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Abstract

This study presents an assessment on the seismic fragility of ground-supported steel silos
storing solids. As key units in the different industrial sites, storage systems are crucial for the
proper and continuous functionality of the relevant industrial operations that can be intended
for vital activities such as the food supply. Nevertheless, it is undeniable that storage systems
are more vulnerable to seismic events than other units as evidenced in the past. In this context,
this work aims to estimate the seismic fragility of ground-supported steel silos, which represent
a very common _form of storage systems containing granular material. The effect of key factors,
such as the silo geometry and the absence/existence of the filling material, which significantly
affect the seismic behavior of silos was addressed. In addition, the governing damage patterns
is determined. To achieve these goals, two different silos with different distinctive geometries
(slender and squat) were investigated considering the empty case and the 90%-filled case. First,
a detailed numerical model was built for the investigated cases by using finite element software
ABAQUS. After a phase of model validation, the dynamic properties of the silos under
investigation were assessed through eigenvalue analysis, while the seismic buckling capacity
of the different silos were evaluated through nonlinear static and time-history analysis. Finally,
fragility curves of silos were derived by identifying the most critical buckling capacity
corresponding to the specific damage patterns, showing the influence of each parameter on the
seismic vulnerability and behavior of these kinds of structures.

Keywords: Steel Silos, Granular-like Materials, Nonlinear Time History Analysis, Seismic
Fragility.
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1 INTRODUCTION

Storage systems represent vital and critical units in the different industrial sectors. However,
in order to ensure a safe and continuous operation of these systems, it is highly important to
assess the behavior of the different components of the industrial sites under different sources of
risk. Steel silos are storage units that almost no factory is devoid of. They are mainly used to
store granular solids covering a wide range of material such as flour, iron ore pellets, cements,
chemical materials. Most of these storage systems are steel silos, presenting a circular plan
form, although different structural typologies can be adopted. A first classification can be made,
distinguishing the ground-supported silos [1,2] and the elevated silos resting on a supporting
structure [3,4]. Accounting for the first typology, steel silos are categorized as thin wall shell
structures where they are extremely vulnerable to buckling under different load conditions.
With this regard, seismic events can provoke disastrous impact on the storage facilities of the
industrial systems as evidenced by past significant earthquakes (e.g., 2023 Turkey-Syria
Earthquake; 2012 Emilia Earthquake). For instance, Figure 1 shows a recent satellite image of
a factory in south of Turkey right after a powerful 7.8 magnitude earthquake struck the area
(2023 Turkey-Syria Earthquake). As the image illustrates, the earthquake had the highest
destructive impact on the storage systems as the majority of the silos were fully collapsed,
although, the other units and ordinary framed industrial structures do not show any collapse.
Therefore, it is undeniable that silos are more vulnerable to seismic events than other industrial
component. In addition, the loss of containment, which could be encountered in the event of
silo failure, can have a propagation effect causing irreparable damage to other units in the
industrial sites. Therefore, evaluating the seismic risk of silos is of great importance to avoid
the different industrial accident scenarios. The proper functionality of the relevant industrial
activities can be guaranteed after an earthquake, as it can be directly connected to logistical
activities of rescue operations, food supply, and later to the reconstruction process.

Figure 1: A satellite image of an industrial site following the recent Turkey/Syria earthquake 2023:(a) before;
(b)after the earthquake[5].

In the light of the state-of-art reported in Section 2, it is worth mentioning that among the
most influencing factors governing the dynamic response of the grain-silo system are: (a) the
geometry of the structure; (b) the existence of the ensiled material; (c) the ground motion
characteristics. Moreover, as thin wall shell structure, the buckling of the silo wall is the main
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concern that demands special attention. However, different damage patterns (DPs), or buckling

failure modes, might develop in the silo wall under lateral pressure.

In this context, this study investigates the effect of the above-mentioned factors on the
behavior and on the failure probability of the grain-silo system under seismic excitation,
specifying the most dominant DP. To this aim, two different silos (squat and slender) are
investigated under different conditions of functionality (full and empty), and the effect of the
ground motion characteristics was implicitly accounted for since different ground motions
records were used for performing seismic analysis. First, detailed numerical models were built
and validated, after time history (TH) analyses were carried out for each case, finally seismic
fragility curves were calculated for each case considering each possible DPs. The results
showed in probabilistic term the possibility of each DP to develop, considering the variation of
two main parameters: the silo geometry and the effect of the ensiled material existence.

2 BACKGROUND

2.1 Seismic behavior of ground-supported steel silos

Despite the continuous evolution of the knowledge on the performance-based seismic
assessment of different components in the industrial sites such as tanks [6—8], piping systems
[9], framed structure [10], elevated silos [3]. The seismic risk assessment of ground-supported
steel silos is poorly investigated in the past research. Nevertheless, the principal dynamic
behavior and the dynamic characteristics of silos were addressed in the scientific literature since
the middle of the last century. In this respect, Lee [11] proposed an analytical model to estimate
the portion of mass of the grain which pushes on the silos walls, known as the effective mass,
when the system is subjected to dynamic excitation. In this work, a harmonic bass excitation
was considered, and the proposed model allowed to observe the variation of the frequencies in
the cases of empty and filled conditions. Trahair et al. [12] presented the concept of the
additional normal pressure that represent the effect of the seismic response of the stored material
on the shell. However, very simple and conservative expressions were introduced to quantify
the radial and circumferential pressures applied on the silo wall under horizontal dynamic
excitation. Yokota et al. [13] was among the early researchers who employed the finite element
techniques to model the cylindrical shell and the ensiled material. This study assumed the coal
as ensiled material. In this model, an increasing value in the coal Young’s modulus, from the
top to the bottom, was considered to account for the confining pressure. The results were
compared with the corresponding experimental findings [13] and the natural frequencies
calculated on the FE model were 30-40% larger than those obtained based on the experimental
test. Shimamoto et al. [14] studied the dynamic response of silo containing coal based on the
FE model, using conical shell elements. However, the numerical solution represented by the
resonance curves were compared with those obtained based on the tested silo specimens. Rotter
and Hull [15] studied the response of circular ground-supported silos (squat) based on elastic
FE analysis. The seismic load was represented by quasi-static horizontal body force (uniform
horizontal acceleration). In this work, expressions to calculate the stress induced, in the silo
wall, by the seismic action were presented. However, this study stated that the membrane stress
induced in the wall shell are proportional to R/t ratio and to H/R ratio (R is the radius of the
silo, t is the wall thickness and H is the height). Sasaki and Yoshimura [16] presented a
numerical model to reproduce a tested scaled silo. In their research, they evaluated the effective
mass that pushes on the silo wall under an earthquake. Similarly, Hardin et al. [17] evaluated
numerically the seismic response of a large scale steel silos storing wheat. In this study, the
grail-silo system modelled by the means of composite shear-beam model accelerated by real
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earthquake record. The linear elastic behavior was assumed for the silo wall. However, the
study recorded the acceleration history, the amplification of the horizontal acceleration, and the
stress-strain distribution. Later, Younan and Veletsos [18,19], examined analytically cylindrical
silos storing linear viscoelastic solids subjected to earthquake-induced ground motions. The
aim of the study was to provide an analytical formulation to describe the seismic response of
the filled silo, accounting for the parameters of slenderness ratio and the wall flexibility. Holler
and Meskouris [20] characterized the effect of the different component on the silo seismic
behavior, mainly accounting for variation of some key parameters, such as the grain-wall
interaction, the aspect ratio, the nonlinearity of the granular material, and soil-structure
interaction (SSI). The study grounds on the basis of FE numerical modelling considering linear
elastic wall behavior. The study concluded that for squat silos, a substantial portion of the
ensiled weight does not participate to the horizontal pressures as it is transferred directly to the
ground.

Further investigating on the effect of the aspect ratio on the seismic response of flat-
bottomed ground-supported silos was presented by Nateghi and Yakhchalian [21]. The study
emphasized, based on numerical observations, the influence of the aspect ratio and concluded
that assuming a constant value of acceleration distribution along the height of squat silos
(adopted by the current European standards EN 1998-4 [22]) leads to conservative design
pressures for a squat silo, on the other hand, this assumption is fair for a slender silo. A study
presented by Silvestri et al. [23] addressed the matter of the effective mass pushing on the silo
wall under seismic action. Grounding on a new physically-based analytical approach, which
was later refined by Pieraccini et al. [24], this study emphasized the conservatism of EN 1998-
4 [22] provisions with regards to squat silos. In the same framework, a series of shaking table
tests was performed by Silvestri et al. [25], on scaled silos made of polycarbonate sheets and
containing wheat as ensiled material. This experimental campaign revealed the significant
effect of the wall-friction coefficient on the base overturning moment and that is consistent with
the analytical approach introduced in [23]. However, this effect is disregarded by the current
European provisions of EN 1998-4 [22], which conservatively estimate the base overturning
moment. Butenweg et al. [2] further investigated the static equivalent load (adopted by the
current European standards EN 1998-4 [22]) by comparing it to more sophisticated approach
based on the time history analysis considering nonlinear FE model. The study revealed that
considering the equivalent static load, with a simplified linear acceleration along the height, is
too conservative for a slender silo. Instead, an acceleration profile determined based on
multimodal analysis on a simplified beam is more realistic. Moreover, the study suggested that
using the nonlinear numerical modelling leads to more economical design as the equivalent
static load approach yields in conservative stress values in case of squat silos and that is in
agreement with the statement by [20,23]. Durmus and Livaoglu [26] investigated analytically
the seismic behavior of the ground-supported silo based on a simplified model represented by
a single degree of freedom flexural cantilever beam with a lumped mass. The study aimed at
estimating the dynamic pressure, the base shear force, the fundamental frequency of vibration
and the SSI effect. The results obtained by the analytical solution were compared with those
obtained based on the numerical simulation. This study stated a good agreement between the
results obtained by the two solutions, and it concluded that the effect of SSI can be ignored in
practical applications, as it has negligible contribution especially in case of squat silos.
Mehretehran and Maleki [27] investigated, by the means of incremental dynamic analysis
(IDA), the dynamic buckling behavior of steel silos with a constant thickness. The silos were
assumed filled up to 90% of the maximum capacity and the elephant foot buckling was the
unique investigated DP. The study estimated the seismic buckling capacity of the relevant silos
by the peak ground acceleration (PGA) that initiate the buckling. The main findings of this
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study indicate that slender silos are more vulnerable to buckling failure while squat silos present
a considerably higher resistance under same conditions. Later, the same authors extended their
findings to include the stepped wall steel silos under seismic conditions[28]. This study stated
that the vertical component of the seismic excitation is of a quite marginal effect. Recently,
Silverstri et al. [29] reported a series of shaking table test on full scall flat-bottom steel silo. The
considered silo was of corrugated walls and filled with wheat. Basically, this study reported the
experimental observation on the static pressure, the dynamic properties, and the dynamic
overpressure. On the level of the dynamic behavior, the study found that the fundamental
frequency depends on the acceleration and on the compaction of the grains. In addition, the
dynamic amplification increases along the height of the silo with maximum value at the top of
the ensiled content and the additional normal pressure increases with the depth. Another recent
experimental study was presented by Jing et al. [30] based on shaking table test and considering
different real and artificial earthquake excitations. The study reported the favorable effect of
the existence of the granular material on the energy dispassion of the grain-silo system. In
addition, the effect of different filling states on the acceleration vertical profile and on the
fundamental frequency of the system was quantified experimentally. For the sake of
conciseness, the state-of-art reported above is limited to the ground-supported steel silos which
is the most relevant to the subject of this work. Various examples about silos with different
typologies, such as elevated silos [3] and reinforced concrete silos [31] can be found in the
scientific literature. However, more elaborated state-of-art about the silo structure and their
behavior under different conditions is presented in [32,33].

2.2 Possible failure modes of ground-supported steel silos

Early investigations on the behavior of storage systems under earthquakes allowed us to gain
significant insight into the possible failure modes that can affect the functionality of silos as
storage systems. Based on the post-earthquakes site inspections reported in [7,34], a wide
variety of possible failure modes and mechanisms of similar structures were reported under
earthquake. However, the DPs that can develop in the shell wall, under lateral pressure, are the
only connected failure modes to this study. For the case at hand, the considered DPs are: (a) the
elastic-plastic buckling known as elephant foot buckling (EFB) [35]; (b) the top-of-wall damage
(TWD) which is a possible buckling occurs at the top of the wall [28,34], (c) the elastic buckling
occurring near to the middle part of the silo (EB) [7,36].

3 CASE STUDY

3.1 Silos description

To reflect the variety in the geometry of the silos in the practice, two different silos with
different dimensions were considered. A wider set of silos, with similar typology, were studied
by Sadowski and Rotter [1] under the condition of discharge loads. The reader may consult the
relevant study [1,37] for more details of the conceptual design of the relevant silos. However,
the considered silos were chosen to cover slender and squat geometries with properties reported
in Table 1. Both considered silos have the same storage capacity (510 m3).

Typology Acronym  Height (h) - m Diameter (D) - m  Thickness (t) -mm  h/D R/t
Slender S 18 6.00 6 3 500
Squat Q 6.5 10.0 3 0.65 1667

Table 1: The geometric characteristics of the considered silos.
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It is a matter of fact that the existence of the ensiled solids leads to a significant seismic
demand. Nevertheless, the existence of the filling material has a favorable impact on the lateral
stiffness and imperfection amplitude, and hence on the structure strength. With this regard, it is
of high importance to evaluate the influence of the solids’ existence on the seismic vulnerability
of the silos under investigation and, in this view, the considered silos were studied for the case
of empty and 90% filled silo.

3.2 Finite element modelling

The three-dimensional EE models of the case study silos were developed using the
commercial package ABAQUS (Standard) [38]. Three parts form and assemble the numerical
model, that is, the cylindrical steel silo (modelled using the S4R element type) the bulk material
stored in the silo (modelled using the C3D8R element), and the concrete base (modelled using
the S4R element). This latter was considered as a fully stiff element. Fixed boundary conditions
were applied to the steel wall bottom. Giving that the behavior of the shell wall is the main
focus of the investigation, the roof structure was ignored in the model. Nevertheless, the effect
of the top roof was substituted by considering a rigid body constraint that ties the nodes at the
upper edge of the silo wall to a reference point. A careful mesh convergence study was fulfilled
for each silo under different analyses. Generally, the mesh considered in the models considers
essential considerations. For instance, a greater number of elements should be considered where
the stress change rate is high, and less number was used where it is low. For the ensiled material,
a higher resolution of mesh was considered at the interface near the wall to ensure a proper
developing of the friction interaction between the filling material and the wall. The critical shear
stress between the ensiled material and the silo wall was defined according to Coulomb
frictional model.

The steel material of the shell wall was assumed as elastic-hardening, with elastic modulus
of 210 GPa, yield strength of 275 MPa, ultimate strength of 430 MPa, and strain hardening
modulus of 3880 MPa. The considered silos are filled with ‘Camacho’ wheat [39] with density
of 836 kg/m?, angle of internal friction of 22.2°, Young’s nodulus of 19.7 MPa, Poisson’s ration
0f 0.37, cohesion of 0.0095 MPa, friction coefficient of 0.19 for steel walls and 0.42 for concrete
base. Elastic properties for the filling material were considered to simulate its behavior in the
numerical model.

3.3 Model validation

Two steps were performed in order to verify the FE model and its static/dynamic outcomes:
(a) comparing the static pressure imposed by the filling material on the silo wall with the
analytical solution provided by Janssen’s theory [40] and modified Reimbert’s theory [41]; (b)
comparing the dynamic characteristics of the a scaled silo calculated by the numerical
modelling with those reported in the literature based on experimental tests [25].

Regarding the first point, the static pressure exerted by the filling material on the silo wall
and computed by the numerical analysis were compared with those calculated by the analytical
solution provided by [40] for slender silo and [41] for squat silo. Figure 2 depicts the
comparison for the considered silos filled up to 90% of the maximum storage capacity, showing
a good agreement numerical and analytical solutions.
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Figure 2: Filling static normal pressures and frictional tractions on the silo walls for the silos Q: (a) 90% filled S-
silo; (b) 90% filled Q-silo.

For purpose of verifying the dynamic characteristics yielded from the numerical model, a
scaled benchmark silo subjected to shaking table test presented in [25] was modelled.
Consequently, eigenvalue analysis was performed and the dynamic characteristics represented
by the natural frequency of the dominant vibration modes was calculated and compared with
those reported based on the experimental study. The first and second natural frequencies
calculated by the FE model were equal to 15.65 Hz and 43.79 Hz, while the ones provided by
the experimental test were equal to 12.7-14.1 Hz for the first fundamental vibration mode and
43.9-44.9 Hz for the second one. Also in this case, the comparison between numerical and
experimental solutions provided satisfying results.

4 SEISMIC ANALYSIS

4.1 Frequency analysis

The main dynamic characteristics of the silos under consideration were identified by
performing frequency analysis. Fundamental modes of vibration for the silos were observed
and the corresponding natural periods were collected. Table 2 reports the periods of vibration
for slender and squat cases with empty and 90%-filled condition.

90% 0%
S 0.27 0.06
Q 0.12 0.02

Table 2: The natural period (in second) of the investigated cases.

4.2 Pushover analysis and damage identification

For the purpose of predefining the most vulnerable buckling zones, nonlinear static pushover
analysis was performed on the considered silos under investigation. The buckling zones are
expected to exhibit severe deformations under lateral loads, and they should be observed when
running the dynamic analysis. Nevertheless, the other key reason behind performing pushover
analysis is to define the limit of deformation, EDPpp, which represent the threshold that state
the achievement of the DP, and it was quantified according to a specific engineering demand
parameter (EDP) corresponding to each DP. As an instability phenomenon, the shell buckling
can be quantified with the displacement magnitude, 0, where this parameter is measured for a
control node selected to represent the buckling area under investigation. The parameter 0 was
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adopted by other studies to quantify the dynamic buckling of silos and similar structures [8,27].
In practice, the buckling can develop in the silo shell body in different positions with different
heights. Thus, in order to have a more practical height-unbiased parameter that can neutralize
the position of the buckling zone and that account for the silo global behavior, an alternative
parameter was used, which is represented by the ratio between the displacement at the
monitored point over to the height of the relevant buckling zone, identified with 6. Hence, this
unitless parameter can be employed as EDP in the seismic analysis. Figure 3 shows the
performance and the deformation shape for the S silo, under a monotonically increased lateral
load.

a b

Figure 3: The deformed shape of S silo under lateral static load: (a) the empty case; (b) the 90%-filled case.

The performance of the silo can be interpreted by the behavior of zones prone to buckling
corresponding to the distinct DPs. Practically, the behavior of these zones is interpreted by the
F-0 curves, where F represents the global base shear. Consequently, the relevant threshold can
be captured as illustrated Figure 4.

<10° EFB ) «10° : TWD . Lo %108 EB )

empty

2 e ] 2 A 2 4 90%-filled
4 —Threshold

L 0 . . ( . .
0 0.005 0.01 0,015 0 05 1 15 2 25 3 35 0 1 2 3 4 5 6

Figure 4: Buckling assessment of the DPs of S silo: (a) EFB; (b) TWD; (c) EB.

4.3 Time history analysis

For the purpose of evaluating the dynamic buckling capacity and the variation in the
behavior based on the geometry and the absence/presence of the granular material, TH analyses
were performed on the silos, accounting for the nonlinearities simulated in the numerical
models. For this phase, only half of the system was analyzed since the structure is symmetrical.
A damping ratio of 2% was considered for the system. To perform nonlinear TH analyses, the
implicit time-integration technique provided by ABAQUS (standard) [38] was used. The model
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was accelerated by unidirectional ground motions, using 11 natural ground motion records
selected according to a high-intensity spectrum (i.e., PGA > 0.25g).

5 PROBABLISTIC SEISMIC RESPOSNE ANALYSIS

To estimate the vulnerability of the investigated silos under a seismic action, fragility curves
are derived, in order to quantify the probability that a certain DP occurs in the structure for a
given seismic intensity measure (IM). To this end, cloud analysis [42] was employed to
calculate the fragility of the silo. The results of TH analysis were used to define the EDP-IM
pairs that determine the demand-capacity relationship. As IM, the parameter chosen was the
spectral acceleration of the first vibration mode, Sa(71), in order to well describe the severity
of the ground motion on the structure. Nevertheless, PGA could be used, as adopted in [6,27].
To derive the relation between IM and EDP, given the limited number of records, the power
law by Cornell was used [43]. Eventually, fragility curves were computed for each case,
considering the three possible DPs. Figure 5 presents the fragility curves as output of the
analysis. In total, 4 different cases were investigated. As illustrated by the curves in Figure 5,
the overall behavior indicates that both silos are most vulnerable to the EFB when the filling
material exists, that is, the probability of occurrence of the other expected failure modes (i.e.,
TWD and EB) is much lesser than that one of EFB, which is the governing DP. However, for
empty case the three DPs have roughly similar tendency to develop as graphically demonstrated
by the corresponding fragility curves in Figure 5. Values of medians («) and dispersions (o)
were depicted in Table 3, using as subscripts the related DPs.
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Figure 5. Fragility curves for the investigated silos considering different geometries and filling condition.
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Silo and filling

level MEFB OEFB HUTWD JTWD HEB JEB

S 00% 491 0.39 4.68 0.43 4.82 0.40
90% 0.79 0.28 431 0.41 4.44 0.40
00% 5.45 0.41 498 0.40 5.57 0.42

Q 90% 1.03 0.26 4.66 0.43 3.60 0.41

Table 3. Results of fragility curves (n and o) derived for the 4 considered cases.

It is worth noting that the variation in terms of 4 when accounting for 90%-filled or empty
cases, reveals that for differences occur for different silo geometry. As a matter of fact, S silo
results to be more vulnerable than Q case, looking at the EFB DP (uzrs for S equal to 0.79g vs.
uers for Q equal to 1.03). In general, silos with lower aspect ratio performs stronger than those
with high aspect ratio and medians corresponding to the governing DPs are higher for squat
silos than slender ones, given the same conditions of functionality.

More influent is the role of the ensiled material in the fragility evaluation. Looking at the
fragility parameters of the slender silo, the filled silo presents a uzrs equal to 0.79g, while the
same parameter is equal to 4.91g in the empty case. Still, the relative-high increasing in the
median for the empty case indicates very low seismic risk connected to the empty silo, that is,
the silo rarely collapses under a natural seismic event for the empty condition. This achievement
assume a physical sense, by considering that a very low total mass characterize the empty
system, then leading to a low seismic demand.

6 CONCLUSIONS

This study presented a numerical evaluation of the seismic fragility for cylindrical ground-
supported steel silos storing granular-like material. In detail, the influence of key factors such
as the geometry (slender and squat silos) and functionality conditions (fully-filled and empty)
were estimated. The governing damage patterns among the possible ones for this kind of
structures, 1.e. elephant foot buckling, top-wall diamond and elastic buckling in the middle-wall
was determined, by computing the seismic fragility for each case.

On the effect of the silo geometry, the results revealed that silos storing solids are most
vulnerable to the elephant foot buckling for both slender and squat silos, especially when
structures are filled with 90% of the maximum capacity. In addition, both slender and squat
silos do not present the tendency to exhibit top-wall damage or diamond elastic middle-wall
buckling. In general, the results emphasized that the squat silo performs stronger than the
slender one with about 25% higher capacity for the 90%-filled case. About the effect of the
ensiled material existence, the results indicated that elephant foot buckling is the governing
failure mode for 90%-filled silos while, in case of empty silos, the three investigated damage
patterns present comparable probability of occurrence, under very high seismic intensity. On
the other hand, empty silos exhibit very high seismic capacity regardless the failure mode and
this indicates a very low possibility to fail under ordinary natural seismic events.

Further developments will aim to extend the work on silos to different typologies of silos,
storing different class of materials, as well as to refine the numerical models to account other
physical factors, e.g., compaction of solid materials during earthquakes action.
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