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Abstract:



Silos generally work as storage structures between supply and demand for various goods, and their structural safety has long been of interest to the civil engineering profession. This is especially true for dynamically loaded silos, e.g., in case of seismic excitation. Particularly thin-walled cylindrical silos are highly vulnerable to seismic induced pressures, which can cause critical buckling phenomena of the silo shell. The analysis of silos can be carried out in two different ways. In the first, the seismic loading is modeled through statically equivalent loads acting on the shell. Alternatively, a time history analysis might be carried out, in which nonlinear phenomena due to the filling as well as the interaction between the shell and the granular material are taken into account. The paper presents a comparison of these approaches. The model used for the nonlinear time history analysis considers the granular material by means of the intergranular strain approach for hypoplasticity theory. The interaction effects between the granular material and the shell is represented by contact elements. Additionally, soil–structure interaction effects are taken into account.
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1. Introduction


Adequate seismic design of silos is especially important in the field of plant engineering since structural damage often leads to consequential damage such as fires, explosions, and the release of toxic substances into the air and soil. Furthermore, silos are important supply structures that serve to store foodstuffs and industrial goods and to compensate for fluctuations between production and consumption. However, past earthquakes have repeatedly caused damage to silos. One of the main causes for damage is buckling on the foot of the wall of the silo as a result of a combination of axial compressive stresses, circumferential tensile stresses and high shear stresses that is also referred to as “elephant’s foot buckling” and typically related to steel silos. For silos made of reinforced concrete different failure modes may occur [1,2,3]. In addition, slender silos are at risk of tipping over due to high seismic inertial forces when the anchoring or the foundation fails. Silos with substructures are especially at risk of tipping over due to the weight of the silo, which causes the structure to be top-heavy. Figure 1 shows the collapse of a slender silo made of steel as a result of a series of earthquakes in the Emilia–Romagna region in Northern Italy in 2012. In addition to the collapsed silo, the other three silos in the group also exhibited clearly visible buckling damage in the highly stressed areas.


Figure 1. Total collapse of a slender silo during the earthquake series in Emilia Romagna/Northern Italy in 2012.
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Seismically excited silo structures have long been the subject of intensive research, which has always been the goal of understanding the interaction between filling and silo wall and to derive comprehensible calculation and design concepts. Rotter and Hall [1] investigated the problem of compact cylindrical silos, identified the main failure modes, and derived design criteria for steel silos based on a numerical model. Yokota et al. [4], Shimamato et al. [5], and Sakai et al. [6] carried out vibration tests on cylindrical model silos filled with coal, and derived basic knowledge about the vibration behavior of silos. Younan and Veletsos [7] developed an analytical formulation for describing the seismic response of material-filled silos with rigid walls for constant accelerations, harmonic excitations, and stochastic seismic effects, which were also extended to flexible tank shells [8]. Bauer [9] and Braun [10] dealt with the material behavior of bulk materials and their behavior under dynamic loads. The current version of the Eurocode 8, Part 4 [11], is essentially based on the formulation of Younan and Veletsos [7] and the work of Rotter and Hall [1]. The complex interaction between the filling material and the silo shell is not explicitly taken into account, among other things, by the pressure conditions as well as the soil and wall friction coefficients. Holler and Meskouris [12] showed that the loading rates are too conservative in the case of compact silos, whereas loads on slender silos are well represented. Recent shaking table tests [13] have shown that the approaches in Eurocode 8 [11] are too conservative and the dynamic response is strongly dependent on the wall friction coefficient. Better agreement with the experimental results is obtained with the analytical approach according to Silvestri et al. [14]. The same results are obtained by Pieraccini et al. [15] with an improved approach based on the theory of Silvestri [14].



In the following, firstly the design by means of a non-linear calculation model for cylindrical silos with granular bulk materials is presented taking into account the non-linearities of the bulk material and the interaction of the bulk material with the silo wall. After that, the static load approach of Eurocode 8, Part 4 [11], is applied to a slender silo. A comparison of the two calculation approaches as well as the approach of Silvestri [14] for a squat silo then follows.




2. Equivalent Load Method


The static replacement loads for silo structures must be determined both for the components due to seismic excitation in the horizontal as well as in the vertical direction. The vertical component is not negligible as is often the case in building construction, since the acceleration of the high concentrated silo masses leads to dynamic stress pressures, which are particularly relevant for the design of the hopper outlet.



2.1. Equivalent Seismic Loads in Horizontal Direction


Due to seismic excitation silo walls are subjected to additional horizontal seismic actions caused by the acceleration of the mass of the granular material. These actions can be represented according to Eurocode 8, Part 4 [11], through an additional normal pressure on the wall, which for cylindrical silos is given by


[image: there is no content]



(1)







The resulting pressure distribution is shown in Figure 2. Herein Δph,so is the reference pressure acting on the silo wall at a distance x from the flat bottom or from the tip of a conical or pyramidal hopper:


[image: there is no content]



(2)
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(3)






Figure 2. Equivalent static load for cylindrical silos according to Eurocode 8, Part 4 [11].
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The reference pressure Δph,so depends on the following material and geometrical parameter:



	[image: there is no content] 
	response acceleration of the silo at a depth [image: there is no content] from the equivalent surface of the fill mass in g;



	[image: there is no content]
	characteristic value for the specific weight of the fill mass;



	[image: there is no content]
	[image: there is no content];



	[image: there is no content]
	total height of the silo from a flat floor or a hopper tip to the equivalent surface of the fill mass;
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	interior diameter in cylindrical silos;



	[image: there is no content]
	angle relative to the direction of the seismic excitation ([image: there is no content]);



	[image: there is no content]
	slope of the hopper wall relative to a vertical axis or maximum wall slope (relative to the vertical) for pyramidal hoppers.








Generally, combinations of the seismic pressure with those resulting from filling or emptying the silo must be considered in order to ensure that no negative (pointing to the interior) pressures arise and the contact between the fill mass and the silo wall is maintained at all times. When such pressure situations occur in higher sections, the negative pressure is redistributed to the opposed pressure-loaded wall of the silo. The acceleration of the silo is described by a variable distribution according to a function [image: there is no content], for which the variation of the acceleration along the height must be determined beforehand. If the latter is not known, [image: there is no content] may be substituted by the value of the acceleration acting at the height of the mass center. Figure 3 shows the pressure distributions due to seismic actions and filling and their superposition for a constant and variable acceleration over the silo height. The static load distributions are reduced at the bottom to take into account that for squat silos a large part of the lateral seismic force is taken up by internal friction in the fill mass and does not affect the silo wall. However, it has to keep in mind, that the simplified distributions are just approximations of the real dynamic pressures.


Figure 3. Pressure distributions—dynamic pressures, pressures due to filling and superposition.
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2.2. Equivalent Seismic Loads in Vertical Direction


Eurocode 8, Part 4 [11], stipulates that vertical seismic loads must be considered in addition to the lateral seismic loads but does not prescribe how to apply them to the silo walls. A meaningful approach consists in deriving the additional dynamic forces directly from the static forces due to filling. To that effect a scaling factor [image: there is no content] is determined as the spectral acceleration for the fundamental vertical vibration mode, given in units of g. Measurements and numerical results have shown that the fundamental vertical vibration mode is located in the low-period range of the response spectrum, so that the plateau spectral acceleration value [image: there is no content] can be assumed to be on the safe side. The scaling factor is given by


[image: there is no content]



(4)




[image: there is no content] is then used for computing additional friction pressures [image: there is no content] for walls and vertical pressures [image: there is no content] for silo floors and hoppers according to Eurocode 1, Part 4 [16], by simply scaling the pressures due to filling. However, it should also be mentioned that additional seismically induced forces may be computed for the loads arising during silo emptying—which load combination is the most unfavorable must be decided on a case-by-case basis. The importance of vertical seismic pressures increases with higher seismic loads, since the additional pressures are no longer covered by the safety factors for the serviceability limit states. The need to take into account vertical seismic effects is also shown by Silvestri et al. [14]. Here, a comparable load approach to increase the vertical and horizontal wall pressures is proposed.




2.3. Combination of Equivalent Seismic Loads in Horizontal and Vertical Directions


Generally, lateral (in two mutually orthogonal directions) and vertical seismic loads applied to silos must be considered to act jointly. This effect may be taken into account approximately through the standard 30% rule according to Eurocode 8, Part 1 [17]. On the other hand, Eurocode 8, Part 4 [11], stipulates that, for axisymmetric silos, it is sufficient to consider a single lateral component together with the vertical component. Therefore, it is sufficient to consider in total two load combinations.





3. Nonlinear Numerical Simulation Model


The hypoplastic material law is used to describe the behavior of the granular material. Different formulations for hypoplasticity have been investigated: the hypoplasticity based on the formulation of Gudehus [18], two modified versions using time history functions according to Bauer [9] and Braun [10] and the intergranular strain approach developed by Niemunis and Herle [19]. Comparisons of the different approaches with soil mechanic cyclic tests clarifies that the intergranular strain approach according to Niemunis and Herle [19] leads to the most realistic results [12,20]. Therefore, this approach was applied within the overall model.



The set-up of the nonlinear simulation model is presented in Figure 4. The foundation slab is placed on the soil, which is regarded as an elastic half space represented by the well-known cone model according to Wolf [21]. The granular material is modeled by 20-node solid elements incorporating the intergranular strain approach according to Niemunis and Herle [19]. The silo wall is represented by eight node shell elements and connected with contact elements to the granular material. The contact elements transfer compression and friction forces and allow for a separation between the filling and the silo wall. The proposed model was validated by shaking table tests of scaled steel silo models [12].


Figure 4. Nonlinear calculation model.
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4. Calculation Examples


The design approach of Eurocode 8, Part 4 [11], bases on equivalent static loads representing additional inertial forces due to the acceleration of the material. This assumption leads, in the case of slender silos, to a sufficient correspondence with the actual load-bearing behavior. In the case of squat silos, the internal friction of the granular material near the ground and its load bearing behavior is taken into account only by a short linear increase in the lower region of the silo shell. For this reason, this approach is to be assessed more precisely by a comparison with the non-linear simulation model. For the slender silo, the influence of the use of a constant and variable acceleration profile over the silo height is investigated. The geometry and material parameters for the slender and squat silo are summarized in Table 1.



Table 1. Geometry and material parameter of the slender and squat silo.







	
Silos




	
Height (squat/slender)

	
[image: there is no content]

	
10.0/30.0

	
m




	
Inner diameter (squat/slender)

	
[image: there is no content]

	
10.0/6.0

	
m




	
Thickness silo wall (squat/slender)

	
[image: there is no content]

	
10.0/8.0

	
mm




	
Young’s modulus

	
[image: there is no content]

	
210.000

	
N/mm2




	
Poisson’s ratio

	
[image: there is no content]

	
0.3

	
[-]




	
Bulk Material




	
Bulk unit weight

	
γ

	
15.0

	
kN/m3




	
Horizontal load ratio

	
[image: there is no content]

	
0.45

	
[-]




	
Wall friction angle

	
μ

	
0.40

	
[-]




	
Amplification factor

	
[image: there is no content]

	
1.00

	
[-]




	
Amplification factor pressure on the bottom

	
[image: there is no content]

	
1.00

	
[-]










4.1. Slender Silo


According to Table 1, the slender silo has a height of 30 m, an inner diameter of 6 m, and a constant wall thickness of 8 mm. To determine the acceleration profiles, the silo is simulated as a beam model with 15 lumped masses. These masses consider the dead weight of the silo shell and the granular material (Figure 5). The first eigenfrequency is determined for the multiple mass oscillator at 1.0 Hz. A spectral acceleration of 5 m/s2 is assigned for a location in New Zealand in accordance with the spectrum [22] set in Figure 6, if the ascending branch in the response spectrum is neglected.


Figure 5. Slender silo and idealization as multiple mass oscillator.



[image: Buildings 07 00061 g005]





Figure 6. Design response spectrum according to the seismic code of New Zeeland, Soil Class E [22].
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With the spectral acceleration of 5 m/s2 and the total mass of 1756.26 t, the base shear is Fb = 8781.3 kN. From this, the linear acceleration profile is determined by the height- and mass-proportional distribution of the forces on the heights of the masses. In addition, the multiple mass oscillator is used to perform a calculation using the multimodal response spectra method, taking into account 10 eigenforms. The course of the accelerations from the multimodal calculation in comparison to the linear approach is shown in Figure 7.


Figure 7. Linear and multimodal acceleration profile.
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The horizontal seismic pressures acting on the silo wall are calculated according to Section 2.1 using the variable acceleration profiles (Figure 7). They are applied as static equivalent loads together with the static pressures on a finite element model of shell elements. In addition, the seismic loads due to vertical seismic excitation with av = 0.7ah = 3.5 m/s2 according to Section 2.2 are taken into account in the model. Figure 8 shows the resulting circumferential and axial stresses for a constant acceleration as well as for the acceleration profiles given in Figure 7.


Figure 8. Circumferential and axial stresses as results of the different approaches of the acceleration.
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To the regarded silo construction, the results show that the linear approach provides the greatest axial stresses, whereas the constant and multimodal approach results in comparable stresses. This is due to the higher accelerations and the more unfavorable distribution of the horizontal forces over the height. The results of the different approaches also vary over the height in the case of the circumferential stresses, although the differences are not as great as for the axial stresses.




4.2. Squat Silo


According to Table 1, the regarded squat silo ([image: there is no content]) has a height of 10 m, an inner diameter of 10 m and a constant wall thickness of 8 mm. The connection to the foundation is assumed to be rigid. A simplified model of the foundation as a rigid reinforced concrete block with a density of 25 kN/m3 is used. The connection to the lower edge of the foundation is represented by a stiffness matrix that models the elastic half space under the foundation for a shear wave velocity of 500 m/s based on the truncated cone model of Wolf [21]. The associated mass fractions and damping ratios are also taken into account in the model.



The silo is located in Istanbul, for which a reference peak ground acceleration ag of 4.16 m/s2 must be assumed. The corresponding elastic response spectra in the horizontal and vertical direction according to Eurocode 8, Part 1 [17], for Spectrum Type I and Soil Class B is shown in Figure 9.


Figure 9. Elastic response spectrum for the location in Istanbul according to [17].



[image: Buildings 07 00061 g009]






Due to the thin walls of the silo and the associated risk of the shell buckling, a behavior factor will not be used (q = 1.0). A linear-elastic continuum model will be used to determine the first Eigen period. The bulk material is idealized using volume elements, and the silo shell is idealized using shell elements. The contact area between the bulk material and the wall of the silo is assumed to be rigid. This model yields a first Eigen period of T1 = 0.12 s taking the interaction between the soil and the structure into account. This results in spectral accelerations of Sah = 10.9 m/s2 in the horizontal direction and Sav = 11.0 m/s2 in the vertical direction. The vertical acceleration results in a scaling factor of [image: there is no content] = 1.12 according to Equation (4). Due to the stockiness of the silo, the horizontal spectral acceleration is assumed to act on the center of mass and is considered to be constant along the height of the silo as an approximation. Using the approaches for the static equivalent loads of Section 2.1 and Section 2.2, the circumferential and axial stresses presented in Figure 10 and Figure 11 are obtained as a result of the horizontal and vertical effects of the earthquake. Figure 11 additionally shows the comparison of the resulting meridian and ring stresses using the load approach according to Silvestri et al. [14] at a constant spectral acceleration Sav = 11.0 m/s2. It becomes clear here that the approach of Silvestri is more conservative with equal input values. This is because in the proposed approach, the pressure is scaled exponentially according to the theory of Jansen [23] while that of [14] suggests a linear approach.


Figure 10. Circumferential and axial stresses due to horizontal seismic excitation.
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Figure 11. Circumferential and axial stresses due to vertical seismic excitation.
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To enable the comparison with transient analyses, synthetically time histories are generated in horizontal and vertical direction (Figure 12) using the elastic response spectra shown in Figure 9.


Figure 12. Synthetically generated acceleration time histories.
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A comparison between the dynamic stresses between the equivalent load method and the non-linear simulation model is provided in Figure 13. As in the non-linear simulation model, the time history is applied as acting in both a horizontal and a vertical direction, it is necessary to make the comparison with the earthquake combinations in both directions. The combination of the directions is based on the 30% rule. Additionally, the full superposition of both of the directions was applied.


Figure 13. Circumferential and axial stresses due to seismic excitation.
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The results show considerable differences. The increase factors that were calculated on the basis of the equivalent load method result in a 2–3 times higher factor when compared with the simulation results on the basis of the 30% rule, whereby the combination of 1.0 times the horizontal loads with 0.3 times the vertical loads is decisive. The full superposition provides results that tend to be more certain when compared with the simulation calculation. This is mainly due to the load assumptions of the Eurocode 8, Part 4 [11], which is based on the loads that are to be applied from the horizontal acceleration of the bulk materials being fundamentally transferred from the silo shell to the foundation soil. Contrary to this, it is discernible in the simulation that a substantial part of the horizontal loads due to the acceleration of the material is transferred directly by friction in the foundation soil (or the foundation itself).



This effect is especially pronounced in the squat silo that is being considered here. Its effect decreases the higher the H/D ratio becomes. With the equivalent load method, an attempt is made to do justice to this effect, by a linear progression of the cosine-shaped earthquake load being assumed to exist from the base of the silo up to a defined height. With this reduction of the load applied to the base of the silo considered here, a comparison made with the non-linear simulation under application of the equivalent load method still produces conservative results.



When applied to slender silos, the differences between the calculation methods become considerably less with the equivalent load method reflecting the dynamic stress distribution well. This has been proven by Holler and Meskouris [12] in advanced experimental and numerical studies.





5. Conclusions


The article presents an approach for the seismic calculation of cylindrical silos made of steel containing granular bulk materials. A simplified calculation approach with static equivalent loads is presented for seismic excitation due to the horizontal and vertical direction. In addition, a non-linear simulation model for calculations in the time domain is introduced. The application of the approach with static equivalent loads to a slender silo shows that it is more realistic and economical to determine the acceleration profile along the height of the silo using multimodal analysis on a simplified beam model and not to use a simplified linear acceleration profile as the latter yields results that are too conservative.



A comparison of the results with static equivalent loads and a non-linear simulation model for a squat silo clearly shows that the approach with static equivalent loads yields results with a more than adequate safety margin. The reason for this is that the load approach does not model with adequate precision the fact that, in the case of a squat silo, a large portion of the stress is removed directly through the friction of the bulk material. This results in very conservative stress curves, which in turn can result in uneconomical designs. Here, the use of the nonlinear numerical model can lead to advantages regarding the economical design of the silo structure.
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