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The seismic design of industrial flat-bottom ground-supported silos filled with granular
material still presents several challenges to be addressed. They are related to the main
aspects which differentiate silo structures containing granular material from other civil
structural typologies: 1) the relatively low silo structure mass as compared to the ensiled
content mass; 2) the granular nature of the ensiled material. Indeed, the internal actions in
the structural members are governed by the complex dynamic interactions along the
interfaces between granular content and silo wall or base, or even the internal interaction
between particles. More in detail, even though the scientific interest in such complex
interactions dates back to the middle of the 19th century, several issues are still unclear
such as the dependency of the fundamental dynamic properties (period of vibration and
damping ratio) on the characteristics of the dynamic excitation (intensity, frequency
content, duration) or the amount of ensiled material mass activated during a seismic
excitation and provoking extra pressures on the wall (effective mass). Therefore, most of
current seismic code provisions for silos are grounded on rather approximate and
simplified assumptions leading to often over-conservative evaluations. The present
paper intends to provide a comprehensive summary of the mainly acknowledged
experimental and theoretical advances in the dynamic and seismic behavior of silos,
supporting the potential researcher in the field to understand the real differences between
the code assumptions and recommendations and the actual conditions, as well as
illustrating the open issues to be still further investigated.
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INTRODUCTION

Storage containers of bulk material are known as bins (or grain bins), silos or even bunkers. Although
there is no globally accepted definition for each of the previous terms, “bins” or “bunkers” are
commonly used to refer to squat containers with a shallow filling condition of a variety of material
like coal, ore, gravel and crushed stones, while slender containers of food supplies (e.g., wheat, corn
. . .) and cement are usually called “silos” (Li, 1994). The European design provisions EN 1991-4:
2006, EN 1998-4:2006 and EN 1993-4:2007 (European Committee for Standardization, 2006a;
European Committee for Standardization, 2006b; European Committee for Standardization, 2007)
adopt the term “silo” as an inclusive term for all structures for the storage of granular solid, whilst the
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term “bin” is common in the north American countries
(ANSI-ASAE S433.1: 2019). Flat-bottom ground-supported
silos, typically made of steel or reinforced concrete (r.c.), are
storage structures that are directly placed on a r.c. plate
foundation. Typically, cast in-situ r.c. silos present circular
hollow section with uniform thickness; while steel silos are
made up either of isotropic flat wall or orthotropic corrugated
cold-formed wall with variable thicknesses, usually supported
with bolted C- or open hat-shaped vertical stiffeners.

The type of granular material (wheat, corn, rice, sugar, soya
beans, maize, barley, . . .) has to be clearly specified in the design
phase, since its mechanical properties (which can substantially
change from a product to another one, as per the Table E.1 of
Annex E of EN 1991-4:2006) strongly affect both the static and
the dynamic behavior of the filled silo system and the choice of
the more appropriate wall section (e.g., flat-walled section is
commonly used for powder content, whist corrugated-walled
section is preferred for bulk solids).

Steel silos are thin-walled structures which are very sensitive to
human made mistakes and construction errors, as well as to
damages occurred during shipment and transportation.
Moreover, special care should be paid during the first filling
procedure, considering even the adjacent silos (i.e., the whole silo
battery), since specific filling programs on different steps should
be envisaged to guarantee the stability of the whole silo battery
without causing any differential settlements leading eventually to
structural defects that might also affect the dynamic response of
silos during seismic events.

Several earthquakes, that occurred in the last decades, had
catastrophic consequences on storage facilities and mainly silos.
Description of damages and main causes of collapses can be
found in the in-situ post-earthquake surveys reports (Dogangun
et al., 2009; Fierro et al., 2011; Uckan et al., 2015). In December
1988, Northern Armenia was hit by a M6.8 earthquake with
devastating consequences on several industrial facilities including
silos mainly due to construction imperfections accompanied by
inadequate inspections (Arze, 1992, Arze, 1993; Griffin et al.,
1995). Another interesting case was noticed after the M6.3
L’Aquila (Central Italy) earthquake, where the failure was
reported of three adjacent tall steel silos in a chemical facility
near L’Aquila city due to the collision with a close r.c. structure
(Grimaz, 2014). During the M8.8 2010 Chile earthquake,
extensive damages and collapses stroke many silos in an
industrial facility in the city of Concepción, where two rows of
silos collapsed due to the failure of the base connections
(Villalobos and Mendoza. 2011). In addition, several silo
failures occurred across the region, where some fully filled
silos up to 5,000 tons capacity showed different failure modes,
including global overturning and bucklingmechanisms due to the
lack of stiffening elements (Grossi et al., 2010). In May 2012,
Emilia-Romagna region (Northern Italy) was hit by two M5.8
earthquakes and several metal silos collapsed in various ways,
including plastic hinge development near the silo base (Augenti
et al., 2013; Gioncu and Mazzolani, 2014). In general, most of the
reported failures were associated with brittle behavior in the
absence of structural redundancy and alternative resisting
mechanisms, which represents an inherent common deficiency

due to the structural configuration of silos. Finally, the majority of
the reported silo failures (85%) are related to incorrect adopted
design concepts, or executive construction problems (Arze,
1992). Figure 1 schematically represents the most common
failure mechanisms during earthquake events.

It is thus clear that the proper evaluation of the forces
transmitted by the stored material to the silo structure, during
both filling and discharging phases or in the event of an
earthquake ground-motion, is of fundamental importance.
This task is particularly complex since the granular nature of
the ensiled content triggers off a highly non-linear behaviour
strongly affecting the highly vulnerable thin cylindrical wall
(especially, in empty conditions or asymmetric discharging
conditions). Specific additional loading cases accounting for
the potential eccentric pipe flow phenomenon (e.g., when side
discharging is required), and empty conditions loading
combinations (at least one for wind and one for seismic loads)
must be considered since it might lead to buckling problems or
deformations with a strong impact on the filled silo system
behavior during the seismic event. In this respect, specific
design recommendations for silo structures can be found in
several international building codes, including the Eurocode
provisions (EN 1991-4: 2006; EN 1993-4: 2006; EN 1998-4:
2006), U.S. building codes FEMA P-750 (ASCE-7, 2005; UBC,
1994; American Concrete Institute, 1997), and the Japanese
building code (Architectural Institute of Japan (AIJ), 2010).
Nevertheless, most of the mentioned design provisions are
based on rather approximate and over-conservative
assumptions which reflect the current state of knowledge
regarding the dynamic behavior and complex interaction of
the granular solid with the silo structure.

In light of this (Seismic Design of Silos: Main Issues and
Current Provisions), this work intends to present a
comprehensive overview of the available research works on the
dynamic behavior of filled silo systems. The experimental works
aimed at characterizing the dynamic properties of the granular
materials and the dynamic response of small- and full-scaled silos
are summarized (Dynamic Experimental Tests on Granular
Media, Empty and Filled Silo Systems), as well as the main
theoretical studies and numerical investigations to develop
predictive models (Theoretical Studies and Numerical
Modelling on the Dynamic Behavior of Filled Silo Systems). The
final objective is to identify the main challenges for future
research (Future Research Challenges).

SEISMIC DESIGN OF SILOS: MAIN ISSUES
AND CURRENT PROVISIONS

The structural response of storage units filled with granular solid,
in static but particularly in dynamic conditions, is strongly
affected by the not fully understood interaction between the
structural elements and the stored content particles. This
aspect is especially important for steel silos characterized by a
very low self-weight with respect to the stored material. In this
respect, the essential matters far from being fully understood
might be outlined in two points:
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• the effective mass, or the portion of the overall particulate
material interacting with the silo structure wall under
seismic conditions and provoking additional dynamic
overpressures onto the shell wall of the silo;

• the fundamental period (or, equivalently, the fundamental
frequency) corresponding to the first mode of vibration of
the filled silo system, due to uncertainties concerning both
the above-mentioned effective mass and the lateral stiffness
provided by the ensiled material.

Both aspects are of central importance for the evaluation of the
earthquake actions since, in practice, the seismic design of silos is
generally conducted by means of equivalent static analysis. In
detail, the static horizontal forces are usually given in terms of
dynamic overpressures (additional horizontal pressures with
respect to the static ones) generated by the stored material
onto the wall of the silo and are related to the effective mass.
The ensiled content, pushing on the silo wall, tends to lean against
the wall due to the particle-wall friction, exerting non-negligible
actions, as reported by numerous theoretical studies and
experimental research works since the end of the 19th century
(Janssen, 1895; Naito, 1988; Nielsen, 1998; Vanel and Clément,
1999; Ovarlez et al., 2003; Rotter, 2008; Qadir et al., 2010; Silvestri
et al., 2012; Pieraccini et al., 2015; Qadir et al., 2016; Silvestri et al.,
2016; Silvestri et al., 2021). A brief review of the current
provisions in standards is presented hereafter with specific
reference to the two above-mentioned issues.

UBC (Uniform Building Code, 1994) provisions recommend
to design ground-supported silos using the procedures for rigid
structures (defined by a fundamental period of vibration smaller
than 0.06 s), considering a seismic force resulting from an
effective mass composed by the total mass of the silo structure
and the whole content material.

ACI 313-97 (American Concrete Institute, 1997) provisions
suggest that the effective mass should be estimated at 80% of the
actual mass of the stored material in order to calculate the lateral
seismic inertia forces. Lateral force reduction is permitted due to
energy loss caused by intergranular motion and internal frictional
conditions in the ensiled solid, as found by both Chandrasekaran

and Jain (1968) and Harris and Von Nad (1985), which the
standard expressly refers to. Moreover, the provisions highlight
the necessity of rational method to evaluate the period of
vibration.

EN 1998-4 (European Committee for Standardization, 2006b)
provisions provide general principles and practical application
rules for the earthquake design of elevated and ground-supported
silos. They refer to: 1) the evaluation of the extra horizontal
pressures during a seismic event onto the wall height; 2) seismic
analysis methods; 3) numerical modelling of silos for seismic
analysis. Silo structures are supposed to operate in the elastic field;
thus, the elastic analysis of the silo shell wall is to be considered. In
the absence of more accurate evaluations, global seismic response
should be evaluated modelling the particulate material as an
effective mass with related rotational inertia located at the center
of mass based on the assumption that particulate contents move
in unison with the wall. Barring a more accurate evaluation, 80%
of the stored material can be assumed as activated effective mass.
If the dynamic response and the mechanical properties of the
particulate material are not explicitly represented and accurately
considered in the analysis (by adopting adequate modelling
techniques to reproduce its dynamic response and mechanical
properties), the effect on the silo wall of the solid particulate’s
response to the horizontal component of the seismic input may be
summarized in additional horizontal pressures onto the wall
(leading to normal radial and tangential circumferential
components). The provisions recommend structural damping
ratio of 5% and contents damping ratio of 10% (in the absence of
specific information). The provisions of EN 1998-4: 2006 are
mainly based on: 1) the theoretical formulation by Trahair et al.
(1983) proposing the dynamic overpressure exerted by the stored
material under seismic excitation onto the wall and 2) the
numerical study findings of Rotter and Hull (1989).

FEMA P-750 (NEHRP, 2009) provisions classify silos as “non-
building structures not similar to buildings”. They provide
guidelines on the evaluation of: 1) the global horizontal
seismic action on the silo, and 2) the distribution of
overpressures acting on the silo wall. Only the impulsive type
of global lateral seismic forces is considered due to the

FIGURE 1 | Common failure mechanisms of flat-bottom filled silo systems during earthquake events.
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fundamental period of vibration of the silo itself, which is
considered to be noticeably short, corresponding to the highest
acceleration value from the design spectral response (in the
plateau area of the spectrum). Global lateral seismic forces
should be determined on the basis of an effective mass
equal to the total volume weight of the filled material
reduced by two multiplication factors: effective mass and
density factors, where the product of those two factors
should not be less than 0.5, in addition to the self-weight of
the silo. Concerning the forces distribution on the silo wall and
foundation, the standard suggests using the formula proposed
by Trahair et al. (1983) according to the filling aspect ratio, that
results in significant reductions in the effective mass for the
squat silo case.

ASCE 7-10 (2010) provisions provide guidelines regarding the
evaluation of: 1) the global lateral actions applied on a silo and 2)
the distribution of these forces on the shell wall and foundation.
The horizontal forces applied on silos are to be evaluated using a
short period structure acceleration value. The effective mass is
introduced as the fraction of the total stored material interacting
with the silo shell during the seismic event and should be used for
the evaluation of the total inertial shear force as well as the
overturning moment at the base level of the silo. It is also
reported that the effective mass is affected by: 1) the
physical and mechanical properties of stored solids; 2) the
silo filling aspect ratio; 3) the intensity of the earthquake
ground motion. The shear force portion transferred to the
base by the inter-granular behavior (friction) of the stored
material should be considered when evaluating the value of the
effective mass. However, the standard does not provide any
formulae to estimate the effective mass.

Architectural Institute of Japan (AIJ) (2010) provisions mainly
refer to the impulsive mass (i.e., the effective mass) that interacts
with the silo wall at the structure’s base. Owing to loss of energy
triggered by the friction between the silo wall and particles as well
as by the internal friction within the granular material itself, the
impulsive mass is smaller than the total ensiled mass.
Nevertheless, it should be considered not lower than 80% of
the whole mass. Design seismic loads evaluation for the ground-
supported storage silos can be performed by two methods: 1) the
“modified seismic coefficient method” and 2) the classical modal
analysis. The former uses the “Equivalent Lateral Force”method,

assuming a value of 0.60 s for the first period of the filled silo
system (if unknown), to evaluate horizontal design acceleration.
The latter models the filled silo system as a cantilever beam with
different point masses (lumped masses model) to evaluate the
actions exerted on the structure. The standard does not provide a
specific value of the damping ratio on which the parameters
necessary for the two aforementioned methods are based on (Saj:
design acceleration response spectrum corresponding to the first
natural period, Dh: coefficient determined by the radiation
damping of the silo basement and depending on the area of
the silo foundation).

Table 1 compares the afore-mentioned provisions
highlighting the main shortcomings. In detail, for each code,
Table 1 shows: 1) the effective mass (meff) expressed as a
percentage of the total mass; 2) the presence of specific
formulae to estimate the horizontal overpressures (Δp)
exerted on the silo wall; 3) suggested values for the
fundamental period of vibration (T); 4) the proposed seismic
analysis methods.

As concluding remarks on the code provisions, it is generally
acknowledged that the building seismic standards are not directly
applicable to agricultural/industrial facilities and storage units
(Arze, 1992), such as silos. Indeed, the absence of a widely
accepted theoretical framework on the dynamic response of
filled silo systems highlights significant shortcomings in the
existing provisions for seismic design (Brown and Nielsen,
1998; Holler and Meskouris 2006; Carson and Craig 2015).
Consequently, significant scientific progress is required for a
wider understanding of the topic, as acknowledged by some of
the most pre-eminent researchers (Dowrick, 1988; Ayuga et al.,
2001; Ayuga et al., 2005; Holler and Meskouris, 2006; Rotter,
2008) and experienced professionals (Carson and Craig, 2015) in
the field.

Figure 2 conceptually summarises the differences between the
state-of-art of the scientific knowledge for the filled silos
systems and the frame structures. The graphical
representation takes inspiration from the set theory; the
idea is that the size of the oval is somehow proportional to
the extent of the knowledge or the accuracy of the code
provisions. The knowledge is still limited for silos and
consequently the code provisions are far to be accurate and
comprehensive, in contrast to the case of frame structures.

TABLE 1 | Summary of the provisions in current standards.

Code meff [%] Δp T Methods of analysis

UBC (1994) 100 Not given ≤0.06 s ELF
ACI 313-97 (1997) 80 Not given To be predicted using a rational method ELF
EN 1998-4 (2006) ≥80 Given — ELF

MRS
NLS
NLTH

FEMA P-750 (2009) ≥50 Reference to Trahair et al. (1983) ≤0.06 s ELF
ASCE 7-10 (2010) — Not given ≤0.06 s ELF
Architectural Institute of Japan (AIJ) (2010) ≥80 Not given 0.60 s (if unknown) ELF

MRS

ELF, Equivalent Lateral Force; MRS, Modal Response Spectrum; NLS, Non-Linear Static; NLTH, Non-Linear Time History.
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DYNAMIC EXPERIMENTAL TESTS ON
GRANULAR MEDIA, EMPTY AND FILLED
SILO SYSTEMS
This section provides a summary of the essential results from
experimental investigations on the dynamic and seismic response
of granular material and of cylindrical flat-bottom ground-
supported silos.

Experimental Dynamic Tests on the
Granular Solid
Granular material state [jammed, glassy or fluid (Raihane et al.,
2009)] is highly affected by the seismic input nature and the
physical/mechanical properties of the particles. Several
experimental studies were developed trying to investigate the
transition limits between such states in both qualitative and
quantitative ways. These tests were usually conducted by
imposing a harmonic motion (characterized by a certain
frequency content f with a maximum acceleration amplitude
a, commonly indicated in units of gravity acceleration g) at the
base of a rectangular box containing granular material
(Figure 3).

Ristow et al. (1997) tried to understand the dynamic behavior
of granular solid, by studying the response of a thin 20-mm layer
of Ballottini glass (with a small average diameter 0.5–0.6 mm)

using a horizontal shaking apparatus (Figure 3A). Particles do
not move at low frequencies; they begin to move as the frequency
increases. Then, the granular solid showed a complete transition
into a fluidized phase beyond a critical value of the frequency.

Metcalfe et al. (2002) performed an experimental study on the
transition limits of the granular material under the effect of
horizontal shaking (sand, glass beads). Analysis of the system
evolution involved keeping the frequency constant while
gradually increasing the acceleration a. A critical value of a
(0.40–0.60 g) results in a loose behavior characterized by
dilatation response and strong sloshing of the solid at the
surface level as particles exceed friction, including a small
number of “sliders” (free particles) at the surface level that
move for any a value. For frequencies between 2 and 8 Hz,
fluid state appears at a critical acceleration value acu. acu
seemingly depends on the material’s physical properties and
increases for rougher particles.

Raihane et al. (2009) studied the impact of the vibrations
induced by a harmonic sinusoidal input on a 3-dimensional sand
granular medium (as in Figure 3B). The container base was
subjected to widely variable frequency content range (from 20 up
to 300 Hz) sinusoidal vibrations with an acceleration amplitude
between 0.10 and 8.00 g. Particles movement during vibrations
was monitored using ultra-fast acquisition video recording. At a
given acceleration value (around 0.40 g, similar to that found in
other studies), the state of granular media changes from

FIGURE 2 | Code provisions vs. scientific knowledge vs. actual behavior: filled silo systems vs. frame structures.

FIGURE 3 | General setup for the shaking bed test of granular material: (A) thin-layer; (B) full 3D geometry.
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uniformly rigid to multi state layered over the depth, with
fluidized particles at the top surface.

Dynamic Tests on Cylindrical Flat-Bottom
Ground-Supported Silos
Various experimental tests were performed starting from the
second half of the last century to study the dynamic behavior of
ground-supported cylindrical silos and comprehend the complex
interaction of shell wall and particulate material under seismic
excitation. Shaking table tests were used in almost all the
investigations. Different types of dynamic inputs have been
commonly used: 1) white noise “random input” signals
(referred to as WN), 2) impulsive loads (IL), 3) stationary
“sinusoidal” harmonic signals (HS), and 4) earthquake
recorded signals (EQK). Scientific literature also reports on
some free vibration tests (FV).

Chandrasekaran and Jain (1968) performed the first vibrating
motion tests on cylindrical containers filled with granular
material. Two silos of steel and perspex were equipped with
vibration transducers and strain gauges. The silos were tested in
empty and different filling conditions, where the corresponding
aspect ratio in the maximum filling condition hc/dc (hc: filling
height, dc: silo diameter) was close to 10. Silo specimens were
filled with different materials, like sand, cement and wheat. The
silos were excited by means of the sudden releasing of the silo
after forcing an initial displacement, allowing for free vibrations
(FV) to be developed. Later, the effective mass was evaluated
using a theoretical formula proposed by Chandrasekaran and
Saini (1969). The effective mass values, evaluated for 25 different
configurations, were found to be significantly lower than the unity
(barely exceeding 50%).

Lee (1981) conducted an experimental shaking table campaign
on a scaled lucite cylindrical silo (h � 1,500 mm as “silo height”, dc
� 300 mm) specimen filled with sand at different filling heights
(hc). The specimen was equipped with 6 accelerometers over the
wall height and several longitudinal and circumferential strain
gauges. The test included free vibration tests (FV) and sinusoidal
inputs (HS) to investigate: the profile of the horizontal
accelerations (related to dynamic amplification) over the wall
height, the equivalent damping ratio, the fundamental period of
vibration, as well as the stresses experienced by the wall. It was
found that the fundamental frequency of vibration decreases as
the filling height increases, while the damping ratio varies with
input frequency till reaching a maximum value at the resonance
frequency.

Yokota et al. (1983) performed a series of shaking table tests on
a scaled acrylic resin cylindrical silo (h � dc � 1,500 mm) filled
with coal and instrumented with different accelerometers either
on the wall or within the filled material, in addition to strain
gauges and earth pressure sensors. Different configurations were
considered including empty and fully filled conditions, and with/
without lid/roof too. The testing program encompassed free
vibration (FV) tests on the empty silo and random white noise
vibration (WN) tests on the filled silo systems. The main objective
of the campaign was to identify the natural frequencies, the modal

shapes, the damping ratios of the silo, and the differences in the
measured values of horizontal accelerations between the wall and
the ensiled material. In fully filled conditions, the damping ratio
was four times larger than the one obtained in the empty silo case,
while the dynamic amplification factor at the top level was around
3.0 under HS excitation.

Shimamoto et al. (1984) studied the response of a silo filled
with coal system through shaking table tests on four scaled PVC
and steel silos (h � 1,600 mm, dc � 1,500 mm). The specimens
were instrumented with accelerometers on the wall (along the
input direction) and in the middle of the filled material. The
testing program was performed considering stationary sinusoidal
waves (HS) and real seismic records (EQK). Under HS excitation,
rigid body motion occurs for input with a much lower frequency
than the fundamental one of the filled silo system and
acceleration amplitude a≤0.20 g. Noticeable differences were
observed in the vertical profiles (over the silo height) of the
horizontal acceleration of the filled material near the wall and
along the central line when the input frequency content was close
to the first or the second natural silo frequencies. By introducing
the real seismic records (EQK), the maximum response of the
acceleration amplitude value measured from all controlled points
(either on the wall or inside the filled material) was registered at
the same time instant at which the maximum peak table
acceleration happened; the highest dynamic amplifications
noticed at the silo wall upper part were around 1–4; dynamic
amplifications inside the granular material increased from the
base to the solid surface, reaching an amplification factor of
around 2–5.

Harris and von Nad (1985) performed shaking tests on two
very slender steel silos (h � 3,050 mm, dc � 457 and h � 1,520 mm,
dc � 203 mm) filled with sand and wheat. The silo base was
welded to an elastic support frame, and a hydraulic actuator was
used to apply horizontal harmonic excitation (HS). Displacement
measurements at the base and at the top of the silo were
registered. The tests were performed with the purpose of
determining the effective mass, as the unknown quantity of
the dynamic equilibrium equations with known displacements
(coinciding with the recorded ones) assuming flexible bending
silo response and considering the rotational and translational
flexibility of the support frame. The obtained results from their
approach supported the 80% effective mass rule as suggested by
some standards in that period.

Sasaki and Yoshimura (1984) conducted shaking table tests on
a scaled uniform mortar cylindrical silo filled with brown rice.
They used a stave-silo (h � 2030 mm, dc � 1,020 mm) constructed
with blocks of mortar and confined by steel hoops, and they filled
it with various materials. Empty and filled conditions of the silo
model were tested. Both harmonic (HS) and seismic (EQK) tests
were performed. In general, it was noticed that 1) the stored
materials produced distinct changes in the vibration
characteristics of the silo system, where the resonant frequency
gets lowered by filling the silo; 2) the interaction between the silo
wall and granular solid during a seismic event can be different due
to the variation of the filled material; and 3) the maximum
registered horizontal dynamic overpressure distribution was
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quasi uniform over the entire height, except for an unexpected
peak which was observed near the base.

Sasaki and Yoshimura (1988) performed tests on two scaled
silos (h � 1985mm, dc � 820 mm): a stave silo model obtained
with mortar blocks and circumferential steel hoops, in addition to
another silo model realized as a continuous uniform mortar
model, in order to study the structural discontinuity effect on
the actual earthquake response of the silo model. The silo
specimens were filled with rice and equipped with different
instrumentation: strain gauges, accelerometers, lateral pressure
sensors. The tests were performed by using both sinusoidal inputs
(HS) and real recorded earthquakes (EQK) (Tokachu-oki 1968
and Nemurohanto-oki 1973) in empty and full conditions. Under
harmonic excitation, the presence of the ensiled material reduced
the fundamental resonance frequency of the stave silo model
where the effect of the joints of staves produced the degradation
of stiffness. Moreover, a gradual decrease of acceleration response
(amplification) factor was noticed with the increase of the peak
table acceleration.

Naito (1988) reported on shaking table tests (Kawazoe et al.,
1983 in Japanese) performed on a scaled steel coal silo (h � dc �
1,500 mm). The silo was equipped with accelerometers
positioned over the height along the center vertical line inside the
storedmaterial, while the silo wall was instrumented by strain gauges.
The base plate and silo wall rested on two different load cells to
measure the global shear force at the wall base level and at the table
level. Sinusoidal inputs (HS) were used to provoke and investigate
resonance response of the granular material. It was found that the
resonance frequency and response magnification at resonance
frequency decrease with increasing excitation. Moreover, the
response decreases at frequencies above the first resonance and
with increasing frequency, which becomes less steep with the
increment of frequency.

Holler and Meskouris (2006) reported some results of shaking
table tests (performed at Saclay in France) on a scaled steel silo (h �
1,100 mm, dc � 1,000 mm) filled with sand. The silo wall was
equipped with three pressure sensors and one accelerometer placed
on the table. The experimental results were used to calibrate a
representative Finite Element (FE) model in order to verify load
assumptions stipulated in current European standards.

Tatko and Kobielak (2008) excited a scaled flat-bottom slender
silo (h � 1,200mm, dc � 400mm) filled with sand with horizontal
impulsive loads (IL). The silo was supported by a spring system to
simulate different soil stiffness, since the main objective was to
analyze the dynamic interaction between the silo structure and the
soil. The specimen was instrumented by horizontal pressure sensors
placed at different heights of the silo wall. Dynamic inputs were
generated using a ballistic pendulum in the form of a single pulse
applied horizontally to the bottom plate. Fundamental frequencies,
horizontal time-pressure variation and radial overpressure vertical
profiles were measured. The dynamic overpressures over the silo
height are influenced by subsoil stiffness. Moreover, the distribution
of the maximum dynamic pressures over wall height is nonlinear,
while the overpressure value changes depending on the direction.
Nonetheless, the relationship between the average lateral dynamic
pressure exerted by the ensiled solid and the maximum acceleration
amplitude of subsoil is nonlinear.

Silvestri et al. (2016) conducted shaking table tests on two
scaled polycarbonate silos (h � 1,500 mm, dc � 1200 mm) filled
with Ballottini glass beads and equipped with an upper stiffening
ring. Three different configurations were tested to account for two
wall friction conditions and two aspect ratios (0.5 and 1.0). The
silos were instrumented with accelerometers (on the wall along the
input direction at various heights, and over three vertical lines
inside the granular solid), strain gauges over the wall height and
around the circumference to evaluate the internal actions in the
wall and a Linear Variable Displacement Transducer to measure
the lateral displacements of the upper stiffening ring. The silos were
subjected to: 1) white noise (WN) excitation; 2) harmonic
excitation (HS), and 3) recorded earthquakes (EQK). Natural
frequencies were evaluated from WN tests. The main purpose
of the tests was to experimentally verify the analytical model
proposed by Silvestri et al. (2012) for the estimation of the peak
global forces at the silo base (shear force and overturningmoment).
The findings showed that the particle-wall friction influences the
wall base overturning moment and the effective mass for the squat
silo is considerably lower than 80%.

Recently, Silvestri et al. (2021) performed a large experimental
campaign of shaking table tests on a full-scale flat-bottom steel
manufactured silo (h � 5,500 mm, dc � 3,640 mm) characterized
by a horizontally corrugated wall profile, open C hat-shaped
vertical stiffeners and a paneled conically shaped roof. The filling
material was soft wheat achieving an aspect ratio of around 0.9,
corresponding to a squat silo case according to EN 1991-4:2006
classification. The filled silo system was tested under two base
conditions: fixed and seismically isolated (Figure 4). The testing
program included white noise signals (WN), low-frequency (0.5 and
1 Hz) sinusoidal signals (HS), and three earthquake records (EQK):
an artificial earthquake record, a real “far-from-resonance frequency
content” input, and a second real “close-to-resonance frequency
content” input. The main findings are summarized hereafter: “The
damping ratio increases with increasing acceleration (enhanced
frictional dissipative mechanisms associated to relative sliding of
granular particles) . . . [omissis] . . . The resonance frequency . . .
[omissis] . . . slightly decreases with increasing acceleration (increasing
of damping ratio and larger effective mass) and it slightly increases
with increasing compaction (higher stiffness provided by the granular
material). No significant dynamic amplification was observed for the
whole filled silo system (both the silo wall and the ensiled granular
material) for low-frequency sinusoidal inputs. For the most
demanding earthquake input (in terms of close-to resonance
frequency content), the dynamic amplification factor increased
along the silo wall height up to values around 1.4 at the top
surface of the solid content [omissis] . . . The measured dynamic
overpressures seemed to increase slightly more than linearly with
depth from the top to the bottom.”

General Observations
The previous section introduced the main available experimental
studies (see Table 2 for a detailed comparison of their main
findings) on the dynamic behavior of filled silo systems in the
literature. It can be noticed that the majority of the experimental
campaign was conducted during the 1980s. After then, the rate of
interest became less mainly due to the technical difficulties and
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the expensive costs, even if the academic focus on this field could
not give definite answers leaving various open issues.
Nevertheless, the main remarks from the above summarized
experimental works are:

1- The nature of the dynamic base excitation, the frequency
content and the peak acceleration values have a strong impact
on the dynamic response of the filled silo system. This is
caused by the non-steady state of the stored granular material
depending on the input properties (e.g., a granular material
characterized by high intergranular friction properties and high
particle-wall friction coefficient typically leads to a relatively
high damping ratio and a high activated portion of the stored
material as an effective mass) that leads to a non-linear
response of the filled silo system.

2- The effective mass was evaluated using different methods,
which might affect the reliability of the results (analysis of the
variation of the frequency between empty and filled silos, or
interpretation of the dynamic overpressure measurements, or
global assessment evaluation of the overturning bending
moment at the silo base). Moreover, it resulted to be
influenced by the input properties. For instance, a high
effective mass was always obtained as a result of the
application of an input with a frequency content close the
resonance of the filled silo system.

3- The acceleration measurements recorded by the accelerometers
placed along the centerline of the stored material showed
higher amplification factors than those recorded from the
monitored points over the silo wall height.

4- In most cases, the small size of the adopted scaled silo models
was not suitable to account for the role of the vertical stiffeners.
In addition, the effect of the silo roof on the silo system
response was included only in few works.

THEORETICAL STUDIES AND NUMERICAL
MODELLING ON THE DYNAMIC BEHAVIOR
OF FILLED SILO SYSTEMS
This section provides a summary of the theoretical studies and
numerical modelling techniques presented in the scientific

literature for the estimation of the dynamic behavior of
ground supported cylindrical silos.

Analytical Models
Yang (1976) and Haroun (1980) studied the dynamic behavior of
a liquid-filled cylindrical shell. Although focusing on liquid
storage containers, the works provided a novel analytical
method for evaluating the fundamental period of cylindrical
storage tanks. The tank wall was modelled as a uniform
linear-elastic cantilever beam, considering both shear and
flexural deformations when determining the vibration
properties of the liquid-filled shell system. The entire liquid
mass was considered rigidly attached to the tank wall to
determine the fundamental period of vibration.

Lee (1981) proposed an analytical model to estimate the
effective mass of ground-supported cylindrical silos subjected
to harmonic base excitation. More specifically, the effective mass
is obtained from the variation of the fundamental frequency of
vibration in empty and full conditions. The analytical framework
includes the following hypotheses: 1) the stored material does not
provide any additional stiffness to the equivalent system; 2) the
participating mass of the equivalent system in the motion consists
of the wall mass plus the activated portion of stored material
under seismic excitation; 3) the filled silo system behaves like a
uniform flexible cantilever beam in terms of the distribution of
mass, inertia and material. The analytical framework is based on
the works by Chandrasekaran and Saini (1969) and
Chandrasekaran and Jain (1968).

Trahair et al. (1983) proposed the first analytical simple
formulae to estimate the distribution of the dynamic
overpressures (additional with respect to the static pressures)
depending on the filling height of the content; two categories of
ground-supported structures were identified (squat and slender)
depending on the aspect ratio. The analytical model was first
proposed for the rectangular silo and then extended to the case of
the circular one. A uniform static horizontal body force
corresponding to a time-constant acceleration was considered.
For the slender silo, the model assumes a total mass participation,
reflected in a uniform overpressure profile along the height of the
silo wall. For the squat silo, the activated mass is lower than the
total one depending on the filling height. The formulation does

FIGURE 4 | The tested flat-bottom steel silo of the SERA-SILOS project (Silvestri et al., 2021): (A) fully restrained and (B) seismically isolated.
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TABLE 2 | Summary of the main experimental results of dynamic tests on filled silo systems found in the scientific literature.

References Specimen silo properties Input Main results

Scaling
factor

Wall
material

Filling
height
hc

(mm)

Silo
diameter

dc

(mm)

Aspect
ratio
hc/dc

(-)

Ensiled
material

Type Acceleration
a (g)

HS
frequency

f
(Hz)

Effective
mass
meff

(-)

Fund.
frequency

f1
(Hz)

Damping
ratio
ξ

(%)

Chandrasekaran and Jain
(1968)

— Perspex — — 5.3–10.6 Sand, cement, wheat,
aggregate

FV — — 0.22–0.48 — —

— Steel — — 4.9–9.8 FV — — 0.27–0.54 — —

Lee (1981) 3:5 Lucite 1,500 300 empty — HS/FV 0.5 15 0 26 3
1.3 Sand 0.04 23 6
2.5 0.18 14 9
3.8 0.46 8 5
5.0 0.68 6 3

Yokota et al. (1983) — Acrylic resin 1,500 1,500 empty — FV 76 4
1.0 Coal WN 0.05 — — 19 10

Shimamoto et al. (1984) 3:80 PVC resin 1,600 1,500 1.0 Coal HS/EQK 0.1–0.3 5–45 — 14–21 —

3:80 Steel 1,600 1,500 1.0 HS/EQK 0.1–0.3 5–45 — 23 —

Harris and Von Nad (1985) — Steel 3,050 457 6.7 Sand, wheat HS — 1–9 0.60–0.90 — —

— 1,520 203 7.5 HS — 1–9 0.58–0.85 — —

Sasaki and Yoshimura
(1988)

1:8 Stave/shell 1985 820 empty — HS/EQK 0.3–1.0 5–50 — 31–46 —

1.9 Rice HS/EQK 0.1–1.0 5–50 — 19–30 —

Naito (1988) — Steel 1,500 1,500 1.0 Coal HS 0.02–0.2 — — 15–20 —

Kawazoe et al. (1983)
Tatko and Kobielak (2008) — Steel 1,200 400 3.0 Coarse sand IL 0.06–0.23 — — — —

Silvestri et al. (2016) — Polycarbonate
(smooth)

1,200 1,200 empty — WN 0.1 — — 30–35 1–4
1.0 Ballottini glass WN/

HS/EQK
0.05–0.55 1–2 0.32 14 6–21

Polycarbonate
(roughened)

600 and
1,200

0.5–1.0 Ballottini glass WN/HS 0.05–1.20 1–2 0.43 16 10

Silvestri et al. (2021) 1:1 Steel (corrugated wall) 3,300 3,640 0.9 Soft wheat WN/
HS/EQK

0.05–0.6 0.5–8 — 10–12 5–25
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not account for the shear stresses developed along the particle-
wall interface (Rotter and Hull 1989).

Younan and Veletsos (1998) and Veletsos and Younan (1998)
investigated the response of cylindrical containers characterized
by both rigid and flexible vertical walls, and filled with
homogeneous, linear, viscoelastic media under dynamic
excitation, with the following fundamental assumptions: 1) the
container with the filled material is modelled by a cantilever
shear-beam (identified with a natural frequency); 2) the entire
mass of the viscoelastic material dynamically interacts with the
cylinder shell; 3) the sliding of the contained material with respect
to the base is not allowed. The dynamic response of the filled
container system was described in terms of vertical and radial
modes. The fundamental circular frequency of the system
depends on the stored material physical and mechanical
properties, wall roughness, frictional interfaces conditions and
slenderness ratio of the silo. The natural frequencies of the
equivalent model are not affected by the wall mechanical
properties. “For liquid-containing flexible tanks, the effective
mass is effectively equal to or only somewhat smaller than that
for the corresponding rigid tanks, whereas the amplification factor
AF may be substantially larger than the unit value appropriate for
rigid tanks. By contrast, for solid-containing flexible tanks, not
only is the effective mass significantly smaller than for the
corresponding rigid tanks, but the AF, . . . [omissis] . . ., is of
the same order of magnitude as, or substantially higher than,
for the corresponding rigid tanks”. Due to these opposite effects
regarding effective mass and amplification factor, “the critical
responses of the solid-containing systemsmay be higher than, equal
to, or lower than those induced in tanks of the same dimensions by
liquids of the same density”.

Silvestri et al. (2012) extended the Janssen (1895) and Koenen
(1896) static model to derive analytical formulae for the
additional dynamic overpressures provoked by the stored
material on the wall of flat-bottom silos. The first analytical
theory, later refined by Pieraccini et al. (2015), was developed
for “an idealized system of a cylindrical silo filled with an
incompressible compacted material under idealized dynamic
conditions such as a time-constant acceleration input”. The
proposed theoretical model considers the particle-wall friction
coefficient, as well as the potential sliding of the contained
material with respect to the base. The model subdivides the
filled material into a central portion transfering its inertial
forces directly to the ground by means of base friction, and an
effective mass interacting with the silo wall. For shallow filled silo
systems (commonly classified as “squat”), the model predicts a
noticeably smaller activated portion of the material than the
entire mass.

Durmuş and Livaoglu (2015) presented analytical formulae to
estimate the fundamental period of vibration of a filled silo
system. The formulae are derived assuming an equivalent
Single-Degree-Of-Freedom (SDOF) model as an inverted
pendulum fixed at the bottom with a top lumped mass,
corresponding to a cantilever beam with flexural response. The
stored material is treated as an elastic homogeneous medium. The
overall mass of the model accounts for the self-weight of the silo
and 2/3 of the entire solid weight (reduced according to the ACI

371R-98). The equivalent lateral stiffness of the model is provided
by the silo wall section (flexural stiffness) and the interacting
portion of the confined granular particles.

Numerical Simulations
Yokota et al. (1983) built a linear Finite Element (FE)
representative model of the silo specimen in empty and filled-
with-coal conditions, to interpret the experimental results of the
tests described in Dynamic Tests on Cylindrical Flat-Bottom
Ground-Supported Silos. The empty container was modeled as
a shell structure with cylindrical shape using 26 linear elements,
while the filled one consisted of 253 triangular-shaped
axisymmetric elements. The stored material was modeled as a
multi-layered element with different elastic moduli (Young’s
modulus decreases going from the bottom to the top surface)
to consider the effects of the corresponding confining pressure
and strain level at each elevation as resulted from dynamic triaxial
tests. On one hand, the first natural frequency obtained from the
analytical results of the empty silo case moderately exceeded the
experimental value, whilst the analytical and experimental
frequency values resulted closer for the higher modes. On the
other hand, the filled model gave close frequency values for the
first two modes of vibration, whilst the gap was larger for the
higher modes.

Shimamoto et al. (1984) developed a FE model of the tested
silos using shell elements with a conical shape. The stored coal
was modelled using non-linear asymmetric solid elements. Cyclic
triaxial tests were performed on coal samples for the experimental
assessment of the mechanical properties (shear modulus) of the
coal material. The dependency of the coal’s dynamic properties
on the experimental strain was considered through the
application of the equivalent linear analysis method, which
was originally developed by Schanable et al. (1972).
Numerically simulated and experimental results were
compared for two peak acceleration values (a � 0.03 and
0.10 g). The developed model was able to well capture the
resonance frequency in both cases, and also to reproduce the
dynamic amplification effects for the lower acceleration value, but
not for the higher acceleration value, due to particles sliding
phenomena that occurred after exceeding an acceleration limit.

Naito (1988) studied numerically the non-linear behavior of
filled silo systems under dynamic conditions. Solid axisymmetric
elements were used to build the FE model for both the cylindrical
wall and the silo content. The mechanical properties of the stored
material (coal) were selected on the basis of elastic wave velocity
diagnosing method for different confining pressure conditions.
The proposed numerical model was verified by comparing the
obtained results with shaking table results.

Rotter and Hull (1989) simulated the seismic response of a
cylindrical silo filled with granular material in shallow filling
condition corresponding to a “squat” aspect ratio. The FE model
considered an axisymmetric body assuming the elastic response
of both the cylindrical silo wall and the particulate material under
dynamic excitations. The dynamic input consisted of a uniform
lateral acceleration without accounting for any amplification over
the height. The simulation assumed no vertical slipping
phenomena between the silo wall and adjacent particles and
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replicated their synchronized movement. The roof was ignored
because it provided negligible effects in containing the wall upper
part displacements. The base of the silo wall was fixed, and the
particle-wall interface was ideally rough. The membrane stresses
in the wall were examined by performing a parametric study
accounting for the variation in different geometrical aspects and
material properties. The findings indicated that stresses increase
with increasing filling condition from “squat” to “slender” (with a
stable value in case of slender silos) and with increasing radius-to-
wall thickness ratio.

Sasaki and Yoshimura (1992) reproduced numerically the
dynamic testing conditions of a 1:8 scaled model (hc/dc ≈ 2.0)
of a stave-silo reported in previous research works (Sasaki and
Yoshimura, 1984; Sasaki et al., 1986; Sasaki and Yoshimura,
1988), i.e., a rice-filled silo characterized by structural
discontinuities. The silo wall was modelled using a so-called
“stave silo element”, using the shell element theory to account
for the stiffness provided from the shell. The participation of the
granular material in the seismic interaction was assured by using
a “fictitious mass density” giving an effective mass of 0.70 to fit the
resonance curves from the experimental tests.

Holler and Meskouris (2006) developed a numerical model to
study the dynamic behavior of filled silo systems based on the
assemblage of the filled material, the wall of the silo, the wall-
particle friction interface, the silo foundation, as well as the
surrounding soil to consider Soil-Structure-Interaction effects.
Elastic shell elements were adopted to model the silo wall. The
filled material nonlinearity was considered by assigning a
hypoplastic behavior to the representative solid elements. The
frictional interface of the material particles with the wall was
modelled by means of contact elements preserving the essential
geometrical compatibility between the structure and content. The
model was calibrated on the basis of reported results of shaking
table test, so that it was able to capture the dynamic overpressure
profile exerted by the stored material. The modelling approach
was applied to the cases of steel slender and squat silos and
allowed the comparison of the obtained radial and
circumferential dynamic overpressures with the theoretical
predictions suggested by prEN 1998-4 (CEN 2003b). The
numerical findings highlighted that, for the squat case, the
inertia force corresponding to a considerable fraction of the
total filled material is transmitted directly to the ground by
means of the particle-base friction, resulting in the theoretical
overestimation of the dynamic overpressure by the European
standard for this slenderness category.

Lately and due to the lack of the experimental comparable
results for full-scale models, the research trend was drifted
towards the numerical investigation of the filled silo system
behavior. Different shell and solid elements were implemented
to simulate the container and the content behavior in linear and
non-linear conditions, and different techniques were applied to
model the friction interface between the main granular solid and
silo flat wall (Nateghi and Yakhchalian, 2011; Nateghi and
Yakhchalian, 2012; Jagtap et al., 2015; Livaoğlu and Durmus,
2015; Guo et al., 2016; Livaoğlu and Durmuş, 2016; Katsanos
et al., 2018). The differences of the modelling techniques and
assumptions have strong impact on the outcomes of these works.

General Observations
The theoretical studies, either accompanied or not by experimental
validation, aim usually at investigating the suitability of the Single
Degree Of Freedom model to approximate the dynamic behavior
of the filled/empty silo system. Furthermore, a clear effort was
devoted to the effect of the filling aspect ratio on the seismic
behavior (Trahair et al., 1983; Silvestri et al., 2012; Pieraccini et al.,
2015); in this respect, the reduction of the effective mass was
identified for squat silos. In addition, various numerical modelling
attempts were performed to reproduce the real silos conditions
which showed some promising results despite the strong
assumptions on the granular solid behavior and the various
interfaces conditions. The main shortcomings of these works
can be associated with neglecting the effect of the intergranular
friction throughmodelling the granular solid as a solid layer, beside
neglecting the effect of the possible sliding of the particles over the
base when exceeding a certain input magnitude limit (acceleration)
corresponding to the friction coefficient of the stored particles with
basematerial. Moreover, the adopted numerical models considered
always simple silos with a flat wall section in order to reduce the
computation cost, which leaves many uncertainties by not
accounting for the effect of the vertical stiffeners and the
connection details (e.g., base plate connections, roof details,
sheet overlapping areas and the bolted connection between the
sheets and the stiffeners) on the system response or even the
variant corrugated wall sections as well.

Table 3 shows a summary of the essential characteristics of the
previously introduced numerical research works.

FUTURE RESEARCH CHALLENGES

The dynamic response of filled silo systems is different from the
one of any other type of structures due to the complicated nature
of the components and the potential interaction conditions
varying in accordance with filling aspect ratios, and physical
and mechanical properties of the stored material. Therefore, a
careful planning for future research is indeed necessary, especially
for the experimental studies which are fundamental to verify
analytical and numerical models. Many unexpected problems
may arise either related to the testing conditions or to the
functionality of the instrumentations (the technical difficulties
may increase with the use of corrugated walls, vertical stiffeners
and paneled roof). Advancements in the analytical models are still
necessary to fill the gap concerning reliable formulae for the
estimation of the fundamental frequency and the effective mass.
Finally, numerical results are very sensitive to the modelling
techniques and input parameters, where it is very hard to develop
a representative model capable of giving trustworthy results.
Thus, potential developments in the future should consider
different aspects as detailed below, either experimentally or
theoretically.

In the experimental field:

1- The frictional properties of the ensiled granular material may
change from static conditions (silo at rest) to dynamic
conditions (seismic excitation, filling and discharging).
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Different friction coefficients may lead to considerably
different overpressures.

2-The effects of the wall corrugation on the particle-wall effective
friction coefficient and on the global dynamic and seismic
response of the filled silo system have to be still fully
understood. Furthermore, the loads transferred by means of
the vertical stiffeners to the ground should be assessed. That
would allow to expand the current knowledge on the effects of
the flat and corrugated wall sections, in terms of captured
vertical forces, from the static to the seismic conditions.

3-The actual after-filling conditions on the dynamic response should
be better considered,mainly in terms of the obtained eccentricity of
the top pile, since the current standards account for it in static
conditions only after exceeding a certain limit.

4- The difference in terms of dynamic amplification captured in
the granular material between the centerline of the whole
granular volume and the near-wall position should be
understood. It is thus suggested monitoring those locations
carefully by using 3-axial accelerometers and pressure cells, in
order to understand the relationships between the measured
accelerations and the provoked dynamic overpressures.

5-A critical point is also represented by the full understanding of
the dependence of the overpressure distribution and effective
mass on the different filling heights and thus on different aspect
ratios.

6-The effect of the base roughness should be considered, to
understand the possible movement of the granular mass as
solid mass under high magnitude seismic input conditions.

7-The effect of the vertical component of the seismic input should
be also accounted for in future studies.

In the theoretical field:

1- An overall theoretical framework is still missing which
accounts for the effects of frictional properties of the
granular material, the aspect ratios, the input acceleration
level, etc.

2- The local distribution of the dynamic overpressure components
along the section circumference and over the silo height should
be further assessed, allowing for more robust design formula
since the majority of the analytical studies assume uniform

distribution of overpressures and the majority of the standards
do not approach this problem.

3- A reliable formula for the prediction of the fundamental
frequency of the filled silo system is needed, in which the
effective mass would play a fundamental role as well as the
effect of the additional stiffness provided by the granular
material. Although this issue was already faced in some
previous works, major differences were noticed in terms of
the considered behavior of the equivalent SDOF model
assumed for the filled silo system.

In conclusion, research advances in the field are urgently
needed. Otherwise, in the lack of a full understanding, the
solution would be represented by a design-oriented approach
which must consider larger safety factors, as suggested by Carson
(2001).

CONCLUSION

This paper reviews the main steps of the historical developments of
research work in the field of the dynamic and seismic behavior of flat-
bottom filled silo systems. A comprehensive summary of the essential
experimental, theoretical and numerical studies since the 1960s has
been reported, highlighting the main findings along with the open
issues still to be investigated.

The challenging side of such a topic is deeply related to the
nonlinear behavior of the granular material due to the non-stable
friction conditions varying with the input type and pressure level, as
well as the complicated interaction with the silo structure considering
different possible interfaces (flat or corrugated wall section).

Despite the considerable number of the performed experimental
works in the last decades, it is not surprising that the main outputs
helped only underlining the main aspects of the system behavior,
treating some topics like the dynamic overpressure qualitatively
and leaving the quantitative assessment as an unresolved matter.
However, the experimental findings related to the fundamental
frequency and the corresponding equivalent damping ratio are of
a great importance. Furthermore, many theoretical studies were
developed in parallel with the experimental ones looking for a more
mature understanding of the problem.

TABLE 3 | Summary of the main characteristics in the cited numerical studies found in scientific literature.

References Modelling techniques Analyzing method Motivation Experimental
validation (Yes/No)silo wall Ensiled material Particle-wall interface SSI

Yokota et al. (1983) LE shell LE solid — — M natural frequencies Y
Shimamoto et al. (1984) LE shell NLE solid — — ELS resonance curves Y
Naito (1988) LE shell NLE solid — — ELS resonance curves Y
Rotter and Hull (1989) LE shell LE solid — — PS wall stresses N
Sasaki and Yoshimura (1992) LE shell - — — TH resonance curves Y
Hardin et al. (1996) LE shell NLE solid — — ELS seismic response N
Holler and Meskouris (2006) LE shell HP solid contact element yes TH wall pressures Y

LE shell LE solid — yes M natural frequencies N
LE shell - — — ELS wall stresses N

LE, Linear Elastic; NLE, Non-Linear Elastic; HP, Hypo-Plastic; M, Modal; ELS, Equivalent Linear Static; PS, Pseudo-Static; TH, Time-History.
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Finally, it must be highlighted that the performed research studies
are not capable of providing definite answers yet. That is reflected
through the absence of a universally accepted theoretical framework
to predict the seismic response of the filled silo system, hence the lack
of design formulae in almost all the standards. Thus, additional
research is necessary to address the unresolved issues by proposing
efficient analytical models, mainly related to the estimation of the
fundamental frequency and the effectivemass of the filled silo system.
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