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Abstract: Silos are strategical structures used to stockpile various types of granular materials. They are highly vulnerable to earthquake excitation and have been frequently reported to fail at a higher rate than any other industrial structure. The seismic response of silos within the near-fault region will suffer a complex combination of loadings due to the unique characteristics of the near-fault ground motions; which are usually associated with a large amplitude pulse at the beginning of either the velocity or the displacement time histories. This study aims to numerically evaluate the seismic response of reinforced concrete cylindrical silos under near-fault ground motions (NFGM) and far-field ground motions (FFGM). The assessment investigates the impact of the slenderness ratio and the parameters’ influence on the seismic behavior of reinforced concrete silos. The validity of the Eurocode provisions in the structural safety of silos will also be inspected. The nonlinear time history analysis is carried out through the finite element approach by examining four silos with different slenderness ratios. The concrete damage plasticity model is assigned to the silo wall to simulate the nonlinear behavior of concrete in the plastic zone; while, the behavior of the stored material is represented by the Drucker-Prager plastic model. The wall-granular material interaction is considered and defined by coulomb’s friction theory. The results of the near-fault records reveal a growth up to 72.8% in the hoop stress and 160.4% in the vertical stress compared to the far-field earthquakes. Consequently, the seismic response of reinforced concrete silos is highly sensitive to the type of ground motion, and slender silos tend to impose greater structural demand under the NFGM. Additionally, The Eurocode-8 seismic provisions were adequate in the conventional far-field ground motions and less effective in the near-fault zone.
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Nomenclature



	γ
	The stored material unit weight



	R
	Hydraulic radius



	μ
	Wall friction coefficient



	k
	Coefficient of at-rest lateral pressure



	v
	Poisson’s ratio of the stored material



	y
	Height of the stored material measured from the top



	A
	Cross-section area of the silo




1  Introduction

Silos are upright bins that are used to store various types of materials such as wheat, cement, sand, and coal. They are commonly built with circular cross-sections with either reinforced concrete or steel walls. International codes and guidelines generally adopt the term squat to describe silos with shallow depths and slender silos for containers with high depth to diameter ratios. However, the complex behavior of the ensiled material produces unconventional static and dynamic loads. Accordingly, the silo walls are subjected to excessive stresses as a result of asymmetrical pressure distributions in the silo during earthquake loading [1]. The unique combination of loads has raised the rate of silo failures over any other industrial structure [2]. Thus, identifying the type and amount of loads acting on any structure is a crucial step in the assessment process. Additionally, successful numerical simulation of a silo is achieved by choosing suitable parameters to represent the silo wall, the ensiled granular material, and the contact element between the silo wall and the stored material.

The well-known classical slice theory of Janssen 1895 is widely adopted by the design standards to determine the stored material’s lateral pressure on silo walls [3]. Over the years many studies have confirmed its reliability to describe granular material filling pressure [4]. However, when the silo undergoes seismic excitation the wall stresses will be dramatically changed and additional non-uniformly distributed pressures will be produced in the circumferential and vertical directions. These additional pressures are not accounted for in the seismic codes, and the seismic effect on the silo system is usually transformed to lateral static force on a cantilever beam with lumped effective masses of 80% of the total mass of the silo and its content [5,6].

However, many experimental, mathematical, and numerical studies have discussed the reliability and the cost efficiency of using the lateral static force method adopted by the silo-related international specifications. Additionally, the distinction in the seismic behavior of the squat silos and the slender silos has been evaluated by comparing the produced stresses utilizing the static lateral force method. Consequently, Durmuş et al. [7] deeply discussed the critical slenderness ratio that acts as a changing value in the seismic stresses of silos. The proposed finite element model assumed a simple elastic representation of the stored material. Moreover, Butenweg et al. [8] discussed the advantages and the disadvantages of two approaches that were used to define the ground motion over a steel cylindrical silo. The first method utilizes a finite element simulation with time history analysis (time-domain) while the second procedure was done using the frequency domain with a lumped-mass method.

Saleem et al. [9] assessed by finite element approach the effectiveness of the seismic codes in designing reinforced concrete silos. An oversimplification was noticed in this study by not considering the wall-material interaction and the assumption of an empty silo condition during earthquakes. A comparison between a numerical model of a full-interaction slender steel silo and the Eurocode-8 seismic design provisions is presented [1]. The nonlinear analysis discussed the effect of wall flexibility and sub-soil contact; meanwhile, the earthquake loading was introduced to the finite element model by the acceleration time history. Moreover, a mathematical expression was implemented to predict the lateral and hoop pressures of a flat-bottomed silo exposed to sustained horizontal and vertical accelerations [10]. The seismic behavior of elevated type reinforced concrete silos was evaluated in the initial conditions [11,12] and while silo discharging [13]. Nevertheless, the silo wall rigidity is inspected for silos subjected to ground motions [14] and the response of the ensiled material under earthquakes [15]. Furthermore, a study was implemented to discuss the causes of the major failures in singular silos [16] and a group of silos under seismic excitation [17].

This study focuses on the evaluation of the nonlinear seismic behavior of flat-bottomed reinforced concrete cylindrical silos under near-fault ground motions (NFGM) and far-field ground motions (FFGM). Though there is no fixed distance for the designation of the near-fault earthquakes; a distance range of (15–50) km is widely adopted by researchers and international codes as a reasonable value [18]. Zhou et al. [19] studied the impact of NFGM characteristics on the structural demand of structures through attention relationships for 34 near-fault records. A single degree of freedom (SDOF) system was adopted and the effect of earthquake stochastic pulse was investigated. However, ground motions that happen within a short distance from the earthquake source often have a distinguishable characteristic when compared to those that occur at a relatively far distance. Mainly, large pulses with relatively high amplitude appear at the beginning of the earthquake records. Normally, these pulses can be recognized within the acceleration, velocity, and displacement time histories. Though, some records of the acceleration time histories may not be quite sharp catching up with such pulses [20–22], Hence, distance and Magnitude are not the only contributors to the severity of an earthquake; the direction of the fault rupture propagation concerning site location plays a critical role in deciding the earthquake intensity. This phenomenon is commonly referred to as the directivity effect of the near-fault ground motions. As a result, three types of direction effects are recognized; the forward directivity effect and the backward directivity effect [23].

Nevertheless, researchers observed numerous other factors that characterize the NFGM and contribute to the overall seismic demand of structures, e.g., the effect of the fling step. The fling step is a permanent deformation that happened as a consequence of the movement of tectonic plates. This type of deformation takes relatively little time to be formed and comes up as a pulse which is mostly recognized at the end duration of the NFGMs displacement time histories. Typically appears as a monotonic and unidirectional pulse [24–27].

2  The Finite Element Model

The international codes and standards deal diversely with the classification of silos. For instance, the Eurocode-1 [28] introduces two approaches to differentiate silo types. The first method utilizes the silo storage capacity and the symmetric discharge impact, while the second guideline employs the height to diameter ratio. However, as far as the dynamic seismic analysis is concerned, the slenderness ratio performs a vital role in the determination of the silo seismic demand. The previously covered literature survey has confirmed that claim. Consequently, the proposed system consists of four silo models with slenderness ratios of 1, 2, 3, and 4 as shown in Fig. 1. The silo base was assumed to be fixed and each model is composed of three major components; the silo wall, the ensiled bulk-type material, and the interaction between the silo wall and the stored material.

[image: images]

Figure 1: Silo adopted in the analysis shows different slenderness ratios

2.1 Materials Definition

A successful finite element simulation depends entirely on the proper definition of the used materials and the selection of element type. The below section characterizes the linear and nonlinear behavior of reinforced concrete wall and the ensiled granular material in addition to the criterion adopted to describe the interaction between the wall and the solids.

2.1.1 Silo Wall

4-noded doubly curved shell elements with reduced integration points (S4R) were chosen to represent the silo wall. In which, the reinforced concrete damage plasticity (CDP) model was selected to describe the nonlinear behavior of reinforced concrete walls to evaluate the tension and compression damages in the plastic regions. The mass density of concrete was set to be 2300 kg/m3 while the Poisson’s ratio (ν) was specified as 0.18. However, to obtain realistic results the parameters used to define the CDP should be properly selected and validated. Table 1 shows the values of these parameters. Concrete normally has a dilatation angle between 31° and 42° while the value of concrete viscosity is usually obtained through experiments. A detailed discussion about the selection of CDP parameters is presented by Nguyen et al. [29]. The ratio fbo/fco shown in the table refers to the biaxial over the uniaxial compressive strengths. The eccentricity constant and K coefficient was taken as default values suggested by the ABAQUS built-in CDM model. Further components are required to describe the compression hardening behavior as in Fig. 2a and compression damage parameter presented in Fig. 2b in addition to the tension stiffening behavior as in Fig. 2c and tension damage parameter shown in Fig. 2d.
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Figure 2: Concrete damage plasticity tension and compression parameters

The steel was assigned in full bond to the shell elements as double layers in the vertical and circumferential directions. The yield stress of the reinforcement bars was assumed to be 400 MPa and the ultimate stress is set equal to 600 MPa at 0.14 plastic strain. The Poisson’s ratio of steel was assumed to be 0.3 and 210 GPa Modulus of Elasticity. The dimensions of silo models and their steel reinforcement are illustrated in Table 2.

[image: images]

2.1.2 The Stored Material

The stored granular material was constructed by 8-nodes linear brick elements with reduced integration points (C3D8R) to improve numerical accuracy. The behavior of the stored material was defined both elastically and plastically. The elastic part was defined by the elastic modulus (E) of 15 MPa and Poisson’s ratio (ν) of 0.3, whereas the plastic behavior was assumed to follow the Drucker-Prager constitutive plastic model. The Drucker-Prager is a perfectly plastic model that is characterized by three components; the angle of internal friction (ϕi), the dilation angle (ψ), and the flow stress ratio. The bulk-type material parameters are summarized in Table 3, in addition to the granular material hardening explained in Table 4. The Drucker-Prager parameters were adopted from previous experiments [30].
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2.1.3 Wall-Granular Material Interaction

The interaction between the silo wall and the ensiled material was defined with The Coulomb friction theory. This theory is used to evaluate the friction force between the silo wall and the surface of the granular material. The friction force is the product of the force applied in the normal direction and a constant friction coefficient (μ). Two surfaces are assumed to be entirely bonded to each other. Accordingly, if the maximum friction force is achieved then the relative slipping begins. Based on the isotropic concept of the Coulomb friction criterion, the sliding between the two surfaces will occur when the resultant shear stress τR reaches the critical shear stress τcr. The resultant shear stress τR is computed from two transverse shear stress components τ1, and τ2 using Eq. (1). Meanwhile, the critical shear stress τcr is the result of normal stress (
σ
) and constant friction coefficient (μ) as demonstrated in Eq. (2).


τR= τ12+τ22
(1)


τcr= μσ
(2)

However, a constant friction coefficient of 0.5 along the silo inner surface was assigned permitting material separation and loss of contact. ABAQUS finite element package provides a Master-Slave contact pair algorithm. In which, the silo wall was considered as a master surface since it has the larger rigidity whereas the granular material surface was set as a slave surface.

2.2 Validation of the Numerical Model

The verification process is a crucial step to maintain the accuracy and reliability of the FE computational model. Hence, the proposed three-dimensional (3D) finite element model is verified both experimentally and analytically. In the first place, the experimental work was accomplished by Wang et al. [31] employing the University of Edinburgh flat-bottomed cylindrical silo. The geometry of the validation silo was 4 m in height and 0.7 m in diameter with a 0.04 m single concentric outlet. Additionally, a total of 56 lateral pressure cells were distributed in seven levels vertically and eight layers circumferentially at 45 degrees. Fig. 3 shows the lateral pressure distribution of the validation silo.
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Figure 3: Lateral pressure produced by the numerical model

On the other hand, the analytical verification was satisfied through Janssen’s classical theory. This theory is the typical expression for the determination of the granular material pressures on silo walls and it is widely adopted by the international codes and standards. Janssen’s expression is produced by solving the differential equation excreted by the vertical static equilibrium of a horizontal section of silo height. This equation can be written as follows:


Lateral Pressure (P)= γ Rμ (1−e−μkyR)
(3)

where:


R=Cross−sectionalAreaSiloperimeter
(4)


k=ν1+ν
(5)

The results of the normal pressure obtained from the numerical model were compared to the predictions of Janssen’s expression and the experimental data and illustrated in Fig. 4. As can be seen, the results of the finite element model produce slightly higher lateral pressure than the experimental data which is acceptable, since the finite element analysis is considered a lower bound theorem. This reduces the magnitude of the calculated deformation and as result yields higher stress values. Meanwhile, the pressure of Janssen theory and the finite model pressure are almost identical except for the extreme lower part. This difference can be attributed to Janssen’s assumptions that were assumed in the establishment of his equation. In which the friction between the stored material and the bottom of the silo is discounted which leads to the elimination of the bottom support reaction and producing uniform pressure at their intersection; in contrast to the actual case. So, the results are in a good match and the suggested finite elements model is accepted for the succeeding analysis.
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Figure 4: Validation of the Numerical model

3  Numerical Procedure

ABAQUS Finite element package with a nonlinear implicit solver was used to perform the numerical simulation. The numerical methodology was incorporated into three steps. Firstly, a free vibration eigenvalue analysis was done to extract the silo’s natural frequencies. These frequencies were integrated with a damping ratio of 5% to illustrate Rayleigh factors (α, β). These factors were used to define the material inelastic damping. Secondly, the stored material was filled into the silo by introducing the gravitational forces to the system and allowing the material-wall interaction to activate the pair contact friction algorithm. The filling process is a critical step to ensure the success of the next loading stages and a total of five seconds were allocated as a time for filling and solids stabilization.

Hence, the lateral pressure at the end of the filling phase for each model was checked with the Janssen filling pressure. Lastly, the seismic excitation was implemented into the silo base. Two different time histories of the Northridge 1994 earthquake with (6.69) moment magnitude were selected. The strong motions were adopted from the Center of Pacific Earthquake Engineering Research (PEER). This center is a project established by the University of California that provides a large-scale database of crustal strong motions. The first station of (Pacoima Dam-downstr) represents the near-fault ground motion since it is located at a 7.01 km distance from the rupture. While the second station of (Riverside Airport) acts as a conventional far-field ground motion and is situated at a 98.95 km distance from the earthquake source. Additionally, to make the comparison between these two records, their peak ground accelerations (PGA) were scaled to 0.5 g. The scaled acceleration time histories of the near-fault and far-field earthquakes are illustrated in Fig. 5.
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Figure 5: Scaled acceleration time histories of Northridge earthquake; (a) Near-fault St. (b) Far-field

4  Analysis Results and Discussion

The near-fault and far-field outcomes will be presented and evaluated utilizing two main categories; the first category is the overall time-based response (or massive behavior) parameters such as the base shear and the overturning moment. Meanwhile, the second category shows the precise behavior parameters along with silo depth, for instance, the hoop stress and vertical stress of the silo wall. Moreover, the effect of compression and the tension damages will be assessed for each category.

4.1 Base Shear and Overturning Moment

Silos’ response to the acceleration time histories of the near-fault and far-field ground motions of the Northridge 1994 earthquake was assessed in regards to base shear and base moment time histories; in addition to the concrete tension and compression damage propagations. For each factor, the influence of four different slenderness ratios was evaluated to estimate the structural safety and to specify the critical loading case. However, a total of eight runs were demonstrated and its corresponding base shear and base moment time profiles are presented in Figs. 6–9.
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Figure 6: Model-A seismic response profiles: (a) Base shear, (b) Overturning moment
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Figure 7: Model-B seismic response profiles: (a) Base shear, (b) Overturning moment
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Figure 8: Model-C seismic response profiles: (a) Base shear, (b) Overturning moment
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Figure 9: Model-D seismic response profiles: (a) Base shear, (b) Overturning moment

For Model-A of a squat silo with a height to diameter ratio = 1.0, the structural demand of the Riverside far-field ground motion station was higher than the Pacoima near-fault ground motion station. The percentage near-fault to far-field results of the base shear and overturning moment were 68.3% and 68.2%, respectively. While for Model-B of 2.0 slenderness ratio, the response of the near-fault station was slightly higher than the far-field station with no more than 5.8% increment in terms of maximum base shear and moment. However, a dramatic increase was recorded for Model-C with a slenderness ratio = 3.0, which has yielded the greatest demand for the NF station, with an NF/FF ratio of 155.1% maximum base shear and 274.5% in the max base moment. Finally, for model-D with an aspect ratio = 4.0 the max base shear in both NFGM and FFGM stations were almost identical, whereas the max overturning moment was 19.1% higher in the NFGM station. Table 5 summarizes the results of max base shear and base moments for all models.
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On the other hand, the impact of seismic loading on the tension and compression behavior of the reinforced concrete walls has also fluctuated. At first, the squat-type silo has not experienced any concrete damage neither in the near-fault record (Pacoima Dam St.) nor in the far-field station (Riverside Airport St.). For Model-B, tension cracks occurred and were mostly concentered at the base part of the silo. In which the silo wall with NFGM record was damaged slightly more than the near-fault station. Unsurprisingly, Model-C endures aggressive concrete tension damage for the Pacoima near-fault station and it was spread along the lower half of the silo wall as shown in Fig. 10. Additionally, Fig. 11 reveals a presence of compressive crash in the lower part of Model C, whereas no other model has suffered from it. Finally, only the near-fault records caused concrete tension damage in the silo base region for Model D while the FFGM station showed no loss. Hence, for minimizing the graph’s area, only Model C tension and compression results were shown.
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Figure 10: Model-C tension damage propagation
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Figure 11: Model-C compression damage propagation

4.2 Silo Wall Stresses

The determination of the amount and distribution of silo stresses is essential to understanding the seismic behavior of silos. Additionally, the hoop stress (
fh
) and the vertical stress (
fv
) are the key parameters to design the grid steel reinforcement of the silo wall. Hence, these stresses will be evaluated for the same above-mentioned four slenderness ratios (Sr). Figs. 12–15 show the distribution of maximum hoop and vertical stresses for Model-A through Model-D, respectively.
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Figure 12: Model-A maximum wall stresses distribution; (a) Vertical stress, (b) Hoop stress
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Figure 13: Model-B maximum wall stresses distribution; (a) Vertical stress, (b) Hoop stress
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Figure 14: Model-C maximum wall stresses distribution; (a) Vertical stress, (b) Hoop stress
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Figure 15: Model-D maximum wall stresses distribution; (a) Vertical stress, (b) Hoop stress

As can be observed, for the squat silo of Sr = 1.0, the far-field station response was greater than the response of the near-fault record for both stresses. This is the only case to get higher demand under FFGM than NFGM. On the other hand, the results of Model-B (Sr = 2.0) reveal equivalent stresses for the near-fault and far-field records, and the location of the peak stresses was at the bottom quarter of the silo for all cases. Nevertheless, Model-C (Sr = 3.0) has a remarkable performance in the near-fault record for both stresses. However, the behavior of Model-D (Sr = 4.0) has fluctuated over the type of ground motion. In which the hoop stresses for the NFGM and FFGM have yielded comparable values, meanwhile the NFGM has produced exceptional vertical stress compared to the vertical stress of the FFGM. This non-uniformity has not been recognized in the other models and the variations in their results were almost proportional to the type of stress. The reason behind the difference in Model-D results can be attributed to the occurrence of concrete tension damage in the near-fault record only; whereas the far-field scenario was free of any concrete damage as can be seen in Fig. 16. Consequently, this tension damage in the NFGM will force the structure to redistribute the tensile stress in the concrete as vertical stress. This conclusion promotes a critical fact about the importance of the near-fault ground motions in the seismic behavior of RC silos.
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Figure 16: Model-D tension damage propagation due to Northridge earthquake

This distinction in the behavior of the squat-type silos and slender silos has been also noticed by previous studies [7,8]. Therefore, this judgment can be generalized for squat silos under any type of seismic excitations. On the other hand, Sr = 3.0 is proposed by this study as a critical aspect ratio due to its outstanding seismic demand under NFGM; which amend the ratio of Sr = 2.0 that was previously suggested by Durmuş et al. [7] for RC silos under conventional seismic excitations.

On the other hand, Table 6 summarizes the results of the maximum tensile hoop stress (
fh
) and the maximum compressive vertical stress (
fv
) of the four models. As can be demonstrated throughout all models, the ratios of the near-fault to the far-field results show overall compliance with the previously discussed ratios of the maximum base shear and overturning moment presented in Table 5. However, the only exception was for the near-fault results of Model-D, in which the response in terms of wall stresses was higher than the base shear and moment. Consequently, the ratio of NFGM to the FFGM was 117.7% for the maximum 
fv
and 233.8% for maximum 
fh
; meantime the maximum base shear and maximum overturning moment have NFGM/FFGM values of 98.4% and 119.1%, respectively.
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Finally, the tendency of the silo wall stresses in the near-fault record was climbing upward as the slenderness ratio (Sr) increased except for Sr = 3.0 which produced higher stresses than Sr = 4.0 as shown in Fig. 17. Nevertheless, the demand for far-field ground motions was moving up stably over the slenderness ratios, as illustrated in Fig. 18. It’s noticed for both NFGM and FFGM that the variations of the maximum hoop stresses were less than the changes in the peak vertical stresses. This difference is mainly due to the column packing effect of solid materials which transfers a portion of the lateral pressure of solids into a friction force on the surface of the silo walls. That portion increases as the column height of solid material increases resulting in additional axial stress and impacting the hoop stress distribution. Also, it can be illustrated that the positions of the maximum hoop stresses are mostly located in the middle region of silo depth for NFGM and close to the silo base for FFGM. Consequently, the observed distribution of the maximum hoop stresses of silos under FFGM is fully consistent with the results of the preceding works [1,7,8]; which are, apparently, not valid when silos are subjected to NFGM.

[image: images]

Figure 17: Maximum wall stresses distribution of the FE models under Near-fault ground motion; (a) Vertical stresses, (b) Hoop stresses
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Figure 18: Maximum wall stresses distribution of the FE models under far-field record; (a) Vertical stresses, (b) Hoop stresses

5  Evaluation of the Seismic Codes under NFGM and FFGM

To compare the stress results of the finite element models under NFGM and FFGM, the Eurocode-8 procedure is selected as a reference for the seismic evaluation of silos. However, the response spectral acceleration will be extracted utilizing the Eurocode-1, AISC SEI 7/16, IBC-2012, UBC-97, and IS-1893/2016. Hence, these codes have been audited to obtain the code that predicts the highest stress demand. Consequently, the Eurocode-1 and AISC SEI 7/16 has yielded the highest values of the response spectral acceleration over all of the models for the selected near-fault and far-field ground motions that as shown in Fig. 5. As a result, the comparison in hoop stresses between the Eurocode-8 with Model-A (Sr = 1.0) and Model-B (Sr = 2.0) are presented in Figs. 19a and 19b, respectively. As can be seen, the Eurocode-8 procedure was able to control the demands of both ground motions. However, the Eurocode-8 was less effective in predicting the hoop stresses of Model-C (Sr = 3.0) and Model-D (Sr = 4.0) under NFGM as cleared in Fig. 20a. Meanwhile, the hoop stresses of the FFGM were successfully estimated by the Eurocode-8 as shown in Fig. 20b. These results confirm that the seismic codes are derived from far-field earthquakes. However, the effectiveness of the Eurocode-8 in the seismic analysis of silos experiencing FFGM complies with the conclusions of [8]; whereas, the outcomes of the NFGM disagree with their suggestions.
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Figure 19: Comparing the hoop stresses of near-fault and far-field earthquakes with the Eurocode-8; (a) Model-A, (b) Model-B
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Figure 20: Comparing the hoop stresses of near-fault and far-field earthquakes with the Eurocode-8; (a) Model-C, (b) Model-D

6  Major Parameters Effect on the FE Results

The evaluation of the main input parameters will be executed utilizing a 20 m height, 10 m diameter, and 0.3 m thickness flat-bottomed reinforced concrete silo. The stored material is defined by the Drucker-Prager criterion and the interaction between the silo wall and the stored material was introduced utilizing Coulomb friction theory with constant friction of μ = 0.5, allowing material separation and loss of contact. The seismic loading is defined by the acceleration time history of the Chi-Chi_TCU102 earthquake (Mw = 7.62, Rrup = 1.49 km, and PGA = 0.212 g) as shown in Fig. 21. The material damping is added using Rayleigh factors with a damping ratio ξ = 5%. Hence, examining the impact of each parameter will be executed by varying its input values while other factors remain stationary. However, it is crucial to comprehend that the impact will not be the same using a different combination of the input parameters, but it does provide a general impression of the effectiveness of the parameters.
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Figure 21: Acceleration time histories of Chi-Chi-Taiwan (1999) earthquake

6.1 Wall-Material Friction

The roughness between the silo wall and the stored material is a key parameter in determining the stored material pressures as has been discussed in the previous sections. The roughness herein is evaluated by the coefficient of the wall friction (μ). Therefore, three values of wall friction coefficient (μ = 0.2, μ = 0.3 and μ = 0.4) have been investigated in terms of maximum hoop stress. As can be demonstrated from Fig. 22, the maximum hoop stress has been raised by 32.6% when the wall friction coefficient decreases from 0.6 to 0.2. This growth can be assigned to the role of the wall friction in transferring a fraction of the lateral pressure of the stored material as a vertical compressive pressure in the silo wall. Accordingly, low values of μ will transform less lateral pressure as vertical stress and higher hoop stress in the wall of the RC silo.
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Figure 22: The effect of wall friction coefficient (μ) on the seismic hoop stress of the FE model

6.2 Poisson’s Ratio of the Stored Material

Poisson’s ratio (ν) or the ratio of the lateral strain to the longitudinal strain of the stored granular material is a major contributor to the computation of the granular pressure. There is a strong relationship between the Poisson’s ratio (ν) and the lateral pressure coefficient as has been previously shown in Eq. (5). However, this effect under seismic excitation is assessed by employing Poisson’s ratio (ν) of ν = 0.2, ν = 0.3, and ν = 0.4 as can be seen in Fig. 23. The result indicates an increment of 53.5% in the silo wall hoop stress when moving the Poisson’s ratio (ν) from 0.2 to 0.4.
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Figure 23: The effect of stored material Poisson’s ratio (ν) on the seismic hoop stress of the FE model

6.3 The Angle of Internal Friction

The internal friction angle (ϕ) of the stored material is one of the parameters that have been adopted in the Drucker-Prager model and the classic theories of describing the behavior of the material in the static and dynamic phases. The significance of that parameter can be observed in the plastification pheromone of the stored material. Accordingly, lower values of the internal friction angle are expected to ease the plastification process in the stored material; which leads to producing higher lateral pressure. Hence, this claim has been proven by examining various values of ϕ to determine its influence on the dynamic hoop stress of silo walls. The results have recorded a 36.2% increase in the maximum dynamic hoop stress when the internal friction angle is reduced from 60° to 20°.

6.4 The Dilation Angle

The dilation angle (ψ) is one of the components that characterize the behavior of granular material of an elastic-plastic type. So, it defines the volumetric change of a particulate material when it suffers shearing. The value of the dilation angle may vary from zero up to the angle of internal friction (ϕ). However, testing different values of ψ has deduced that the dilation angle has a modest influence on the yielded dynamic hoop stress of about 2% growth when ψ was changed from 10° to 50°.

7  Summary and Conclusions

This study aims to numerically examine the dynamic seismic behavior of cylindrical flat-bottomed reinforced concrete silos, taking into account the influence of near-fault and far-field ground motions. The concrete damage plasticity was utilized for the silo wall and the granular material was represented by the Drucker-Prager plastic model. In addition, the interaction between the silo wall and ensiled material was introduced by Coulomb’s constant friction theory; permitting material separation and local loss of contact. The proposed model was verified with experimental data and theoretical expressions. However, the impact of slenderness ratio (Sr) was incorporated by examining four slenderness ratios of Sr = 1.0, Sr = 2.0, Sr = 3.0, and Sr = 4.0. The main conclusions of this study are as follows:

1.    There is a remarkable difference in the seismic response of the RC silos under NFGM and FFGM in terms of stresses, base shear, overturning moments, and concrete damage propagation. This conclusion is valid for all the four studied models under earthquakes with an identical PGA. Hence, the time profile of ground motions plays a significant role in the seismic behavior of silos.

2.    The slenderness ratio (Sr) of RC silos has a direct impact on the behavior of silos under seismic loading. However, the seismic responses to NFGM and FFGM have fluctuated over various slenderness ratios.

3.    Squat silos (Sr 
≤1.0
) have unique seismic performance compared to slender silos. For instance, the FFGM dominates the seismic behavior of squat silos, and their distribution of wall stresses produces perfectly compressive vertical stresses and plain tensile hoop stresses for both NFGM and FFGM.

4.    Slender silos tend to endure larger seismic structural demand undergoing NFGM. However, the growth in the demand is not consistent with the increment of the slenderness ratio. Thus, the NFGM is found to impose spectacular seismic demand for the slender silo of Sr = 3.0 in respect of base shear, overturning moments, and wall stresses. Moreover, the distribution of the hoop stresses in slender silos has recorded an inflection depth in which the hoop stress inverted from tensile to compressive at the upper part of the silo. The difference in the distribution of stresses between the squat and slender silos is attributed to the effect of granular material packing pheromone which is a characteristic of wall-granular material interaction. Despite the influence of the material interaction in the seismic behavior of silos, the Eurocode-8 does not account for it in the calculations.

5.    The position of the maximum hoop and vertical stresses is found to be near the base of the silo for the FFGM; whereas, the maximum hoop stresses of the NFGM are located closer to the middle part of the silo depth. Hence it is suggested to assign the max hoop steel reinforcement for the entire depth in the seismic design of RC silos.

6.    The overall concrete damage propagation is more aggressive in the RC silo walls exposed to NFGM than those subjected to FFGM. Silos subjected to NFGM suffer concrete tension damage in high values of slenderness ratios (Sr = 3 and Sr = 4); meanwhile, there is no damage has occurred at low slenderness ratios (Sr = 2 and Sr = 2). However, the FFGM cause tension damage for a single case of Sr = 3, while all other models were free of damage. In terms of concrete compression crush, the slenderness ratio of Sr = 3.0 under NFGM is the only case that was found to have such failure. These conclusions illustrate two facts about the seismic behavior of RC silos; the first one suggests the tensile stress as the critical stress since it is the primary cause of concrete wall failures. Secondly, high-grade concrete is recommended in the seismic design of silos under NFGM to avoid immediate structural collapse and to ensure the satisfaction of the secondary compression failure concept.

7.    The Eurocode-8 part-4 provisions are adequate to control the seismic response of RC silos under FFGM and less effective in the NFGM. This behaviour under NFGM is particularly valid for slender silos of Sr 
≥3.0
. The explanation of the Eurocode-8 being less effective with the NFGM can be assigned to two main reasons; firstly, the Eurocode-8 provides an alike procedure for silos of different slenderness ratios. Secondly, the interaction between the silo wall and the stored material is not considered in the Eurocode.

8.    The selection of the granular material properties has an enormous impact on the dynamic stresses of silos. Poisson’s ratio (ν), the wall-granular material friction coefficient (μ), and the angle of internal friction (ϕ) are the major parameters in the seismic response of reinforced concrete silos.
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Table 3: Input parameters of the stored granular material

Parameter Value
Density (kg/m®) 1000
Internal friction angle (¢;) 55
Dilation angle () 35
Flow stress ratio 1
Modulus of elasticity (MPa) 15
Poisson’s ratio (v) 0.3
Wall friction coefficient (u) 0.5
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Table 4: Stored material stress-strain hardening

Stress (N/m?) Strain
50000 0
55000 0.02
60000 0.025
70000 0.03
120000 0.035

100000 0.05
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Table 1: Concrete damage plasticity parameters

Dilation angle  Eccentricity  fp,/fco K Viscosity parameter

35 0.1 1.16 0.667 0.007985
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Table 6: Summary of the maximum tensile hoop stress and maximum compressive vertical stress of silo wall

under near-fault and far-field ground motions

Model Slenderness ratio Hoop stress (Mpa) Vertical stress (Mpa)

NF FF *Ratio (%) NF FF Ratio (%)
Model-A 1.0 0.71 0.84 84.0 1.53 2.10 72.8
Model-B 2.0 1.20 1.20 99.8 6.26 6.36 98.4
Model-C 3.0 2.12 1.23 172.8 19.39 7.44 260.4
Model-D 4.0 1.39 1.18 117.7 17.41 7.45 233.8

Notes: *Ratio is the percentage of the near-fault to the far-field values.
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Table 2: Steel reinforcement of the finite element models models

Model Height (m) Diameter (m) Thickness (m) Hoop steel (Two layers) Vertical steel (Two layers)

A 10 10 0.3 *¢ 16 @ **S=150mm ¢ 16 @ S =300 mm
B 20 10 0.3 ¢ 20 @ S=150 mm ¢ 20 @ S=250 mm
C 30 10 0.3 ¢ 25 @ S =200 mm ¢ 25 @ S=250 mm
D 40 10 0.3 ¢ 25 @ S=150 mm ¢ 25 @ S=150 mm

Notes: *¢ is the diameter of the steel rebar.
*%S 1s the center to center snacing between the steel rebars.
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Table 5: Summary of the maximum base shear and maximum overturning moment

Model Slenderness ratio Base shear (kN) Overturning Moment (kN-m)
NF FF *Ratio (%) NF FF Ratio (%)

A 1.0 4949.0 7247.4 68.3 433.6 636.1 68.2

B 2.0 12972.3  12255.8 105.8 1351.6 1296.3 104.3

C 3.0 15157.8 97714 155.1 2796.9 1018.8 274.5

D 4.0 12720.0  12922.7 98.4 1563.9 1312.8 119.1

Notes: *Ratio is the nercentage of the near-fault to the far-field values.
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