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In general, soil–structure interaction phenomena affect considerably the dynamic response of liquid-storage tanks. As it is also observed in the case of ordinary structures, the ground motion transmitted to the superstructure can be amplified (or even deamplified) because of the presence of the underlying soil layer(s), modifying in parallel the resonant period and the effective damping of structures. Typically, fixed-base liquid-storage tanks are characterized by low fundamental periods. However, many such critical structures are located in coastal areas with soft soils; thus, the seismic performance of the superstructure may be notably different compared to stiff soil conditions. Therefore, ignoring soil–structure interaction may lead to unrealistic results. Accordingly, the influence of soil conditions in the dynamic response of liquid-storage tanks is investigated in the present study. More specifically, the dynamic soil–structure interaction of cylindrical steel tanks subjected to different ground motions is numerically examined. The main aim is to investigate the dynamic response and the distress of squat and slender liquid-storage tanks for different foundation conditions. The finite-element models include suitable contact formulations to accurately model the soil–structure interaction for each type of fixity conditions (i.e., anchored and unanchored).
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INTRODUCTION

In general, the majority of ordinary structures are founded on one or more soil layers. When a structure that is characterized by certain dynamic properties interacts with a soil layer that also possesses specific dynamic characteristics, the total response depends on the coupling of both systems (Wolf, 1985; Gazetas, 1991). Therefore, soil–structure interaction defines the way that the dynamic response of the soil affects superstructure’s response. The effect of the dynamic soil–structure interaction (DSSI) depends on the mass and the stiffness of the superstructure, the stiffness of the soil, and the damping of the superstructure and the underlying soil (Kramer, 1996). In many cases, the conventional design methods do not consider the impact of flexible foundation, thus resulting in conservative designs (Mylonakis and Gazetas, 2000; Anand and Kumar, 2018). These methods do not take into account the reduction of the seismic demand on the superstructure compared to the free-field motion that is due to kinematic interaction or damping phenomena at the foundation level (FEMA, 2005).

For lightweight structures, such as low-rise buildings that are founded on a relatively stiff soil, soil–structure interaction phenomena can be ignored. In contrast, the effects of DSSI become more pronounced for larger structures, such as high-rise buildings or industrial facilities (e.g., nuclear reactors, liquid-storage tanks), which are founded on soft soil deposits (Wolf, 1985; Halabian and El Naggar, 2002). Consequently, their response can be detrimentally affected by soil–structure interaction. An insufficient design that ignores this phenomenon may have detrimental effects to the superstructure and the foundation (Mylonakis and Gazetas, 2000).

Including DSSI in a realistic coupled manner results in a more reliable assessment of the structural performance compared to fixed-base or decoupled approaches. Seismic norms, such as Eurocode 8 (CEN, 2004b), state that DSSI phenomena can be neutral or beneficial for structures because of period elongation and lower spectral accelerations. Additionally, it is recommended to perform more detailed analyses for structures of significant importance, such as large-scale liquid-storage tanks. During recent decades, the construction of such critical structures at coastal areas, in the proximity of harbors or rivers, has been considerably increased (Larkin, 2008). Therefore, the investigation of dynamic soil–tank interaction phenomena, such as kinematic interaction, has gained more attention. In this case, tank foundation moves both at translational and torsional directions. This can result in the development of tank wall buckling due to base uplifting and failure of pipe connections, which can have devastating consequences (Chatterjee and Basu, 2001; Kalemi et al., 2019).

Many studies in the literature have been focused on the investigation of dynamic soil–tank interaction phenomena. First, Veletsos and Tang (1990) examined the impact of DSSI for storage tanks subjected to horizontal excitations. The results indicated that the impulsive response was notably reduced because of DSSI. On the other hand, the convective response remained practically unchanged. Haroun and Abou-Izzeddine (1992a, b) performed a parametric investigation of seismic soil–tank interaction, which was divided into two parts in which horizontal and vertical excitations were considered. It was concluded that the soil–tank system response was modified because of the presence of the soil when the model was excited by horizontal ground motions. Moreover, significant amplifications were derived for soft soils and slender tanks, while the wall flexibility had significant impact on the dynamic tank response. In the work of Malhotra (1997), the effect of base uplifting on the seismic response of soil-supported cylindrical storage tanks was studied. The findings of this investigation illustrate that hydrodynamic pressures at the base can reduce the uplifting stiffness and energy dissipation of the base plate. In addition, the uplifting stiffness was increased when the tank wall, base thickness, and soil stiffness were also increased.

The soil–tank interaction was also examined by Chatterjee and Basu (2001), implementing random vibration theory using wavelets. The results presented that the effect of soil–tank interaction contributed to the amplification of spectral accelerations. Moreover, this effect was more pronounced for storage tanks with large mass ratio or tanks on rigid foundations. It was also mentioned that slender tanks exhibited higher acceleration values compared to squat tanks when founded on soil stratum. Kim et al. (2002) presented a method for fluid–structure–soil interaction of seismically excited cylindrical liquid-storage tanks, in which axisymmetric finite elements were used for the modeling of the structure and the near-field soil medium. The findings of this study show that the proposed method can be effectively implemented for soil-supported storage tanks. The work of Larkin (2008) used a frequency-domain method for the direct estimation of the impulsive seismic response of steel and concrete tanks on soil stratum. The soil–structure interaction was more significant when slender tanks were founded on soft soil. In this case, the scaling factor of the impulsive fundamental period was increased up to five or more in extreme cases.

The finite-element method (FEM) was used by Kianoush and Ghaemmaghami (2011) to study the soil–structure–liquid interaction of seismically excited rectangular tanks. It was concluded that the frequency characteristics of the imposed ground motions had a significant effect on the dynamic response of the examined system. Another application of FEM for the assessment of soil damping regarding liquefied natural gas tanks on elastic half-space was performed by Ruiz and Gutiérrez (2015). More specifically, the fundamental period was increased for softer soils, and the results derived from FEM analyses were slightly different from those proposed by seismic norms. Additionally, it was shown that the impulsive fundamental period was not significantly affected by the modifications of soil stiffness.

An experimental investigation by Ormeño et al. (2019) examined the impact of the flexible base on the seismic response of liquid-storage tanks. The findings of this study show that, in the majority of the examined cases, maximum displacements and accelerations were observed when the tank was founded on sand. Moreover, the fundamental period of the tank was increased when founded on a flexible base, which is in accordance with theoretical studies. Lastly, it was concluded that the numerical results verified the experimental findings. Meng et al. (2019) studied the seismic response of cylindrical storage tanks on elastic soil. It was found that soil–tank interaction phenomena contributed to the reduction of impulsive mass displacements, base shear, and rocking response, whereas the convective fundamental period and sloshing height were not affected.

Relevant studies in the literature have investigated the influence of individual critical parameters on the seismic response of soil-supported liquid-storage tanks, such as soil type, tank slenderness ratio, effect of friction coefficient between soil foundation and tank base, and so on. This article aims to perform a more extensive study on the combined evaluation of the most critical parameters that can affect the seismic response of liquid-storage tanks considering DSSI phenomena. In addition, the mechanical spring-mass model developed by Erkmen (2017) was used for the first time in order to study the DSSI phenomena. Two tank slenderness ratios (i.e., squat and slender) are considered for different foundation types (i.e., soft soil and rock), whereas two liquid content volumes and two different fixity conditions (i.e., unanchored and anchored) are examined to evaluate their effects on the total seismic response of such critical structures. Additionally, the impact of friction coefficient in terms of base sliding and uplifting is investigated. Useful findings in terms of amplification and/or deamplification of accelerations are also provided.



SOIL–TANK SYSTEM


Simplified Tank Model

In general, detailed numerical simulations are complex and computationally demanding, especially when considering DSSI phenomena. Additionally, modeling of liquid-storage tanks is not an easy task because of the hydrodynamic response of tank–liquid system (e.g., Bakalis et al., 2017; Kalogerakou et al., 2017). For this reason, surrogate models can efficiently replace three-dimensional (3D) models. Accordingly, as it is stated in Konstandakopoulou and Hatzigeorgiou (2017), modeling of liquid-storage tanks as mechanical analogs is proposed in all contemporary seismic norms, such as Eurocode 8 (CEN, 2006), which has been followed in the current study.

According to several studies (e.g., Shrimali and Jangid, 2002, 2003; De Angelis et al., 2010), the conventional spring-mass model with impulsive and convective lumped masses can be used when examining the global behavior of tanks (as in the current investigation), such as the total base shear and the overturning moment. It has to be emphasized that lumped masses representing impulsive and convective response of the liquid are not capable to perfectly simulate the pressure distribution on the wall.

In contrast, when the aim is a more detailed investigation of local dynamic distress (i.e., buckling of tank walls), the added-mass model should be employed (e.g., Buratti and Tavano, 2013). For this reason, various studies (Virella et al., 2005, 2006a,b; Buratti and Tavano, 2013; Kildashti and Mirzadeh, 2015) used the added-mass method to study anchored tanks for fixed-base conditions. Nevertheless, Phan and Paolacci (2018) reported that the added-mass method is suitable for anchored, but not for unanchored tanks, because of the fact that the hydrodynamic pressure distribution on tank walls was significantly affected by uplifting mechanism.

For these reasons, the commonly used spring-mass model has been adopted herein, since, as aforementioned, several global aspects of the seismic response have been examined both for anchored and for unanchored storage tanks (i.e., accelerations as well as base sliding and uplifting phenomena). In particular, the simplified model developed by Erkmen (2017) for storage tanks with different liquid level (H) to radius (R) ratio is adopted. This model captures quite accurately the dynamic response of typical liquid-storage tanks under seismic excitation, while it requires low computational cost. It consists of shell elements (S4R) for the tank wall and base (with global mesh size equal to 0.8 m in the examined tanks), lumped masses, and springs.

More specifically, the mechanical spring-mass model (Figures 1A,C) uses two lumped masses (i.e., impulsive and convective) that represent the main components of the liquid content, connected to the tank wall through “BEAM” multipoint constraints (MPCs) provided to the user from ABAQUS software (Dassault Systemes, 2016). The main feature of these MPCs (which do not have mechanical properties) is that a rigid beam behavior is simulated between the two nodes, whereas the displacement and rotation at the first node are constrained to the displacement and rotation at the second node.
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FIGURE 1. Simplified tank and coupled soil-superstructure models for the squat (A,B) and the slender tank (C,D).


Additionally, the impulsive (mi) and convective (mc) masses are connected with a vertical linear spring with stiffness, kc. The location (height) and the value of each mass, as well as the spring stiffness are calculated according to the recommendations of Eurocode 8 – Part 4 (CEN, 2006). Moreover, the hydrostatic pressures are imposed to the tank model as an initial pressure loading at the static step. The tank base is considered rigid because of the presence of the concrete foundation slab, whereas a diaphragm constraint is assigned to the upper tank wall nodes to simulate the tank roof (Bakalis et al., 2017). This approach is realistic when roof is considered as fixed and/or stiffeners have been installed at the top of the tank. According to Malhotra and Veletsos (1994), using the assumption of fixed-roof is valid, because the flexibility of the supporting structure of the roof shell does not affect much the response of tank.

The validation of the examined tank models has been performed via their modal analysis results. In particular, the fundamental period of each model was compared to the analytic impulsive eigenperiod of Eurocode 8 – Part 4 (CEN, 2006). Several relevant studies have proven that the total dynamic response of liquid-storage tanks is dominated by the impulsive liquid component (Veletsos et al., 1992; Malhotra, 1997). The properties of the examined storage tanks have been taken from the previous study of Haroun (1983) for broad and tall tanks. More details regarding the dimensions and properties of the models can be found in authors’ previous studies (Tsipianitis and Tsompanakis, 2018, 2019). The damping of the structural system has been set equal to 5% for the ultimate limit state (CEN, 2006) and 2 and 0.5% for the impulsive and convective liquid components, respectively.

The elastic modulus of steel material is E = 210 GPa, Poisson ratio is ν = 0.3, and steel material S235 is used (the yield stress is equal to 235 MPa). The impulsive period of the squat and slender tank is equal to 0.16 and 0.18 s, respectively, whereas the period of the convective liquid component is 6.89 and 4 s, respectively. It should be mentioned that the effect of filling percentage (FP) on the seismic response of liquid-storage tanks is investigated. For this reason, fully filled and partially filled tank models with 100 and 50% FP, respectively, are examined. Regarding the partially filled tanks, the impulsive periods of the squat and slender tank present lower values compared to the full tanks, i.e., 0.10 and 0.08 s, respectively. In contrast, the convective periods are increased for both tanks to 8.69 and 4.8 s, respectively.



Soil Layer Model

As it has been mentioned, the main purpose of the current study is to investigate the impact of DSSI on liquid-storage tanks, which requires the presence of a compliant foundation layer, as these phenomena are marginal in the case of stiff soil or rock. For this reason, the emphasis of the parametric investigation is given on the soft-soil case, and thus, the imposed seismic excitations have been chosen to be compatible with such geotechnical conditions (see section “Selection of Seismic Excitations for details”). Nonetheless, for comparison purposes, all analyses have also been performed without any interaction phenomena. More specifically, the second set of analyses refers to a very stiff foundation layer, i.e., the tanks were considered to be founded on Soil Class A (i.e., rock) according to Eurocode 8 (CEN, 2004a) using the same records.

Continuum 3D elements (C3D8R) are used for the realistic simulation of the elastic foundation layer, in contrast to the simplified approach that has been adopted for the modeling of liquid-storage tanks. As aforementioned, a parametric investigation is performed for a soft-soil layer with approximately Vs = 200 m/s, which corresponds to Soil Class C according to Eurocode 8. The density of the soil material is ρ = 1,850 kg/m3, elastic modulus is E = 207.2 MPa, and Poisson ratio is ν = 0.4. On the other hand, the density of the rock material is ρ = 2,500 kg/m3, elastic modulus is E = 20,720 MPa, and Poisson ratio is ν = 0.2 (resulting in Vs≈1840 m/s). The damping is set equal to 5% for both materials.

The height (Hs) of the soil layer is equal to 25 m, which corresponds to a fundamental period equal to: T = 4H/Vs = 0.5 s. According to the recommendations of Ghosh and Wilson (1969) and Sextos et al. (2017), the length (Ls) of soil model at two translational directions is considered as three times the diameter (D = 2R) of each tank, whereas the global mesh size is 2 m (Figure 2A). The horizontal seismic excitations are imposed at the base nodes of the soil model, whereas the vertical degree of freedom is not constrained at the lateral boundaries. Moreover, at each level along the height of the model “PIN” MPC constraints are assigned to the external lateral nodes to prevent from the lateral spread of the soil mass (Sextos et al., 2017). These MPC constraints provide a pinned joint between two nodes, whereas rotations are independent of each other (Dassault Systemes, 2016).
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FIGURE 2. (A) Validation model of soil layer dynamic response and (B) imposed harmonic excitation at the base and computed accelerations at the center and the edge of soil surface.


The validation of the numerical model of the underlying soil (without the presence of tank) was performed in two parts: (a) achievement of the analytical amplification factor and (b) adequacy of the non-reflective lateral boundaries. First, a harmonic excitation with fundamental period equal to 0.5 s was imposed to the base nodes of the examined soil model. The validation is illustrated in Figure 2B, where the obtained maximum amplification factor (AF) of the accelerations is verified with the corresponding analytical value, which is equal to AF = 2/πξ≅ 12.7 at the surface of the soil layer (Figure 2A). In addition, the comparison of the responses at the center and the edge of the surface is depicted. It is evident that the numerical solution in both points is identical to the analytical solution; thus, no reflections of the seismic waves occur at the boundaries of the soil domain. Consequently, the modeling assumptions regarding the dimensions, mesh size, and boundaries of the soil domain are realistic and accurate.



Coupled Model

In previous investigations (e.g., Veletsos and Tang, 1990; Veletsos et al., 1992; Meng et al., 2019), analyses were performed using two-dimensional models to represent the soil–liquid–tank interaction. In addition, these studies adopted simplified approaches for both the liquid–tank and soil–structure interactions (using springs and dashpots). Lastly, only linear analyses were performed for both soil and storage tank materials.

In the present study, a coupled soil–tank model is developed in ABAQUS software to investigate the DSSI phenomena for two tank slenderness ratios (i.e., squat and slender tanks). In addition, suitable contact formulations are required to determine whether the tanks are either anchored or unanchored to their base. For this reason, “TIE constraint” is applied when the tanks are anchored, whereas “surface-to-surface” contact formulation with friction coefficient (μ1) equal to 0.4 (API, 2007) and (μ2) equal to 0.7 (Sextos et al., 2017) is assigned when the tanks are unanchored. The coupled model is validated using the analytical equation of Veletsos and Meek (1974) that calculates the fundamental period of the combined soil–tank system:
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where T is the fundamental period of the tank [sec], k is the horizontal stiffness of the tank [N/m], ku is the horizontal stiffness of the circular base [N/m], kθ is the rocking stiffness of the circular base [N/m], and h is the tank height [m]. Subsequently, the analytical solution for the squat tank (Figure 1B) is equal to 0.37 s, while the modal period from ABAQUS is 0.38 s. Regarding slender tank (Figure 1D), the derived result from the numerical calculations is 0.76 s, while the analytical fundamental period is equal to 0.79 s. To validate the interaction effects of the proposed coupled models, the inequality that determines the foundation compliance in terms of inertial interaction must not be satisfied (Veletsos, 1977):

[image: image]

where h is the height of the structure [m], Vs is the shear wave velocity of the foundation soil [m/s], T refers to the fixed-base period of the structure [s], and r is the radius of the foundation mat [m]. In the examined cases, the result of the left part of this inequality is 0.34 and 0.80 for the squat and slender tank, respectively. Consequently, for both soil–tank models, the interaction effects can be investigated as the inequality is not satisfied.

In addition, both squat and slender soil–tank models are capable of capturing the height-wise stress distribution quite accurately. For instance, Figure 3 presents two characteristic screenshots, which show that the numerical model is capable of obtaining the stress concentration zones close to the bottom of the tank, which can lead to local buckling phenomena (e.g., “elephant foot” failure) for both squat and slender tanks.
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FIGURE 3. Illustrative height-wise distribution of von Mises stresses for (A) the squat tank and (B) the slender tank.





SELECTION OF SEISMIC EXCITATIONS

For each slenderness ratio, different ground motion scaling was calculated according to the dynamic properties of tank models. More specifically, 10 earthquake records for soil type C were selected from PEER-NGA1 database, suitably scaled so that the value of spectral acceleration for the fundamental impulsive period of each tank (for fixed-base conditions) with damping is equal to 5% -[SA(T1,5%)]- equal to 0.36 g (Table 1), according to the elastic response spectrum of Eurocode 8 with γi = 1.6 (CEN, 2006).


TABLE 1. Seismic records from PEER-NGA database.

[image: Table 1]
As aforementioned in section “Simplified Tank Model,” the impulsive period is selected because several relevant studies have proven that the dynamic response of liquid-storage tanks is dominated by the impulsive liquid component, which has also been confirmed by the derived results. The scaled elastic spectra of the imposed ground motions for squat and slender tanks are provided in Figures 4A,B. As aforementioned, ABAQUS software is used to perform a series of non-linear dynamic analyses. For a more realistic representation of the results, geometrical (NLgeom: ON) and material (i.e., tank wall) non-linearities are considered.
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FIGURE 4. Scaled response spectra for (A) the squat and (B) the slender tank.




NUMERICAL RESULTS

In this section, the amplification or deamplification of the transmitted accelerations along the height of the coupled soil–tank model is investigated, in particular, the results at three characteristic points of the anchored (AN) and unanchored (UN) full tank models (Figures 1B,D) with μ1 = 0.4, as illustrated in Figures 5A–D for both tanks in terms of acceleration levels. More specifically, the first point (Location 1) refers to the foundation base, where the seismic excitations are imposed. The second point (Location 2) is located at the base of the tank, and the third point (Location 3) is at the top of the tank, where the diaphragm constraint has been assigned. In general, the amplification factor is defined as the ratio between the maximum absolute accelerations at the top and the base of a model. Hence, the amplification factor AF1 is related to the impact of the soil layer on the imposed excitation, as it represents the ratio of the maximum accelerations solely at the foundation layer. Amplification factor AF2 refers to the ratio of the maximum acceleration between the tank base and roof, whereas AF3 represents the maximum acceleration between the soil base and tank roof and represents the total amplification of the coupled soil–tank system.
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FIGURE 5. Comparison of the amplification factors (A) and maximum accelerations (B) for the squat and amplification factors (C) and maximum accelerations (D) for the slender tank, for anchored (AN) and unanchored (UN) conditions (with friction coefficient μ1 = 0.4).


As it is presented in Figures 5A,B, the acceleration results are widespread. Specifically, both amplifications and deamplifications are observed in the transmitted acceleration levels (in absolute values in all relevant plots). The maximum total amplification is observed for the Northern California record for the anchored tank with value equal to 3.29. In addition, the maximum deamplification is noticed for Parkfield–Temblor accelerogram for the unanchored tank with value equal to 0.28. The results obtained for the slender tank (Figures 5C,D) presented different behavior. In particular, in the majority of the examined cases and, especially, with respect to the total amplification factor (AF3), the seismic motion was significantly amplified.

Moreover, anchored tanks presented higher amplifications compared to the unanchored models. The highest total amplification is observed for Northern California excitation with value equal to 7.85, whereas the highest deamplification occurred for Parkfield–Temblor record with value equal to 0.62. A remarkable amplification factor regarding only the soil layer response is observed for the Northern California record (AF1 is equal to 6.88), whereas the tank behaves quite differently as deamplification is observed (AF2 is 0.58). In contrast, by checking solely the tank, the highest amplification AF2 is noticed for the Parkfield–Cholame record (equal to 7.99), whereas the soil layer deamplifies the specific excitation (AF1 is only 0.37).


Impact of Friction Coefficient

In this section, two different values taken from the literature, namely, 0.4 and 0.7, for the friction coefficient between the tank base and soil foundation are examined. The amplification factors along model height – as well as base sliding and uplifting phenomena in a subsequent section – for each friction coefficient value are examined. More specifically, Figures 6A,B present the acceleration response results and the amplification factors for the two examined friction coefficients regarding the unanchored squat tank. It can be observed that, in the majority of the examined cases, slightly increased accelerations are derived for friction coefficient equal to 0.4.
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FIGURE 6. Comparison of the amplification factors (A) and maximum accelerations (B) for the unanchored squat tank for two friction coefficients (μ1 = 0.4 and μ2 = 0.7).




Impact of Liquid Content

Following the same methodology regarding the amplification or deamplification of the accelerations along the height of the model, the effect of FP of the tank (i.e., the percentage of the liquid content) is presented in this section. Specifically, two cases of FP are investigated for each tank slenderness ratio and for each fixity type: fully filled tank (100% FP) and partially filled tank (50% FP). In accordance with the descriptions in section “Simplified Tank Model,” Table 2 summarizes the main parameters for both tank models with 50 and 100% FP of liquid content.


TABLE 2. Model parameters for the squat and the slender tank with 50 and 100% FP.

[image: Table 2]
The results for the squat tank shown in Figures 7A,B do not present significant differences with respect to the liquid volume in the tank. More specifically, the amplification factors present deamplification and slight amplification for 50 and 100% FP, anchored and unanchored storage tanks. The highest amplification for the fully filled anchored tank is observed for the Northern California record with AF3 value equal to 3.29, whereas for the same record AF3 is equal to 2.44 for the partially filled tank. In contrast, the highest deamplification for the fully filled unanchored tank is where AF3 is equal to 0.28 for the Parkfield–Temblor record, whereas for the partially filled tank, AF3 is equal to 0.37 for this ground motion.
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FIGURE 7. Comparison of the amplification factors (A) and maximum accelerations (B) for the squat and amplification factors (C) and maximum accelerations (D) for the slender tank, for anchored and unanchored conditions (with friction coefficient μ1 = 0.4) for full-filled (UF and AF) and half-filled (UH and AH) cases.


Regarding the slender tank, as presented in Figures 7C,D, the partially filled tank presented lower acceleration values than the fully filled tank in most cases. The highest amplification AF3 for 100% filled anchored tank is computed for Northern California record (AF3 = 7.85). Additionally, the highest deamplification is calculated for Parkfield–Temblor record, because AF3 is equal to 0.62 and 0.51 for the 100 and 50% filled unanchored tank, respectively.



Impact of Foundation Layer

In this section, the impact of the foundation stiffness on the seismic response of the examined storage tanks is presented. The properties for the soft soil and rock materials have been described in section “Soil Layer Model.” Indicative results regarding the seismic performance of unanchored (μ1 = 0.4) squat and slender tanks founded on soft soil or rock are presented. In particular, Figures 8A–D depict the acceleration results for the squat and the slender tank. Quite widespread results have been obtained, depending on the special frequency content of each ground motion imposed to the soil–structure system, as it has been also reported by Kianoush and Ghaemmaghami (2011) for rectangular tanks.
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FIGURE 8. Comparison of the amplification factors (A) and maximum accelerations (B) for the squat and amplification factors (C) and maximum accelerations (D) for the slender tank, for foundation on soft soil (S) and rock (R) for the unanchored cases (with friction coefficient μ1 = 0.4).


Regarding the squat tank (see Figures 8A,B), the amplification factor AF3 presents its maximum value (equal to 2.54) for the Northern California record for soft soil, whereas the maximum deamplification is equal to 0.28 for the soft soil and Parkfield–Temblor record. The maximum amplification factor (equal to 3.98) for the slender tank (see Figures 8C,D) is computed for the Northern California record for soft soil. In addition, the maximum deamplification, i.e., AF3, is equal to 0.62, for the soft soil and Parkfield–Temblor record.



Base Sliding and Base Uplifting

Base sliding and base uplifting phenomena can cause severe damages to the tanks, especially during strong seismic events. Buckling of the tank wall, excessive sloshing, detachment of the pipe connections, and tank rocking consist the main failure types that have been observed in past earthquakes due to sliding and uplifting. Consequently, it is mandatory to perform an elaborate study regarding these phenomena to ensure the structural integrity of these important structures under severe earthquakes.

First, the base sliding results are compared for each tank slenderness ratio, while the impact of liquid FP on tank deformations is also examined. Figure 9A depicts the base sliding results for the 100% FP squat and slender tanks. It is obvious that in many records and especially record no. 5 (Northern California), the slender tank exhibits higher relative displacements, which is in accordance with the conclusions of Kalemi et al. (2019). The results for 50% FP are illustrated in Figure 9B, where there is a significant difference for Northern California record, whereas in the majority of the other ground motions, the slender tank presents the highest values. It can be easily noticed that the 50% FP slender tank exhibits the maximum base sliding value.
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FIGURE 9. Base sliding results of (A) 100% FP and (B) 50% squat and slender tank, (C) squat and (D) slender tank for different foundation layer types, and (E) comparison of friction coefficient for the unanchored squat tank.


Figure 10A presents the uplifting results for the 100% FP squat and slender tanks. In this case, it is more evident that the slender tank exhibits higher relative displacements compared to the squat tank. In addition, Figure 10B depicts the base uplifting for the 50% FP tank, in which a greater variation of results is observed. The volume of the liquid (FP) had a significant impact on the sliding and uplifting results, as it has been also reported by Phan et al. (2019). Similarly, the fully filled tanks present higher uplifting displacements compared to the half-filled tank cases. The effect of soil type on the presence of base sliding and uplifting phenomena for the squat and the slender tanks is depicted in Figures 9C,D and Figures 10C,D. It is evident that base sliding for both tank geometries is more pronounced when the tank is founded on soft soil, which is in accordance with the experimental findings of Ormeño et al. (2019). Regarding the base uplifting, the results lead to similar conclusions, i.e., soft soil results in higher base uplifting displacements compared to the foundation on rock.
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FIGURE 10. Base uplifting results of (A) 100% FP and (B) 50% squat and slender tank, (C) squat and (D) slender tank for different foundation layer types, and (E) comparison of friction coefficient for the unanchored slender tank.


Figure 9E illustrates the sliding results for the squat tank, which are more susceptible to such phenomena, for different friction coefficient values, namely, 0.4 and 0.7. In addition, Figure 10E displays the uplifting results for the slender tank, which is more vulnerable compared to the broad tank, to such distress. As expected, in the majority of cases, μ1 = 0.4 leads to higher values of sliding and uplifting displacements compared to μ2 = 0.7.

It should be mentioned that, in all cases, extreme values are observed for the examined parameters when imposing the Northern California record. For this reason, the time-histories of relative displacements for this record for the anchored and the unanchored squat tank (μ1 = 0.4) and soft soil conditions are shown in Figure 11A for base uplifting and in Figure 11B for base sliding. It can be noticed that the slender tank presents significantly higher values compared to squat tank. These results are in accordance with the findings of Malhotra and Veletsos (1994) and CEN (2006), where it is reported that uplifting phenomena are more pronounced in slender tanks. The base sliding time-histories in Figure 11B show that the squat tank exhibits slightly higher sliding than the slender tank.
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FIGURE 11. Relative displacement time-histories for the Northern California record for the unanchored (μ1 = 0.4) squat and slender tanks for soft soil conditions: base uplifting (A) and base sliding (B).


The special frequency content of this ground motion, in which a very large pulse occurs at the beginning of the excitation, leads also to high amplification of the accelerations, as highlighted in the time-histories of Figure 12 for the unanchored squat tank for soft soil conditions and μ1 = 0.4. This is further illustrated in Figure 13, which displays the base shear time-histories (impulsive Figure 13A and convective Figure 13B components) at X direction for the anchored and the unanchored squat tank (μ1 = 0.4) and soft soil conditions. As it can be easily observed, the impulsive base shear presents much higher values than convective base shear, which verifies the dominance of the impulsive liquid component in seismic response of the tanks. In addition, the unanchored slender tank exhibits the highest impulsive base shear values (due to higher acceleration levels, as presented in Figure 5), whereas the highest convective base shear values are observed in the anchored slender tank. The latter is in accordance with relevant studies (e.g., Malhotra et al., 2000) in the literature, which also conclude that the role of the impulsive component of the liquid content is more pronounced in slender tanks compared to squat tanks.
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FIGURE 12. Acceleration time-histories at the three points of interest (see Figure 1B) for the Northern California record for the unanchored (μ1 = 0.4) squat tank for soft soil conditions.
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FIGURE 13. Base shear at X direction for the Northern California record for the anchored and the unanchored (μ1 = 0.4) squat tank for soft soil conditions: impulsive (A) and convective (B) components.





CONCLUSIONS

In the current article, the impact of the DSSI on the seismic response of liquid-storage tanks was investigated. For this purpose, utilizing FEM, an efficient coupled soil–tank model has been developed to examine this complex phenomenon. After the validation of the numerical modeling approach, parametric non-linear dynamic analyses have been performed using 10 records from PEER-NGA database for two tank geometries (squat and slender), two foundation layer types (soft soil and rock), two cases of liquid content (half and full-filled tank), and two fixity conditions (anchored and unanchored). The presented results have been focused on the amplification or deamplification of the imposed accelerations, as well as base sliding and base uplifting phenomena.

It has been shown that the simplified spring-mass model can effectively simulate the seismic behavior of anchored and unanchored liquid-storage tanks. The main conclusions that can be derived from the present investigation are the following:


(a)The anchored slender tank presented the highest acceleration amplifications.

(b)The impact of liquid content volume is more significant for the slender tank, in which lower accelerations were presented compared to the squat tank for both 50 and 100% FP.

(c)A smaller friction coefficient value (μ1 = 0.4) leads to increased accelerations compared to a larger value (μ2 = 0.7). Friction coefficient value strongly influences base sliding results.

(d)The slender tank is more vulnerable to uplifting and sliding, while the liquid volume has a considerable effect on such phenomena. The presence of a soft soil layer contributes to the increase of sliding and uplifting for both tank geometries.



Undoubtedly, further investigation of this complex phenomenon is required, including a more detailed modeling of the liquid content in order to assess potential damages due to sloshing as well as local buckling phenomena, such as “elephant-foot” and “diamond-shape.” For instance, the effect of the second convective (sloshing) mode (Kalogerakou et al., 2017) on the seismic response of soil-supported tanks, especially under near-fault excitations, should be examined. Furthermore, the impact of base-isolation systems, which are often used to protect large-scale liquid-storage tanks, on the seismic response of liquid-storage tanks founded on soft soils should also be investigated, which is currently under development.
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