diameter ratio (less than 1), the
effective mass can be assumed in a range from 30 to 70% of the total mass of the silo, with
a variation depending on the friction coefficient developed between silo wall and filling
material [21]. Nevertheless, some theoretical limits were founded [90]. Refinements of the
theoretical framework of Silvestri’s approach [21] were introduced by Pieraccini et al. [90],
which provided a new set of analytical formulas for estimating wall pressures, wall shear,
and bending moment. A series of shaking table tests on scaled silos was performed by
Silvestri et al. [85], offering an experimental verification of EN 1998-4 [87] provisions and
the analytical approach introduced in [21]. The experimental campaign (on a silo-sample
made of polycarbonate sheets) revealed the strong effect of the wall-grain friction coefficient
on the base overturning moment. This fact is consistent with the analytical approach in [21],
whereas this effect is disregarded by EN 1998-4 [87]. Moreover, the results of this study
stated that the base overturning moment is conservatively estimated by EN 1998-4 [87].
It also suggested that the horizontal acceleration is not linear in the vertical profile under
earthquake input, although it is almost constant under low-frequency sinusoidal input.
Later, based on these findings, Pieraccini et al. [91] presented an analytical formulation
aiming to predict the natural periods of grain silos. A study presented by Durmuş and
Livaoglu [92] the effect of soil structure interaction (SSI) on the dynamic behavior of silo
system containing bulk material under seismic activity. The study concluded that the SSI
could be ignored in practice, especially for squat silos since there are no considerable effects.
Recently, Butenweg et al. [93] presented a study comparing applicable analysis approaches
for seismic load calculations of grain-filled cylindrical steel silos. The results provided by
static equivalent load approach and nonlinear time history analysis were compared. Both
grain behavior nonlinearity and grain–wall interaction nonlinearity were considered for
nonlinear time history analysis, as well as the SSI. Authors concluded that using a simplified
linear acceleration profile along the height provides conservative results. Alternatively, it
is suggested to use multimodal analysis on a simplified beam model to determine more
realistic acceleration profile. In addition, the study affirmed that the approach of static
equivalent loads does not accurately consider the fact that stresses vanish through the
bulk material, especially in squat silos. Mehretehran and Maleki [83] investigated the
effects of different aspect ratios on the dynamic buckling behavior of steel silos subjected to
horizontal base excitations. Incremental dynamic analysis was considered for this study
considering ten different earthquake records. The main findings by this study suggested
that, in presence of ground motions, slender silos are more vulnerable to buckling failure,
while squat silos present a considerably higher resistance under same seismic conditions.
Recently, the same authors extended their investigation about aspect ratio influence on the
silo dynamic behavior [94], by considering stepped walls steel silos under seismic excitation.
Considering horizontal and vertical components of ground motion accelerations, different
buckling modes were found, depending on the aspect ratio. Particularly, local diagonal
shear wrinkles were observed in the elastic range for squat and intermediate slender silos,
while elephant’s foot buckling modes in the elasto-plastic range were observed at the
base for slender ones. Regarding the vertical component of the seismic excitation, it was
stated that for silos, this component has a quite marginal effect, and it could be ignored.
Silvestri et al. [95] presented a study reporting a series of shaking table tests on a full-scale
flat-bottom steel silo filled with wheat. The experimental study aimed to evaluate some
parameters, such as the static pressure, the basic dynamic properties of the considered silo,
and the dynamic overpressure. To this aim, the fundamental frequency of vibration, the
dynamic amplification, and the dynamic overpressure were observed. On the level of static
pressure, this study stated that, the horizontal static pressure distribution is qualitatively
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consistent with the theoretical expectations and, during the dynamic tests, a redistribution
of static pressures occurs due to the compaction of the granular solids. On the other hand,
regarding the dynamic response, this study revealed that the damping ratio increases
with increasing acceleration, and consequently, the dynamic amplification factor decreases.
However, the dynamic amplification factor generally increases along the silo wall height
(up to values around 1.4 at the top surface for earthquake inputs with a close-to-resonance
frequency content). The resonance frequency (around 11 Hz for the case at hand) depends
to a certain extent on the acceleration and on the granular solid compaction. In addition,
the study stated that the measured dynamic overpressures seemed to be different from the
EN1998-4 [87] expectations with slightly larger values. However, the upper portion of the
silos showed a qualitative consistency with Silvestri’s theory suggested in [21] (especially in
terms of dynamic overpressure vs. height profile), but not in lower portion. Jian et al. [96]
presented a series of shaking table tests on flat-bottom ground-supported steel silos with
corrugated walls. The experimental program aimed to evaluate the dynamic response and
energy dissipation capacity of the system considering three different aspect ratios and their
different seismic records.

The results emphasized the fact that the energy dissipation capacity is much larger for
the silos with full or half filling conditions (aspect ratio = 1, 0.5) compared to the empty con-
dition (aspect ratio = 0). Furthermore, the study concluded that the acceleration vertical pro-
file is a function of the aspect ratio, and the silo with full filling condition (aspect ratio = 1)
had a smaller dynamic response than the one with half filling condition (aspect ratio = 0.5).
Regarding to the elevated silos seismic behavior, it is worth mentioning that, in spite of
the fact that the stored material behavior and solid–structure interaction have a significant
importance for the seismic response of ground-supported silos (i.e., additional stresses
develop in shell walls due to the response of ensiled materials [4,20]), this is not applicable
for elevated silos where the main concern is the supporting system and its attachment to
the shell body of the silo. In fact, the stored material behavior and solids–structure interac-
tion can be ignored in the analysis of elevated silos. For instance, a simplified approach
is usually adopted for numerical studies, by simulating the silo content through static
pressures and lumped-distributed non-structural masses [35,97]. A conclusive summary of
the topics about earthquake loading and seismic response of silos is provided in Table 2.
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Table 2. Earthquake loading and seismic response of silos. H, R, and t indicates the height, the radius, and the thickness of the silos.

Reference Typology Motivation Stored Material H/2R R/t Specimen Investigation
Strategy

Modelling
Stored Material

Dynamic
Excitation

Rotter and Hull [4]
Steel squat

flat-bottom ground
supported silos

Wall stresses,
failure modes Bulk solids 0.125–2 250–1000 Full-scale Numerical

(steel) Elastic Quasi-static force

Younan and
Veletsos [20]

Rigid circular
cylindrical tanks

Grain-induced
pressure on walls

Viscoelastic
solid 0–5 - - Analytical

Homogenous
linear

viscoelastic

Harmonic
excitation,

earthquake record

Veletsos and
Younan [5]

Flexible circular
cylindrical tanks

Wall flexibility
response

Viscoelastic
solid 0–1.5 - - Analytical

Homogenous
linear

viscoelastic

Harmonic
excitation,

earthquake record

Holler and
Meskouris [86]

Flat-bottom
ground-supported

silos

Provisions of EN
1998-4, squat, and

slender silos

Granular
material 1, 5 500, 600 Full-scale Numerical/

experimental Hypoplastic Synthetic records,
harmonic excitation

Kanyilmaz and
Castiglioni [35]

Elevated steel
silos group

Seismic
isolation silos

Chemical
material 3.8 146- 219 Full-scale Numerical(steel)

Lumped
distributed mass

model [97]

Spectra compatible
natural records

Castiglioni and
Kanyilmaz [97] Elevated steel silos Modelling

techniques
Granular
material 1.75 676 Full-scale Numerical(steel) Dracker-Prager,

Lumped mass
Scaled natural

records

Guo et al. [82]
Cylindrical-

supporting RC silo
(case study)

Seismic
assessment and

design

Granular
material 2.9 27.3 Full-scale Numerical (RC) Hypoplastic Natural records

Nateghi and
Yakhchalian [89]

RC flat-bottom
ground

supported silos

Effect of granular
material–
structure

interaction

Granular
material 2 16.6 Full-scale Numerical (RC) Hypoplastic Natural records

Yakhchalian and
Nateghi [88]

Steel flat-bottom
ground

supported silos

Effect of granular
material–
structure

interaction

Granular
material 1–5 120–500 Full-scale Numerical(steel) Hypoplastic Natural records

Silvestri et al. [21] Flat-bottom
ground-supported silos

Behavior of the
stored grain

Grain-like
material 1 - Full-scale Analytical Analytical Time-constant

records
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Table 2. Cont.

Reference Typology Motivation Stored Material H/2R R/t Specimen Investigation
Strategy

Modelling
Stored Material

Dynamic
Excitation

Pieraccini et at. [90] Flat-bottom
ground-supported silos

Analytical
dynamic response

Grain-like
material 0.25–1 - Full-scale Analytical Analytical Time-constant

records

Pieraccini et al. [91] Flat-bottom
ground-supported silos

Vibration periods
estimation

Coal, Ballottini
glass variant - variant Analytical Analytical Harmonic signal,

white noise

Silvestri et al. [85] Flat-bottom
ground-supported silos

Analytical
dynamic response Ballottini glass 0–1 200 Scaled Experimental Analytical Harmonic signal,

white noise

Durmuş and
Livaoglu [92]

RC flat-bottom
ground

supported silo

Soil–structure
interaction Wheat 0.75, 1.25 100 Full scale Analytical/Numerical

Visco-
elastoplastic,
hypoplastic

Natural records

Butenweg et al. [93]
Flat-bottom

ground-supported
steel silos

Seismic analysis
of silos

Granular bulk
materials 1, 5 100, 75 Full scale Numerical Hypoplastic

Static equivalent
loads, Synthetic

records

Mehretehran and
Maleki [83,94]

Flat-bottom
ground-supported

steel silos

Dynamic buckling
behavior Camacho wheat 0.72–2.25

0.8–2.5
500–1250
500–2500 Full-scale Numerical Drucker-Prager Natural records

Silvestri et al. [95]

Flat-bottom
ground-supported

steel silos,
corrugated walls

Static pressure,
dynamic

properties
Wheat 0.9 1820 Full-scale Experimental Analytical Harmonic signal,

white noise

Jian et al. [96]

Flat-bottom
ground-supported
flexible steel silos

(shallow)

Dynamic
response, energy

dissipation
capacity

Wheat 0–1 400 Scaled Experimental Analytical Natural records
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4. The Contained Material Properties, Behavior, and the Imposed Loads

After talking about the silos and their interactions with the external environment and
the internal materials, the effective behavior of the material inside the silo is considered.
As just mentioned in the Introduction, the main difference between silos and tanks is
the contained material, which makes the difference in the loading conditions, grain–wall
interaction condition, and the response to different excitations. While tanks are used to store
liquids that exert only normal and symmetric pressure on the wall in the circumferential
direction, silos are used for solid bulk materials exerting a normal pressure and interaction
traction (symmetric or asymmetric) on the wall [1]. Different problems make the silos usage
and design more problematic than tanks, which can be identified in the stored material
anisotropy, material behavior asymmetry, and filling/flowing eccentricity. The stored
material covers a large scope of free-flowing granular bulk with particle size ranging from
micron size powders to lumps of 150 mm or larger. However, the contained material could
be classified in multiple ways according to the relevant properties, as for example, largely
treated in [98]. Thus, each silo is designed for a limited range of solids, where using the silo
to store bulks out of the anticipated range could imply damages. On the level of practical
design, the different international standards advise to determine the relevant material
properties using either the provided tables or the experimental tests, as provided by the
Australian standards (AS 3774-1996) [99]. Differently, the European (EN 1991-4) and the
American standards (ACI 313-16) opt for the determination by test results [71,100]. Still, the
commentary part of ACI 313-16 [100] using tables as guide for the only initial estimation.

Going into the available scientific literature, an experimental program was conducted
by Moldena [101], aiming to examine the influence of particle properties and bedding
structure (the filling method) on transmission of stresses in the layer of seeds (on the
vertical/horizontal load exerted by the grain on the walls) considering rough and smooth
wall surface. This experimental program indicated that the pressure ratio (identified as the
ratio between lateral and vertical pressures) is strongly affected by the filling method and
material type. Specifically, the results of this study reported that the circumferential filling
provides advantages compared to the central filling.

4.1. Filling Material Properties

The typical filling solids in silos could be basically characterized by: (i) the bulk unit
weight; (ii) internal friction angle; (iii) and grain-wall friction coefficient. Several factors,
such as temperature, moisture content, composition, grading, have a strong influence on the
properties of the stored material and shall be accounted for in the design and assessment
of silo structures. For example, the moisture content of the stored material has a strong
effect on the coefficient of wall friction and on the angle of internal friction, which is also
distinctly affected by the bedding material that varies according to the filling method [102].
Thus, a wide variability on the pressure ratio exists due to the effect of the abovementioned
parameters change. Eventually, this variability of material properties casts a shadow over
the silo operations, and it could cause asymmetry of loads, flow disturbance, and frictional
vibration [103]. Regarding this latter topic, intensive information can be found in [98].

4.2. Discharging Patterns

Ideal silos must ensure a regular solid flowing compatible with the intended patterns
specified by the design that avoid the discharging problematic phenomenon. Consequently,
the desired flow rate and the intended operation of the silos are guaranteed. Depending on
the grain–wall friction characteristics and the flatness of the hopper wall (silo bottom hop-
per) [71], two main flow patterns could be distinguished when bulk solids are discharged
(gravity flow) from the bottom of the silo. The first main type of flow pattern is mass
flow (as shown in Figure 6a) [71], where the whole mass of the material moves downward
whenever the outlet is opened (given that arching does not happen). The second main type
of flow pattern is represented by the funnel flow (also known as core flow or pipe flow),
where the material flows from the top to the outlet through a funnel built by means of the
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material itself. In case of funnel flow, it is possible to develop stagnant zones (symmetric or
asymmetric dead zones) in the upper silo part making pipe flow (as shown Figure 6b), or
in the lower silo part making mixed flow (as shown in Figure 6c). Moreover, depending
on the material properties, outlet position and number of mobilized outlets, eccentric pipe
flow (as shown in Figure 6d) could develop as one of the funnel flow types, with eccentric
channel forming near to the wall and exerting unsymmetrical pressure [67].

Appl. Sci. 2022, 12, x FOR PEER REVIEW 19 of 42 
 

is mass flow (as shown in Figure 6a) [71], where the whole mass of the material moves 

downward whenever the outlet is opened (given that arching does not happen). The sec-

ond main type of flow pattern is represented by the funnel flow (also known as core flow 

or pipe flow), where the material flows from the top to the outlet through a funnel built 

by means of the material itself. In case of funnel flow, it is possible to develop stagnant 

zones (symmetric or asymmetric dead zones) in the upper silo part making pipe flow (as 

shown Figure 6b), or in the lower silo part making mixed flow (as shown in Figure 6c). 

Moreover, depending on the material properties, outlet position and number of mobilized 

outlets, eccentric pipe flow (as shown in Figure 6d) could develop as one of the funnel 

flow types, with eccentric channel forming near to the wall and exerting unsymmetrical 

pressure [67]. 

 

Figure 6. Flow profiles: (a) mass flow; (b) funnel flow (pipe flow); (c) funnel flow (mixed flow); (d) 

funnel flow (eccentric pipe flow). Source: [102] 

In the case of mass flow, the material at the center of the silo moves downward with 

the highest velocity, while the material near to the walls moves with the lowest velocity 

due to the friction or to the flatness of the hopper wall [102]. For overly frictional or ex-

treme flat hopper walls, flow velocity of the material vanishes near to walls and the mass 

flow pattern converts to be funnel and this gives an interpretation on how the flow pattern 

could vary during the silo lifetime, depending on the material and grain-wall frictional 

interaction characteristics. When the discharge process is proceeding, there is an increase 

in pressure imposed on silo walls. This increase is considered by the different interna-

tional standards, which vary in the complexity and the accuracy. For example, depending 

on the storage capacity, the geometry, the possible filling/discharging eccentricities, EN 

1991-4 suggests different approaches to calculate the additional stresses exerted through 

discharging. 

With this regard, Vidal et al. [34] presented a new dynamic model (employing 

Drucker-Prager plasticity model) for silo discharge simulation, considering mixed flow 

and mass flow silos. The study also investigated the variation impact of the wall friction 

and outlet radius. The outcomes of the study reported that the flat-bottom silos with 

mixed flow present overpressure values lower than the ones obtained in the case of hop-

per silos with mass flow pattern. Moreover, the overpressures mainly occurred in the 

lower part of the flat-bottom silo (14 m high and 2 m radius). The study also indicated that 

the discharge pressure increases as the size of the outlet increase and the grain–wall fric-

tion coefficient decreases. 

5. International Standards and Solid-Induced Design Loads 

This section aims to define the general prescriptions provided by the main interna-

tional codes quantifying the loads imposed by the stored material on silo walls. Thus, 

defining the uncertainties, deficiencies, and possible development in this aspect. As im-

posed loads impact the structure geometry and its structural arrangement, determining 

the relevant loads is one of the critical points in the design and assessment of the silo 

structure. Hence, solid-induced loads are of large magnitude and they represent the 

Figure 6. Flow profiles: (a) mass flow; (b) funnel flow (pipe flow); (c) funnel flow (mixed flow);
(d) funnel flow (eccentric pipe flow). Source: [102].

In the case of mass flow, the material at the center of the silo moves downward with
the highest velocity, while the material near to the walls moves with the lowest velocity due
to the friction or to the flatness of the hopper wall [102]. For overly frictional or extreme flat
hopper walls, flow velocity of the material vanishes near to walls and the mass flow pattern
converts to be funnel and this gives an interpretation on how the flow pattern could vary
during the silo lifetime, depending on the material and grain-wall frictional interaction
characteristics. When the discharge process is proceeding, there is an increase in pressure
imposed on silo walls. This increase is considered by the different international standards,
which vary in the complexity and the accuracy. For example, depending on the storage
capacity, the geometry, the possible filling/discharging eccentricities, EN 1991-4 suggests
different approaches to calculate the additional stresses exerted through discharging.

With this regard, Vidal et al. [34] presented a new dynamic model (employing Drucker-
Prager plasticity model) for silo discharge simulation, considering mixed flow and mass
flow silos. The study also investigated the variation impact of the wall friction and outlet
radius. The outcomes of the study reported that the flat-bottom silos with mixed flow
present overpressure values lower than the ones obtained in the case of hopper silos with
mass flow pattern. Moreover, the overpressures mainly occurred in the lower part of the flat-
bottom silo (14 m high and 2 m radius). The study also indicated that the discharge pressure
increases as the size of the outlet increase and the grain–wall friction coefficient decreases.

5. International Standards and Solid-Induced Design Loads

This section aims to define the general prescriptions provided by the main international
codes quantifying the loads imposed by the stored material on silo walls. Thus, defining
the uncertainties, deficiencies, and possible development in this aspect. As imposed loads
impact the structure geometry and its structural arrangement, determining the relevant
loads is one of the critical points in the design and assessment of the silo structure. Hence,
solid-induced loads are of large magnitude and they represent the dominant action on
the silo, which has to be determined in a realistic way for having a reliable and robust
design. Historically, three scientists developed three different widespread theories for
calculating the lateral pressure imposed by the stored material on the silo walls: Janssen
in 1895 [33], Airy in 1897 [104], and Reimbert in 1976 [105]. However, still until the present
day, recent standards (e.g., EN 1991-4, ACI 313-97, and ANSI/ASAE S433.1 JAN2019)
adopt Janssen’s approach. Focusing on the main international codes reported in this
work, four directions can be followed, as reported below. Nevertheless, the first standard
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accounting for the topic of the loads calculation in silos was the German standard, published
in 1964 and reissued in 1987 and 2005 (DIN 1055-6:2005 [106]), which was followed by
several attempts to codify solid-induced pressure acting on silo walls. It has to be noted
that the abovementioned standards vary in accuracy and complexity when dealing with
solids-exerted load calculations. This variance is especially noted in terms of classification,
discharging loads estimation, and eccentric representing. Section 5.5 briefly shows the
most comprehensive approach among the ones of the abovementioned standards that is
suggested by EN 1991-4. However, mutual deficiencies were noted between these standards.
For example, loads imposed on internals (defined as inserts used to control the flow pattern
and eliminate the discharge disturbance phenomenon [107]) are simply addressed by AS
3774-1996, while they are poorly considered by EN 1991-4, and never mentioned neither in
ACI 313-16 nor in ANSI/ASAES433.1 JAN2019. Moreover, none of these standards deal
with the imposed effect by these internals on silo walls, as well as solids-exerted loads in
case of expanded flow developing.

5.1. EN 1991-4 (2006) “Eurocode 1: Actions on Structures—Part 4: Silos and Tanks”

Commonly called “Eurocode” [71], it is widely recognized as the world’s most ad-
vanced standard of its kind, as well as the most comprehensive silo design code currently
in use [27]. Based on the reliability of the structural arrangement and the susceptibility
to different failure modes, Eurocode’s provisions classify silos into three different action
assessment classes (named action assessment class 1, action assessment class 2, and action
assessment class 3), which help to determine the level and the sophistication of analysis.
These classes take into account the storage capacity, the geometry, and the possible fill-
ing/discharging eccentricates. In addition, another classification based on the aspect ratio
is considered by this standard. Thus, Eurocode proposes designs with essentially equal risk,
in terms of load determination, which helps to provide logical treatment of different loads
with varying complexity, e.g., the eccentric loads and discharge pressure. Therefore, this
fact gives an advance over other international standards [108]. A noted insufficiency exists
in covering some common load cases, such as the loads imposed by the grain swelling,
expanded flow (combination of funnel and mass flow [102]), external equipment, and load
variations due to inserting internals.

5.2. ACI 313-16 (2016) “Design Specification for Concrete Silos and Stacking Tubes for Storing
Granular Materials and Commentary”

This standard [100] is directed to study the RC silos. Anyway, calculating methods
of the loads exerted on silos should be independent from the construction material. This
standard adopted Janssen’s theory [33] to calculate the static uniform filling pressure
on walls. The discharge-induced pressure is computed by using a minimum value of
the overpressure factor (Cd), assumed equal to 1.6. However, this is a rough estimation
and it is relatively large if compared to the load magnifying factors (horizontal pressure
discharge factor, Ch, and wall frictional traction discharge factor, Cw) recommended by
EN 1991-4 [71] and determined based on equations after considering the action assessment
classes of the silo. The old edition of this standard (ACI 313-97) ignored the calculation of
non-uniform pressure exerted by asymmetric flow and did not endorse any method for
evaluation of the effect of the asymmetric flow. The current edition (ACI 313-16) mentioned
two methods to deal with pressure induced by the asymmetric flow. In other words, it takes
into consideration several aspects, such as the industry’s experience of the professional
design, the characteristic of flow pattern, the nature of the surfaces and the stored material,
and suggests to use either flow channel method or eccentricity method. In this sense,
Eurocode suggests different approaches to deal with the non-uniform pressure induced
due to asymmetry, by considering patch loads or nonuniformly distributed pressure based
on the silo classification, wall thickness, aspect ratio, and eccentricity.
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5.3. AS 3774-1996 (1996) “Loads on Bulk Solids Containers”

The Australian standard [98] was first published in 1990 and revised in 1996 and it
is considered the most compatible code with the European standard, even though it does
not adopt the action assessment classification. However, it considers different systems of
classification for containers depending on geometry, wall surface characteristics, means of
flow promotion, pattern and geometry of the flow. Further classification systems for the
bulk solid are considered on the base of the particle size. In addition to that, this standard
recognizes four different load groups, which are subdivided into load types. The load
groups are: group A (dead loads), group B (normal service loads), group C (environmental
loads), and group D (accidental loads). However, some deficiencies exist in quantifying
solids-exerted loads in case of mixed/expanded flow.

5.4. ANSI/ASAE S433.1 JAN2019 (2019) “Loads Exerted by Free-Flowing Grain on Bins”

This standard [109] was developed in 1988 by the American Society of Agricultural
and Biological Engineers (ASABE) and it was approved for first time as American national
standards in 1991. Later, the most recent version was revised and approved by the American
National Standard Institute (ANSI) in 2019. The scope of this standard was limited to
provide only centric filling/discharging loads (adopting Janssen’s theory [33]) and flowing
methods to store agriculture whole grains. However, it does not provide any rules to cover
the solid-exerted loads in case of mass flow, expanded flow pattern, and some hopper
geometries (e.g., asymmetric cone/square pyramid and multiple hoppers joined together).

5.5. Loads Evaluation Philosophy According European Standards EN 1991-4:2006

Generally, three main factors must be considered to estimate the loads exerted on
silo walls: the silo geometry, the stored material properties, and the discharge flow pat-
tern. Since the pressure applied on the silo wall differs depending on the stored material
situation (flowing or stationary) and on its flowing pattern, the assumption of a uniform
distribution around the perimeter of the bin is one of the most common design errors
causing failures [70]. As a matter of fact, an increment of the uniform pressure may be
imposed to cover the discharging and unsymmetrical actions caused by eccentric fill-
ing/discharging [71]. Generally, the loads imposed by the stored material on silos could be
classified as horizontal wall load, wall frictional pressure, patch loads, hopper loads, and
kick loads. This section addresses solids-exerted loads on the silo walls. These loads could
be symmetric or asymmetric, either distributed or patch loads and they are represented
according to the different standards. For instance, according to EN 1991-4 and depending
on the action assessment classes of the silo and its geometry, the loads imposed by the
stored material on the vertical silo wall could be calculated. These loads are generally
classified into two main categories: (a) filling loads; (b) discharge loads. The design may
depend solely on the filling loads, only if the internal pipe flow is guaranteed. However,
the filling loads are represented by a uniform symmetric pressure, which is a static pres-
sure subdivided into horizontal and frictional traction induced by the stored material and
affected by several factors, as the silo geometry, material properties, and the wall–material
interaction coefficient. In addition to the symmetric filling pressures, filling patch loads,
expressed in terms of localized horizontal loads, should be considered without an associ-
ated frictional traction. Patch loads are considered to account for unsymmetrical pressures
caused by a possible eccentric pile of filling, especially in the case of small eccentricities. On
the other side, unsymmetrical distribution of the horizontal pressure should be considered
in case of large eccentricities. Similarly, discharge loads are represented by a uniform
symmetric distributed pressure in combination with patch loads. The uniform discharge
pressure can be considered by increasing the uniform filling pressure using discharge
magnifying factors, in order to account for the increase in both the horizontal and frictional
pressure. Discharging patch loads can be considered in a pattern of only normal pressure
(no frictional traction) to account for the accidental asymmetry of loading during discharge
in case of small eccentricities, while the unsymmetrical horizontal pressure on the wall
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should be accounted in case of large discharging eccentricities. Patch filling/discharging
loads may be ignored for silos in action assessment class 1, while a uniform increasing in
the symmetrical pressure may be used when considering special structural arrangements
to substitute these loads in the action assessment class 2. When large eccentricities are
expected, as large outlet eccentricity or large filling eccentricity with high slenderness,
a special procedure must be followed to account for the unsymmetrical wall pressure
distribution resulted by the eccentric pipe flow channel. In the end, the loads on the vertical
walls could be expressed in terms of symmetrical loads, due to filling and discharge that
include horizontal pressure and frictional traction. In addition, the unsymmetrical loads
caused by filling/discharging eccentricities should be represented either by considering
patch loads for small eccentricities, or by considering unsymmetrical pressure (horizontal
pressure, defined as ph, and wall frictional traction, defined as pw) for larger eccentricities,
depending on the action assessment class of the silo.

6. Failures in Silos: Main Causes and Modes

Depending on the function, location (e.g., industrial site), and usage of silos, uncon-
ventional conditions and loads could be imposed on the silo structure in combination
with solids-exerted pressures. Thus, extensive stresses/deformations could develop in the
walls. However, as thin-walled structures, steel silos have a susceptible structural config-
uration, storing massive content of the material that could touch thousands of tons [71].
Hence, unusual failure modes are frequently observed in the real life, leading eventually
to a catastrophic collapse with considerable consequences, costs, and even loss of life.
Moreover, silos could lose their functionalities due to discharge disturbance phenomena,
such as arching [110], ratholing [102], silo quake [111], and segregation [112]. However,
these phenomena are basically affected by different parameters, such as the solids proper-
ties/behavior, wall frictional characteristics, filling method and the discharge flow pattern.
However, different failure modes and shapes could occur in silos depending on the capacity,
geometry and the construction material, as it is reported in the literature [28,113,114]. For
instance, elephant’s foot buckling (an outward bulge just above the base of the cylinder) is
one of the main failure modes that can be noted in the steel cylindrical shells, as a result of
combination of axial compressive stresses, circumferential tensile stresses, and high shear
stresses [115]. In the following, several causes of silo damage are reported, accounting
for several topics developed in the scientific literature, such as design errors, construc-
tional errors, misuse errors, maintenance errors, up to define the collapses provided by
soil damages, extreme events such as earthquakes, thermal ratcheting, and dust explosion
phenomena. When talking about silos failures, the complete collapse is often achieved
when an extensive deformation occurs, and, in most of the cases, the failure could be
attributed to lack knowledge in the abovementioned aspects or in the combination of any
of these categories that contribute to the collapse.

One of the most common design errors is the lack of knowledge on flow pattern in case
of the discharging process, where the designer should be aware of the required flow pattern
based on the functional requirement. The silo design should guarantee that the discharge
process follows the assumed flow pattern [116]. Moreover, silo design should account to
resist the imposed pressure through the intended discharge process, which varies according
to a flow pattern. Furthermore, the actual flow pattern may oscillate between mass flow
and funnel flow, as a function of several governing parameters including the moisture,
particle size, and temperature of the stored material [117]. Therefore, any mis-assessment
in any of these aspects could lead to deficiency in the usage and it may lead to failure [29]
with devastating results. For example, the discharge pressure could be ignored when
pipe flow—but not inclined pipe—is ensured by the geomatical design or by mechanical
equipment [71], while unsymmetrical pressure should be considered when mass or mixed
flow occurs with or without partial contact to the silo wall [71]. With this regard, Zaccari
and Cudemo [29] reported the failure event of a steel silo containing thousands of tons of
limestones used in thermal-power plant. The failure involved a very huge shell deformation
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of the wall which is constructed with a stepwise manner of thickness. The study attributed
the failure to the miscalculation of the pressure distribution imposed by the eccentric solids
flow [29] in the same regard, since the flow pattern is extremely influenced by the stored
material properties, researchers, e.g., [116], and some standards, e.g., [71,100], stated that
the material properties should be determined by testing representative samples of the
material, instead of using some tables to determine the material properties that could be
risky at best.

As just anticipated above, another cause of failure is given by the asymmetric disposi-
tion of the filling material (eccentric material withdrawal). In such a case, an eccentric flow
channel can develop in silos, occurring in several situations such as the nonuniformity in
outlets opening, or improper design of the feeder [116]. This phenomenon causes a severe
non-uniform circumferential pressure [67], which is either overlooked by the designer or
incorrectly accounted, and eventually it causes collapse or buckling at best, as shown in
Figure 7. Therefore, more failures have occurred under the condition of asymmetric flow
patterns than any other [16]. In this context, Kobyłka et al. [118] stated that non-symmetric
pressure could be imposed on the silo wall due to inserts or asymmetric flow patterns.
Moreover, an experimental study introduced by Hammadeh et al. [119] revealed that the
change in the location of the inserts (particularly top cone with trunk cone bottom) has
an important impact on the flow pattern and on the flow pressure. Practically, the study
stated that improved flow shape is developed with a corresponding lesser flow dynamic
pressure if inserts are positioned close to the transition section of the silo. However, the
generated non-symmetric pressure could combine with the local pressure peak, causing
structural deficiencies even for a slightly asymmetric flow pattern that could be ignored by
the designer. In this regard, Horabik et al. [120] found that the load asymmetry resulting
from off-center discharge could be reduced by the anisotropy of the mass of the grain,
which could be achieved by imposing an off-center filling.
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Moreover, another of the failure causes that could be avoided in the design stage is the
changing of the storage condition. As the majority of the solids stored in silos in practice
have a high dependency on different parameters, such as compaction, moisture content,
and internal/atmosphere temperature fluctuations. For example, some bulk solids tend to
expand with higher moisture content [121], leading to a possible increasing in the lateral
pressure on the silo wall, thus increasing in the hoop stresses [116], which may be not
accounted for in the design stage. However, this could be avoided by designing for a wider
range of possible moisture content.

Silos could suffer from other kinds of errors, such as the constructional errors. Typical
examples of constructional errors are the unauthorized design changes and poor-quality
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workmanship, as it regularly happens in other construction sites. Nevertheless, the effect
of these errors could be eliminated by avoiding unauthorized changes in the design during
the construction, following the work plan set by the designer and employing qualified
contractors by ensuring close inspections of the construction process [116]. Still, despite
a proper design and a precise construction work, silos could fail. The reason of this
occurrence could be utilizing the silo for applications differs from the purposes for which it
has been designed. In fact, silos are very sensitive to the material filling and the related
properties [103]. Different logistic issues could be raised when the stored material presents
a wide variation from the material considered in the design, such as the variation in the
flow pattern, or the different load conditions. In addition, possible flow obstruction could
be experienced such as arching. In case of arching phenomenon developing, the full weight
of the silo content applies on the formed arch that transfers it, in turn, to the arch ends.
Eventually, if high concentrated reaction forces are applied on the silo walls, this provokes
potential local plastic failures, as for example shown in Figure 8 [116]. Furthermore, using
the silo to store different materials could also result in self-induced silo vibration and
dynamic loads [111]. However, at some point of the silo life, the changing of the usage
purpose of the facility could be required and, to avoid any catastrophic consequences, a
structural assessment should be implemented to check any possible deficiencies that would
yield from these changes [116].
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For ensuring long life span and safe operation of silos, it is necessary to provide regular
maintenance. In this regard, it is necessary to observe the visible defects on silos, which are
caused by the ordinary or overuse of the silo structure. Typical defects in steel silos could
be local deformity, waviness, dents, thickness reduction, and distorted joints/bolt-holes,
as mentioned in [116]. However, other common defects are typically observed for RC
silos [114] (e.g., cracks, corrosion, exposed rebar, spalling concrete, and deterioration in RC
walls). While ignoring the need for maintenance and overlooking the observed distortions
could lead to potential collapse and structural deficiencies, improper maintenance can end
with counterproductive effects. For example, changing the internal wall surface finishes
by painting may lead to change in the frictional properties of the wall. Consequently, new
frictional characteristics can diverge from the specifications set out in the design, resulting
in a significant impact on the flow pattern and thus on the solids-exerted loads [122].
Obviously, cladding or internal lining material should be durable, and not react with stored
substances inside the silo [36]. In this regard, the same effects are applied if the internal
wall surface finishes change due to the corrosion (roughening) or abrasive wear (polishing
or roughening) over time [71].

Furthermore, as like any other structures, silos could collapse due to failure of the soil.
Considering that silos have a small floor area or diameter compared to the height (whether
it is steel or concrete), large stresses can develop in the soil under it, mainly due to the
massive weight of the bulk material. Generally, the silo’s foundation design is more critical
if compared to other standard structures. In the typical case, uniform stresses (pressure
bulb) develop in the soil under foundation and problems could occur when the pressure
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blub is distorted due to off-center filling/discharging [70] or when lateral loads like wind
and earthquake occur [92]. When pressure blubs overlap under adjacent silos (e.g., cellular
structure), the soil is overstressed, and the structure ends up with extreme settlements.
A typical example of this effect is the well-known case of the Transcona Grain Elevator
accident [123], Canada, where the plant was made by 65 bins covering several square miles.
The silos battery was built a hundred years ago and it failed after only one month after the
construction was completed, as it was loaded to 87.5% of its capacity within a month (quick
loading) [123]. It was observed that foundation failures in clay occurred when the silo is
quickly loaded for the first time [70]. Luckily, the foundation problems were solved, the
grain elevator was righted, and it is still in use [124].

Another highly investigated cause of silos collapse is the exposure to extreme events,
such as earthquakes. Seismic action can cause serious accidents as observed, for example,
in Italy after the recent 2012 Emilia–Romagna earthquake event. As for buildings in [125],
extreme events like earthquake can provide progressive collapses that in silos can occur also
for static loads [126]. Focusing on earthquakes, in similarity with the buildings, damages to
silos structures can be firstly observed and mapped [127], and after in the case of not total
collapse, they can be adequate with proper retrofit techniques [128]. Additional topic of
interest is the kind of hazardous event, which can cause different responses on the focused
structure, on the base of some characterizing parameters (e.g., magnitude or ratio, see [129]
for more information). In general, silos that experienced earthquakes suffer from additional
stresses combined with the ones induced by the stored material, mechanical equipment, and
different sources. Slender silos are more vulnerable to horizontal forces, as they could be
subjected to overturning due to high seismic inertial forces, especially when the anchoring
or the foundation fails. What makes this effect more problematic, is the massive weight
of the stored material, which increases the weight of the entire structure. As is shown
in Section 3, the effective seismic mass of the stored material is an active research zone,
and it is still a matter of dispute among researchers. An accident was reported about the
full-collapse of a slender silo among group of 4 steel silos after the seismic swarm occurred
in the Emilia–Romagna, Northern Italy, in 2012. In addition, visible buckling damages in
the highly stressed areas were observed on the other three silos of the group [93].

Many strategies were introduced by the literature regarding the seismic risk mitigation
of elevated [35] and flat-bottom ground supported silos or tanks [130]. For instance,
Basone et al. [130] presented a study in which the seismic vibration-induced damage of
ground supported fuel storage tanks was investigated. However, similar strategies could
be extended for silos storing solid materials. In this study, a new type of seismic isolation
was adopted to mitigate the seismic risk, which was based on a finite locally resonant
metamaterial concept. In this scope, four meta-foundations characterized by different layers
and column heights were designed, exploiting properties of metamaterials, and combining
them with classical seismic isolation concepts by using the traditional construction materials
(e.g., steel, concrete, and wire ropes). The study was made in accordance with the Italian
standards and considering the response spectrum for an active seismic site located in
Sicily, Italy (peak ground acceleration, PGA, of 0.56 g for safe shutdown earthquakes
and soil type B). Two tanks were evaluated by means of a performance index (PI), and
an energy dissipation index (EDI). Time history analyses showed that base shear was
reduced by 10–15% for slender tank with one-layer meta-foundation. Nevertheless, it
was observed that the case of two-layer meta-foundations presents low efficiency for this
tank typology. On the other hand, in case of board tanks, the base shear is reduced by
up to 30% with one-layer meta-foundation and about 10–15% in case of two-layer meta-
foundation. Moreover, the effectiveness of base isolation as passive control systems was
presented by Paolacci et al. [131], where the effectiveness of different isolation techniques
on floating-roof steel storage tanks was investigated through numerical and experimental
models of shaking table tests (“La Casaccia” Research Centre—Rome, Italy). Particularly,
two alternative base isolation systems have been used: high damping rubber bearings
devices (HDRB) and PTFE-steel sliding isolation devices with c-shaped elasto-plastic
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dampers (SIEPD). The test was performed on a reduced scale (1:14) physical model of
a real steel tank (diameter 55 m, height 15.6 m) typically used in petrochemical plants.
The results affirmed the high efficiency of both the isolation systems and, at the same
time, the reliability of lumped mass model for the prediction of the seismic response of
isolated above-ground tanks. In the same context, a study presented by Kanyilmaz and
Castiglioni [35] the efficiency of traditional base isolation techniques (curved surface slider)
to reduce the seismic vulnerability of elevated steel silo group, taking a real case study
located in Livorno (Italy) as a reference. A three-dimensional model was developed, by
using the simplified approach proposed by Castiglioni et al. [97], where the silo content
is simulated with static pressures and lumped-distributed masses. For the purpose of
this study, a single curved surface slider was proposed (designed and optimized based
on the horizontal stiffness and the friction parameters) and the seismic performance was
compared after and before the retrofit interventions. Whereas the original system suffers
from stress concentration, elastic deformation, and yielding in the supporting structure,
it was noted that all the response parameters were positively reduced after retrofitting.
The different observations proved the advantages of the suggested system in terms of
inelastic deformation, global horizontal shear, inter-storey drift, isolator displacement, and
residual displacement.

Another cause of failure of silos is given by the mechanical phenomenon known
as thermal ratcheting. This effect could develop in the metal silos, since steel is more
sensitive to the temperature fluctuation than the RC. In general, for a possible rise in
internal/external temperatures, steel walls of the silo expand allowing the stored material
to settle. However, when the temperatures drop, silo walls are subjected to a contract (or
a shrink), which is in contrast with the settled particles that cannot move if a discharge
phase is not taking place. Thus, the expansion becomes irreversible and thermal stresses
accumulate, which in turn amplifies the tensile stresses in the wall. This phenomenon
is repeated over many and many thermal cycles and, eventually, this ends up with a
failure [70]. This phenomenon could occur due to any cyclic swelling and shrinking
conditions (e.g., moisture fluctuating) applied to the stored material, as shown in [132].
One famous example of this kind of failure is reported when describing the collapse
accident of a new brand steel silo containing thousands of tons of fly ash, shown in
Figure 9, and located in southwestern United States [116]. The experts attributed the
accident to the thermal ratcheting phenomenon, which was not considered in the design.
Despite this, most of the main international standards account for the thermal ratcheting
effect, especially the European, American, and Australian ones [71,99,109]. Regarding this
topic, the scientific literature provides different detailed stress models to account for the
phenomenon of thermal ratcheting, often opting for FE methods [6]. On the other hand,
a discrete element method (DEM) along with experimental tests approaches was defined
by Nahia et al. [133]. This study investigated the effect of this phenomenon on the shell
walls of tanks used in thermal energy storage systems (as essential parts in power plants).
The investigated silos typically contain a thermal storage medium of solid material (e.g.,
steel, sand, gravel, or rock). The functionality of this kind of silos makes it exposed to
differential expansion between filling and walls. DEM was used to simulate the stored
material and two different thermal approaches were considered. Specifically, homogenous
heating and vertical gradient heating along the wall’s height were investigated as typical
thermal configurations. The study revealed that higher stresses develop in silo walls in
case of thermal gradient along the height. Moreover, the significant effect of slenderness
ratio, the internal friction, and the solids–wall friction on thermal stresses was affirmed
through the simulation of DEM. An increased radial stress was recorded and it was equal
to three times the initial one after performing 108 cycles. In the same context, a statistical
description of the pressure on the wall of silos storing hot material was introduced by Maj
and Ubysz [134]. The study employed an experimental and statistical approach to quantify
the total load given by the combination of thermal loads and static loads on the walls of
RC silo.
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Still, in the context of extreme events threaten silos, an explosive atmosphere could
be created inside the silo depending on the nature of the stored substances. The risk of
fires and explosions is presented inside the silo [135]. For example, airborne organic/metal
dust generated during loading and discharging, or gas generated within the container,
such as bulk-emitted flammable gases during the storage [36] or fermentation process
(fodder) leading to methane generation. However, pressure loads exerted by industrial
dust explosions are extremely complex to quantify and predicting their consequences
by numerical models (depending on fundamental, physical, and chemical principles) in
general is beyond reach [136]. Pineau et al. [137], introduced a study about an accident
of grain silo explosion, as shown in Figure 10, at Blaye, France, occurred in 1997, causing
12 casualties. Particularly, the final report of the accident [138] suggested that the explosion
could be attributed to the generation of flammable dust–air mixture inside the silo along
with existence of ignition sources (sparks or mechanical heating effects, static electricity,
electrical sparks, or the self-ignition of a deposit of dust).
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However, the explosion risk in silos could be eliminated by following the preventive
measures [36]: (a) avoid design for near horizontal internal surfaces where the dust may
accumulate; (b) provide explosion relief vents or doors [139]; (c) select the proper electrical
equipment to reduce the risk of dust explosion according to the relevant standard, e.g.,
EN 61241-17 [140]; (d) classify the hazardous areas in relation to combustible dusts accord-
ing to the relevant standards, e.g., EN 50281-3 [141]; (e) locate the electrical equipment or
the sparks sources away from the hazardous areas; (f) provide lighting protection as an
ignition hazard. A conclusive summary of the topics about the main failures modes and
causes of silos is provided in Table 3.
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Table 3. Main failures modes and causes of silos.

Reference Typology Motivation Failure Causes Failure Modes Usage Content
Material Full/Partial Failure Failure Reason

Mai [28] RC silos

Failures in RC silos,
durability, cause,

mechanisms,
strengthening

- Multi-modes failure - Different cases with various dimensions

Rotter [113] Silos and tanks
(RC, steel)

Different typologies
and imposed actions - Multi-modes failure Industrial Different cases with various dimensions

Maraveas [114]
RC silos

(cast-in-place,
precast silos)

Strengthen strategies - Multi-modes failure Agriculture sector Different cases with various dimensions

Rotter [115] Steel silos Design rules
formulation

High internal
pressure

Elephant’s
foot buckling General Different cases with various dimensions

Carson and
Holmes [116] RC, steel silos Failure reasons Design, construction,

utilization - Industrial (power
plant) Fly ash Full collapse

Thermal ratcheting,
construction

cost-cutting measures

Carson and
Jenkyn [117] RC, steel silos

Failure reasons,
causes, and the

countermeasures

Design, construction,
utilization,

maintenance
Multi-modes failure General Different cases with various dimensions

Zaccari and
Cudemo [29] Steel silos Failure reasons,

strengthen strategies Design deficiencies Buckling failure Industrial
(power plant) Limestone Huge deformation Eccentric discharge flow

mis-assessment

Dogangun et al. [70] RC, precast concrete,
steel silos Failure accidents

Explosions,
asymmetrical loads,

soil failure,
earthquakes.

Multi-modes failure
Industry (food) Corn Full collapse Bursting

Industrial
(power plant) Coal Partial collapse Internal failure

Oxygen storge Liquefied
oxygen Partial collapse Supporting system failure

Puzrin et al. [123] RC silos battery Failure of massive
grain elevator Soil failure Soil failure Grain storage for

shipment Grain Partial soil failure Geotechnical design
deficiency

Basone et al. [130] Steel tank
Reducing seismic

failure risk,
base isolation

Earthquake Seismic damages Fuel storage Liquid - High pressure induced by
ground motion

Kanyilmaz and
Castiglioni [35]

Elevated steel
silo group

Reducing seismic
failure risk,

base isolation
Earthquake Seismic damage Granular material

storage
Sodium

percarbonate Partial failure Steel supporting
system failure

Sassine et al. [133] Cylindrical
steel tanks

Tank wall stresses
over thermal cycles

thermal cycling
and fluctuating Thermal ratcheting Industrial

(power plant) Granular Full collapse Thermal ratcheting

Tascón [139] RC silos
Reducing explosion

risk,
ventilation system

Dust explosion Explosion Barley and
wheat flour Different cases with various dimensions
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7. Assessment of Steel Silos Vulnerability

As the last part of this paper, it is essential to mention that despite of the fact that robust
design methodologies can be improved to avoid the risks mentioned in Section 6, it is nec-
essary to prevent losses by monitoring the conditions of existing silos, aiming to assess the
behavior under the realistic circumstances. Consequently, a safe and continuous operation
of these structures and the relevant facilities must be guaranteed. In fact, destructive (DTs)
and non-destructive tests (NDTs) have been developed as tools to estimate the cylindrical
shells efficiency, or as proof-testing of structure, or for the purpose of theoretical analysis
validation. However, the common buckling tests have a destructive or terminal nature, as
the loaded structure buckles with large plastic deformations. Thus, the same test cannot be
repeated and definitely it is not suitable for silos in service. Therefore, the desire for NDTs
has grown [30]. However, for more practical solution, several assessment techniques were
developed as NDTs applicable for existing silo structures. Generally, non-destructive meth-
ods can be classified to be dynamic or static and they could be employed for either direct
determination of the buckling load and determination of the actual boundary conditions
leading to better numerical determination of the buckling load [30]. One of the first NDT to
predict the buckling loads of steel structures is the Southwell approach, which was initially
developed for a simple column [51].

Later, this approach was extended to include cylindrical shell [142], but the notable
drawback of this approach is represented by the need of applying high loads, in order to
come up with reliable prediction and this can threaten the non-destructive feature of the
test [143]. However, one of the most common NDT is the vibration correlation technique
(VCT) that is being employed currently to predict the buckling capacity of shell structures
used for several applications. In the following, this technique and its applicability for silos
is presented. For purpose of vulnerability assessment, the vibration correlation method can
be used. This method can be defined as an NDT used to estimate the buckling load from
the pre-buckling stage of the structure, based on the variation of the natural frequency with
the applied loads. Historically, this approach was firstly derived for columns depending
on the fact that the buckling modes and vibration modes are similar for a simple structure
of a column. In other words, this method takes advantage from the similarity between
the buckling behavior and the free vibration behavior of the relevant structures. The
relationship between the squared frequency and the compressive load is nearly linear for
columns with different boundary conditions [144], while it is exactly linear in the case of
simple supports columns, where the vibration mode is identical to the buckling mode and
it is presented analytically in [30] and reported below:(

ωn

ωn0

)2
= 1 −

(
P
Pn

)
(2)

In the equation, ωn is the nth natural frequency of the loaded column, ωn0 is the
nth natural frequency of the unloaded column, P is the applied load, and Pn is the Euler
buckling load corresponding to nth vibration mode. Later, VCT was further developed
to address plates [145] and shells [146]. The main feature of this method is the ability to
estimate the destructive buckling behavior of relevant structure from a simple vibration
test, where results are obtained by subjecting the addressed structure (e.g., cylindrical
shell) to compressive loads without reaching the instability point. This technique was
thus extended for plates by Lurie [144], which declared that VCT is reliable only when it
is applied on specimens having small initial imperfections. This fact was also confirmed
by Chailleux et al. [147], identifying a remarkable deviation from linearity in the case of
plate structures with relatively significant initial imperfection. Some attempts to exploit
the concept of VCTs for cylindrical shells were firstly proposed in 1970s [148], for the
purpose of aerospace applications. In this application, VCT was used for determining the
actual boundary conditions in numerical calculation of stringer-stiffened shells, as based
on laboratory-type and on realistic boundary conditions [149]. Then, it was extended to
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the direct prediction of buckling, as just shown in [148]. Currently, several researchers
attempt to further exploit VCT for the purpose of erected cylindrical shell assessment. For
instance, Arbelo et al. [145] identified the range of applicability of the VCT for unstiffened
cylindrical shells, showing the efficiency of the technique applied to these structures. In
addition, the authors demonstrated the advantages given by the results of the FE modelling,
considering the realistic boundary conditions obtained by VCT in conjunction with an
actual measurement of the initial geometric imperfections. On this basis, in [145] a new
methodology to estimate the buckling load of unstiffened cylindrical shells using the VCT
was proposed.

An experimental verification of this approach was presented by Kalnins et al. [143],
which measured the first natural frequency of vibration and the related mode shape by
using a 3D laser scanner on two composite laminated cylindrical shells and two stainless
steel cylinders. The authors recommended the monitoring of the first and second vibration
modes, as this latter can provide a better prediction when compressive loads increase. In
addition, [145] suggested that the maximum load to be adopted in the VCT should be
limited to 50% of the buckling load as non-destructive test. Still, the investigated approach
presented in [143] returned a very good correlation when the ratio of the test applied load to
the experimental buckling capacity is higher than 80%. This fact was also demonstrated by
a further experimental work presented by Skukis et al. [146], which addressed unstiffened
cylindrical shells loaded in axial compression and two laminated composite cylinders
loaded repeatedly up to instability point. The study concluded that tests up to 65% of
the buckling load can give a 90% fidelity in estimation of buckling load. Moreover, the
applicability of the modified VCT, presented in [145], has been investigated by Skukis
et al. [150] for the thin-walled isotropic cylindrical shells with and without circular cut-outs.
The study concluded that VCT provides a reliable estimation of the buckling load of uncut
shells and when the global failure mode is governing the collapse. On the other hand, the
study stated that using VCT for shells with a cutout is invalid due to developing of local
buckling. The study suggested that the global failure mode and the reliability of the VCT
estimation could be enabled for these shells by using reinforcement with a ring of the same
material, adhesively bonded around the cutout. In addition, using an analytical approach,
Franzoni et al. [151] demonstrated the reliability of the approach suggested in [145] for
isotropic unstiffened cylindrical shell. The study defined the basis of numerical modelling
for which the second-order relationship between the applied load and the squared natural
frequency holds. Recent studies examine the effectiveness of VCT for steel silos. Zmuda-
Trzebiatowski and Iwicki [152] presented a study in which a steel silo was analyzed. The
investigated silo was made through a corrugated wall and stiffened with cold-formed
columns. Aiming to evaluate the impact of imperfections on the VCT effectiveness, both
imperfect and perfect geometries were taken into account with different imperfection
amplitudes. Particularly, the impact of such imperfections on relation between squared
natural frequencies and compressive forces was evaluated. Although imperfections were
measured in experimental models to investigate similar issues [143], that paper numerically
addressed a part of a real structure (the steel silo segment schematized in Figure 11). In other
words, an artificial substitute of the geometric imperfections (eigen-mode imperfection)
was adopted to account for the focused effect, by using different amplitudes of the first
buckling mode and the first vibration mode. The buckling load was determined both by
means of the VCT and non-linear static analysis. The outcomes of the study showed that a
VCT allows to predict the right buckling load for the perfect structure of the silo segment
and a limited load in the case of the imperfect structure. Hence, VCT precision decreases
as the geometrical imperfection magnitude increases. Moreover, the relationship between
squared natural frequencies and the applied load is governed by the magnitude of the
applied loads, while considerable non-linearity is observed if the applied load becomes
close to the minimum buckling load or the limit loads.
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model. Source: [152].

The geometric imperfections, in terms of the amplitude and form, are vital to the
assessment of the structural buckling strength of a thin steel silo. The imperfection measure-
ment of existing silos is another practical approach, as shown in [12]. However, it is efficient
to employ a professional scanning method for the purpose of quantifying the realistic
geometric imperfections [152]. Ding et al. [31] one of the first comprehensive measuring
techniques using conventional survey instrumentation, and specifically designed surface
profile measurement apparatus. Mainly, the system consists of measuring trolley and the
relevant software package. Through the study introduced by Ding et al. [11], the developed
technique in [31] practically used for the imperfection assessments of three real full-scale
metal silos of 10,000 tons capacity in New South Wales, Australia. Authors analyzed the
measured data using a double Fourier series to determine dominant imperfection modes.
The results offered notable advantages (in terms of accuracy, labor intensity, and cost) over
the traditional measuring methods existed in that time [11]. However, the data released by
measurement techniques can be adopted both for assessment and design by correlating
the measurement results with buckling predictions and tests [11]. Teng et al. [56] analyzed
extensive data on imperfection characterization, by providing a full identification of the
possible imperfection set. In this context, the authors’ concern was to provide a reliable
estimate of buckling in shell structures, avoiding any simplified assumptions. In the end,
as shown on many occasions, the risks to which silos are subjected are elevated, especially
as shown after hazardous events as earthquakes, which can cause serious accidents in
the industrial plants with catastrophic consequences. For instance, in Italy, about 30% of
industrial plants are situated in regions with a high seismic risk, and they are exposed to
more hazards and are more likely to fail. The collapse of a single silo can get out of order the
entire industrial location. Thus, the silo seismic vulnerability assessment is of fundamental
importance. For example, a very recent study introduced by Morelli et al. [153] presented
a performance-based earthquake assessment of a real case study of an elevated steel silo
structure group with a regular plan dimensions 37.80 × 16.94 m and total height 29.64 m.
The supporting structure is of 10.80 m height and equipped with different typologies of
lateral loads resisting systems (e.g., moment resisting frame, inverted V bracings, and
diagonal bracings). Nonlinear static pushover and nonlinear response history analyses
were used to evaluate the seismic performance of the structure under investigation. Aim-
ing at identifying suitable techniques to select and scale natural ground motions for 3D
analysis, two sets of natural ground motions were selected, one coherent with the uniform
hazard spectrum and one with the conditional mean spectrum. The study suggested to use
unscaled ground motions consistent with uniform hazard spectrum as the most suitable
technique to obtain reliable results through a limited number of analyses.

A conclusive summary of the topics regarding the assessment methodologies for silos
is provided in Table 4.
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Table 4. Main failures modes and causes of silos of silos. H, R, and t indicates the height, the radius, and the thickness of the silos.

Reference Typology Motivation Stored Material H/R R/t Full Scale/Scaled Investigation
Strategy

Rosen and Singer [148]
Stiffened isotropic

cylindrical shell, elastic
edge restraints.

Boundary condition definition,
system under axial loads Empty 1.25–1.5 486–520 Scaled Experimental

Singer and
Abramovich [149]

Stiffened isotropic
cylindrical shell, realistic

boundary conditions

Practical boundary condition
definition, system under

axial loads
Empty 0.92–1.28 467–477 Scaled Experimental

Arbelo et al. [145]
Unstiffened cylindrical
shell (composite-carbon

fiber fabric)

VCT for real boundary
condition estimation,

thin-walled shell structures
Empty 1 300 Scaled Experimental

VCT for real boundary
condition estimation,

thin-walled shell structures
Empty 2 408–1080 Scaled Numerical

Kalnins et al. [143] Unstiffened cylindrical
shell (steel and composite)

VCT for real boundary
condition estimation,

thin-walled shell structures
Empty 2 478–800 Scaled Experimental

Skukis et al. [146] Unstiffened cylindrical
shell (composite)

VCT for real boundary
condition estimation,

thin-walled shell structures
Empty 2 478 Scaled Experimental/

Numerical

Skukis et al. [150] Isotropic cylindrical shell
with cut-outs

VCT for buckling capacity
estimation Empty 0.92 920 Scaled Experimental

Franzoni et al. [151]
Isotropic

imperfection-sensitive
cylindrical shells

VCT verification investigation,
relationship between

compressive load/natural
frequency variation

Empty 2 500–800 Scaled Analytical/numerical

Zmuda-Trzebiatowski
and Iwicki [152]

Steel stiffened
corrugated silos

Applicability of the VCT,
estimation of the buckling load

of silos.
Empty 4.3 5360 Full scale Numerical

Ding et al. [31]
Ding et al. [11]

Large-scale steel
cylindrical silos

Imperfection measurement,
Surface profile

measurement system
Empty 1.96 480–1000 Full scale Experimental

Morelli et al. [153] Elevated steel silo group Performance-based
earthquake assessment Filtered dust - - Full scale Numerical
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8. Conclusions and Open Issues

This paper highlights the behavior and the performance of silos used in the indus-
trial sector, employed to store a wide range of bulk solid material with capacity up to
thousands of tons. This review has covered research topics on structural configuration
and behavior, seismic response, bulk material properties and behavior, loads imposed
according to the standards, failure modes/causes, and assessment of silos in existing. As
thin-walled shell structures, silos have an inherent sensitivity of the structural configu-
ration and these structures undergo unconventional loads and conditions depending on
the nature of usage. Consequently, unusual silos failure modes were observed in many
industrial locations leading to out-of-use or full collapse of the silo. Still, these structures
are exposed to several hazards mobilized by different factors, such as discharging distur-
bance phenomena, stored material behavior, fluctuation due to bulk properties variance
and anisotropy/asymmetry, seismic excitations, soil failure, misuse/maintenance errors,
thermal ratcheting, dust explosion, and lack of knowledge. The deficiency in the interna-
tional design standards in considering complex loading conditions, such as those caused
by the asymmetric flow of stored materials, have contributed to the proposal of new and
oversimplified design approaches.

Several hazard sources have been defined and different strategies to improve and
retrofit silos, aiming to mitigate the vulnerability, were outlined throughout this article. For
instance, depending on the risk nature and the addressed part of the silo, the suggested
solutions in the literature could be classified into: (i) structural integrity upgrading and
mechanical strengthening techniques; (ii) seismic isolation technique; (iii) bulk material
behavior enhancement. The multiplicity of hazards sources acting on silos raised a con-
cern about risk assessment approaches connected to these structures. Risk assessment of
industrial silos has significant importance and it is urgent to develop reliable proposals
aiming to reduce the overall vulnerability, and eventually, preserve integrity and opera-
tional continuity of the silo and the relevant facilities. Future developments aim for the
refinement of the available risk assessment methodologies in pursuit of a more adaptable
framework considering the relevant hazards associated to the operation of these structures,
accounting for the quantification of the impact of different hazardous events on overall
silo vulnerability.
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