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SUMMARY 

A performance-based earthquake engineering approach is developed for the seismic risk 

assessment of fixed-roof atmospheric steel liquid storage tanks. The proposed method is based 

on a surrogate single-mass model that consists of elastic beam-column elements and nonlinear 

springs. Appropriate component and system-level damage states are defined, following the 

identification of commonly observed modes of failure that may occur during an earthquake. 

Incremental Dynamic Analysis and simplified Cloud are offered as potential approaches to 

derive the distribution of response parameters given the seismic intensity. A parametric 

investigation that engages the aforementioned analysis methods is conducted on three tanks of 

varying geometry, considering both anchored and unanchored support conditions. Special 

attention is paid to the elephant’s foot buckling formation, by offering extensive information on 

its capacity and demand representation within the seismic risk assessment process. Seismic 

fragility curves are initially extracted for the component-level damage states, in order to 

compare the effect of each analysis approach on the estimated performance. The subsequent 

generation of system-level fragility curves reveals the issue of non-sequential damage states, 

whereby significant damage may abruptly appear without precursory lighter damage states. 
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1. INTRODUCTION 

Oil and gas products are generally stored in large-capacity atmospheric tanks. Safeguarding the 

integrity of such industrial facilities against earthquakes is vital not only for maintaining the 

flow of essential products and energy resources, but also for preventing any associated 

socioeconomic consequences of a potential disruption [1]. Ensuring an “appropriate” level of 

safety tantamount to the importance of liquid storage tanks, mandates the use of state-of-the-

art seismic performance assessment techniques that take into account all possible sources of 
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uncertainty. Nevertheless, the assessment methodology typically undertaken by engineers is 

based on design code regulations/provisions and can be summarised in a prescriptive approach 

that may deliver some acceptable (but actually unknown) level of accuracy, by engaging into a 

deterministic process where blanket safety factors [2,3] are employed to approximately deliver 

the required reliability.  

In an attempt to rationalise seismic design and assessment procedures, the concept of 

Performance-based Earthquake Engineering (PBEE) has emerged [4], thus facilitating a logical 

decision-making process that relies on the probability of exceeding certain capacity thresholds 

that even make sense to non-engineers [5]. Typically, the procedure begins with the seismic 

hazard analysis [6], where ground motion parameters (e.g. peak ground acceleration, PGA) 

known as seismic intensity measures (IM) are characterised in terms of mean annual frequency 

(MAF) by taking into account all potential earthquake scenarios on the site of interest.  It may 

also be used to identify the scenarios that contribute most to the site-hazard and thus select 

ground motion records suitable for the structural response analysis. Of essence in this case is 

the estimation of the distribution of certain engineering demand parameters (EDPs, e.g. stress, 

strain, displacement) conditioned on the seismic intensity. Different analysis methodologies can 

be carried out to derive it, and the choice generally relies on a trade-off between accuracy and 

computational burden. Normally, one can employ Incremental Dynamic Analysis (IDA) [7] for 

a wide range of ground motion records and seismic intensity levels, to obtain a refined 

representation of the EDP-IM space, bearing in mind that this analysis approach does not allow 

rigorous record selection to cover up any IM-related deficiencies in terms of sufficiency [8]. 

Closely related is the stripe analysis [9] where different records may be employed at each IM 

level to improve upon an insufficient IM [10]. Cloud analysis may similarly be employed using 

even unscaled records, but requiring some global or local regression in post-processing, plus 

perhaps some logistic regression to take care of collapse (i.e. global instability) points where 

non-convergence appears [9]. The subsequent damage analysis conveniently summarises the 

EDP distributions into fragility functions [11], thus assigning probabilities of exceedance on 

certain damage state (DS) or limit state (LS) capacity thresholds. The aforementioned quantities 

are finally translated into decision variables through the loss analysis that relies on cost data for 

repair, downtime and casualties, with respect to the damage states examined [12]. The final 

output is normally in the form of the MAF exceeding a (usually monetary) threshold of interest 

that engages facility owners and stakeholders into comprehensive mitigation actions. 

As much as PBEE has reached a mature state for plenty of mainstream civil engineering 

structures (e.g. buildings, bridges), there are hardly any provisions regarding its application to 

industrial equipment structures [13]. Parameters such as the geometry, the toxicity/flammability 

of the stored materials, and the intrinsic failure modes, make the problem substantially different 

from buildings or bridges, as the post-earthquake impact may span from operational costs only, 

to uncontrollable environmental consequences that are often triggered due to the potential 

leakage of the stored materials [13–15]. The devastating outcome of earthquake events such as 

Kocaeli (1999) and Tohoku (2011), further enhances the view that comparatively little attention 

has been paid to liquid storage tanks, even from an academic perspective. Previous research 

efforts may be summarised to a fragility-based methodology using either costly finite element 

models [16,17], or available observational (i.e., historical or empirical) data as shown by 

O’Rourke and So [18]. Empirical fragility curves are also provided by Salzano et al. [19] using 

the probit function to fit the available data, while Berahman and Behnamfar [20] adopt a 

Bayesian approach to predict the associated probability of exceedance. Analytical fragility 

curves for oil storage tanks are available by Iervolino et al. [21], yet they only cover a single 

failure mode despite the consideration of various geometric characteristics that affect the 
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dynamic response of the tank. Other studies [22,23] compare large sets of analytical results to 

observational ones, while there is at least one attempt to extend this train of thought to the entire 

plant level [24], where fragility curves from various industrial structures (e.g. atmospheric 

tanks, pressure vessels) should appropriately be combined to estimate the associated risk.  

In any case, from a performance-based point of view, there are several pieces in the existing 

literature (e.g. structural modelling, damage classification, cost assessment) that are either 

missing or not adequately substantiated to properly translate the analysis output into decision-

making variables for liquid storage tanks. Bearing in mind that the individual steps of the PBEE 

process are all equally important, this work emphasises the structural response and damage (or 

fragility) analysis that are of particular interest to structural engineers. In specific, it offers an 

approach that respects proper uncertainty propagation from all pertinent sources and is based 

on a three-dimensional (3D) surrogate model, appropriate for efficiently running multiple 

nonlinear response-history analyses, while also allowing to distinguish parts of the tank to offer 

different levels of damage resolution: Either localised to individual segments and components 

or generalised to refer to the entire structure, as needed.    

2. MODELLING OF LIQUID STORAGE TANKS 

Adopting the PBEE concept for the case of liquid storage tanks requires a series of tasks to be 

tackled before the MAF of exceeding a specified LS capacity is estimated. Of particular concern 

is the modelling of such complex structural systems. The fluid-structure-interaction, for 

instance, imposes several constraints related to the computational effort required, and despite 

the evolution of computer technology, explicitly modelling the contained fluid and the 

associated contact properties with the tank shell results in costly finite element models. Given 

that the number of scenarios considered within a performance-based framework is often 

significantly larger compared to that of code-based methodologies (e.g. 3 or 7 nonlinear 

response history analyses according to Eurocode 8 [25], vis-à-vis 40-60 analyses for 

performance assessment [7,9]), simpler surrogate models are required for PBEE applications.  

Previous research [26] has shown that earthquake ground motions cause part of the contained 

fluid to move rigidly with the tank walls (impulsive component), while its remaining portion 

(convective component) develops a sloshing motion on the free fluid surface (Figure 1(a)). Such 

observations have led to the development of two-degree-of-freedom (2DOF) approximate 

models that are suitable for estimating the internal forces and moments, both for anchored and 

unanchored liquid storage tanks (e.g. [27,28]). Furthermore, the periods of vibration of the two 

components (i.e. impulsive and convective) are well-separated for practically any tank, thus 

allowing the decoupling of their respective responses.  

Along these lines, Bakalis et al. [29] proposed a 3D single mass surrogate modelling 

approach for the seismic performance assessment of fixed roof liquid storage tanks. The so-

called “Joystick” model is presented in Figure 1(b) along with its fundamental modelling 

details. It consists of a mass (mi) that represents the impulsive fluid component, attached to an 

elastic beam-column element, whose properties are estimated such that the fundamental period 

of the model is fully aligned to the theoretical solution for the impulsive period [26,27]. The 

elastic element is connected to n rigid beam-spokes that rest on multilinear elastic edge-springs. 

Those springs are assigned uplift (w) as well as compression resistance properties of a beam 

(strip) model that extends diametrically on the base plate of the tank, has an effective width 

bw=2πRt/n (where Rt is the tank radius), utilises rotational (kθθ) and axial (kuu) springs to model 

the plate-wall interaction, a concentrated force (Nr) and moment (Mr) to take into account the 

effect of hydrostatic loads, and is supported by an elastic tensionless Winkler soil/foundation 
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[29,30] (Figure 1(c)). Essentially, the “Joystick” model is a two-stage model that requires the 

execution of the base-plate strip model “pre-analysis” step (Figure 1(c)) to determine the 

properties of the “Joystick” model edge-springs (e.g. vertical force (V) versus uplift, separation 

length (L), etc.). While the “pre-analysis” step requires a few minutes to complete, the 

“Joystick” model has the ability to perform response history analysis using multiple ground 

motion components in seconds, without repeating the relatively time-consuming “pre-analysis” 

step when a different ground motion record or scale factor is adopted. It is also able to take the 

effect of the anchor bolts into account, simply by modifying the aforementioned edge-springs 

through a damageable gap-material, the stiffness of which corresponds to the equally-spaced 

anchor bolts found on the effective width of each beam-spoke (bw). Sliding may also be 

similarly incorporated using suitable friction elements. Overall, the simplified nature of the 

“Joystick” model offers the ability to model practically any cylindrical liquid storage 

configuration, regardless of geometry, support conditions and material/fluid properties.  

 

 

Figure 1: (a) Impulsive versus convective fluid component, failure modes and system-level damage state 
classification on a fixed roof liquid storage tank. Depending on the presence of anchors, the system is 
either anchored or unanchored. (b) The “Joystick” surrogate model [29] and its deflected shape. (c) The 
strip model under tensile and compressive loading. 

3. FAILURE MODES 

An important consideration for the PBEE application is the ability of simplified models to 

capture all major modes of failure that may be developed locally on the structural system. 
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Regardless of support conditions (i.e. anchored or unanchored), commonly observed modes of 

failure on liquid storage tanks involve fracture of the base plate due to extreme base plate plastic 

rotations (θpl), buckling of the tank shell and sliding. These modes of failure derive from the 

liquid storage system’s trend during ground motion shaking to overturning. As seismic waves 

arrive on site, the impulsive fluid component imposes pressure on the tank walls, causing 

excessive overturning moments on the system that may in turn lead to sliding and/or partial 

uplift of the base plate. The latter results in large-strain deformations on the plate-wall junction 

that may rupture the base plate. At the same time, the compressive side of the tank suffers from 

a biaxial stress condition, generated by the compressive meridional and tensile hoop 

components, which may lead to an elastic-plastic buckling failure. The latter exhibits a 

characteristic bulge along a considerable part on the tank’s circumference, also known as the 

Elephant’s Foot Buckling (EFB). For the case of anchored tanks, damage on the anchor bolts 

constitutes another potential failure mode. Fracturing of the anchors is also affected by the 

impulsive-component-induced overturning, as the tension developed on the bolts may often 

exceed their prescribed ultimate strength and ductility. Note that although anchored liquid 

storage systems are usually considered fully fixed to the ground, their actual performance can 

incorporate some rocking/uplift, especially when the anchor bolts begin to yield or fracture. At 

this point, part of the base plate is uplifted and the response gradually resembles that of the 

corresponding unanchored case [29]. The convective fluid component on the other hand,  

determines any kind of damage related to the upper courses of the tank walls and the roof. It is 

also known to offer additional overturning moments at the base of the system, but its 

contribution with respect to the impulsive component is marginal for the majority of non-

slender tanks, and as a result it is often ignored. The failure modes outlined above are depicted 

in Figure 1(a). 

4. ENGINEERING DEMAND PARAMETERS 

Capturing the potential failure modes using surrogate models requires a series of failure criteria 

to be considered, which are expressed as a function of the engineering demand parameters 

(EDPs) available from the model output. Such criteria are discussed herein for all the 

aforementioned modes of failure with the exception of sliding, as it requires some elaborate 

knowledge of the nozzle geometry and mechanical properties. The general view regarding the 

criteria adopted for the seismic risk assessment of a structure, is that they should remain 

objective (i.e. neither conservative nor unconservative). In the following, although certain code 

equations are employed, it should be noted that most of them were presented prior to publication 

of the codes considered and were not necessarily intended for code-based design. Apparently, 

the methodology could easily be modified upon the availability of more refined criteria.  

4.1. Base plate and wall-to-base connection  

The deflected shape of the “Joystick” model (Figure 1(b)), reveals its ability to simulate the 

uplift mechanism of liquid storage systems, which provides an indirect mapping to local EDPs 

through the base plate strip model (Figure 1(c)). For instance, the base plate plastic rotation can 

be estimated using either direct measurements from the simplified uplift response analysis of 

the base plate strip [29,30], or with the aid of the Eurocode 8-4 [2] equation 
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where w is the base uplift and L is the uplifted part of the tank. Note that Eurocode 8-4 

provisions suggest a maximum permissible θpl value of 0.2rad, while experimental studies 

suggest that this value is overly conservative, proposing a fracture capacity of 0.4rad instead 

[31]. Actually, these values are proposed under the condition that fracture occurs outside the 

weld that connects the plate to the tank wall; therefore, if a weak weld is suspected to be present, 

the rotational θpl capacity may need to be reduced.  

4.2. Anchorage 

Anchorage failure is governed by yielding or fracture of the respective anchor bolts. There are 

many ways to express this kind of failure (e.g. stress, strain, displacement), and most times the 

choice of the appropriate EDP relies on the structural model that has been chosen to predict the 

response. When the “Joystick” model [29] is adopted, response of the anchor bolts may be 

estimated through the base uplift that essentially determines their deformation/elongation (δ). 

Failure may then be captured by assuming that the entire number of anchor bolts corresponding 

to each spoke (i.e. those along an arc length equal to bw) are uniformly stressed and respond 

elastoplastically with a yield-displacement strength (δy) and fracture-displacement capacity (δu) 

consistent with the connection ductility.  

4.3. Sloshing 

Sloshing damage is triggered upon the exceedance of the available freeboard df, (Figure 1(a)), 

i.e. the available clearance of the free fluid surface (at rest) to the roof. The response is purely 

dominated by the maximum convective wave height (d) developed during the earthquake. 

Given the elastic treatment of this problem, Eurocode 8-4 offers the following simplified 

equation for the sloshing response prediction  

   gTSRd fcat ,84.0 , (2) 

where g is the gravity acceleration and Sa(Tc, κf) the convective period elastic response spectrum 

acceleration for an appropriately defined fluid damping (e.g. κf=0.5% for water [2], bearing in 

mind that more sophisticated solutions exist [32]). API-650 [3] also adopts a similar equation 

using an acceleration coefficient for sloshing wave height calculation in place of the 

0.84Sa(Tc,κf) term.  

4.4. Elephant’s Foot Buckling 

Elephant’s Foot Buckling depends on the compressive meridional stress demand (σm) 

developed on the tank shell. This mode of failure is slightly more complex to determine, as the 

edge-spring force (N) recorded from the “Joystick” model must be converted to stress before it 

is compared to a critical buckling limit (σEFB). The latter may be estimated, for instance, 

according to Rotter’s [33] formula (also adopted by Eurocode 8-4 [2]) as 
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E is the steel elastic Young’s modulus, fy the corresponding yield strength, tw the wall thickness, 

σc1 the ideal critical buckling stress for cylinders loaded in axial compression and p the 

maximum interior pressure acting on the tank wall. The interior pressure is the direct sum of 

the hydrostatic (ph) and impulsive component (pi). The latter may be estimated by adopting a 

cylindrical coordinate system, using the non-dimensional coordinates ξ (radial), ζ (height), φ 

(angle), as: 

      tAhCtp ffii  cos,,,,   (6) 

Ci is a function that provides the distribution of pi along the tank elevation, ρf is the fluid density, 

hf the contained fluid height and A(t) is the impulsive mass absolute acceleration response 

history [34]. As a side note, the EFB check should not be limited to the lower course of the tank 

shell where the maximum interior pressure occurs, but should rather be extended to the entire 

tank elevation, especially when the wall thickness is not uniform. Although one could derive a 

simple relationship for the stress distribution over height, this step may be ignored as in most 

cases the lowest course is the most critical one.  

 

 

Figure 2: EFB violation check using the “Joystick” model instantaneous demand and deterministic 
capacity estimates. 

4.5. Special considerations for EFB 

4.5.1 EFB conditioned on the ground motion record 

Eq. (3) provides a useful approximation to assess the occurrence of EFB. Still, its accurate 

application is not as simple since the stress limit (σEFB) provided is a decreasing function of the 

impulsive pressure (Eq. (6)) at each location (φ), and thus the absolute acceleration demand 

(and hence the seismic intensity). According to Eq. (3)- (6), EFB stress capacity is both location 

and time-dependent, and so is the corresponding stress demand. Thus, at every time step, σm(t) 

and σEFB(t) need to be evaluated for each edge-spring on the “Joystick” model, effectively 

discretising the continuous tank wall (as well as the associated checks) into n positions. It should 

be noted that the EFB demand appears to be more sensitive to the base plate discretisation, thus 

requiring a number of 30-60 spokes, as opposed to other global response parameters (e.g. uplift) 

where only 8 spokes [29,35] are sufficient. In general, as the tank radius grows, the number of 

spokes should be increased to achieve a better discretisation, and a good rule of thumb would 
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be to target at least an arc length of 2-3m for each spoke.   

For a given fraction of time, each evaluation consists of estimating the vector-sum of the 

longitudinal and transverse component response accelerations (i.e. Ax(t), Ay(t)) and its 

orientation (i.e. θ(t)), vis-à-vis the earthquake (EQ) “X” and “Y” axes (Figure 2). Using Eq. (6), 

this results in the instantaneous pressure for each spoke located at an angle φ from the vector 

of A(t). The sum of pi and ph determine the instantaneous σEFB(t) capacity of any single spoke. 

Conversely, the strip model (Figure 1(c)) demand of compressive axial force N(t) at each edge-

spring, divided by the corresponding tank wall cross-section, provides the local stress demand 

σm(t). Assuming no further uncertainties enter into the estimation of σEFB(t), a straightforward 

comparison among σm(t) and σEFB(t) determines violation as shown in Figure 3 for the case of 

a squat tank, the properties of which are summarised in Table 1 among other configurations 

that will later be examined.  

 

  
(a) (b) 

Figure 3: IM, record and spoke-specific EFB capacity versus demand response histories for the 
unanchored tank A (Table 1): (a) intersection among time-dependent demand and capacity signals EFB; 
(b) EFB capacity is not exceeded even though the associated time-independent maximum demand and 
minimum capacity indicate so. 

Capturing EFB becomes more complex when capacity dispersion appears due to uncertainty. 

Given the time dependence of EFB capacity and demand, the EFB probability of exceedance 

for a given record, IM level and spoke becomes the union of the individual probabilities of EFB 

occurring at any single moment of time. To avoid a cumbersome bookkeeping and post-

processing procedure where entire σm(t) and σEFB(t) response histories would need to be 

assessed, the simpler peak “demand-over-capacity” ratio exceeding unity is preferred (Figure 

3). Evidently, the peak σm(t)/σEFB(t) ratio provides the demand and capacity values that should 

be recorded for each spoke during every nonlinear response history analysis. 
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The vertical component of the ground motion has not been considered in the analyses, yet the 

model framework can easily accommodate it. A preliminary investigation showed that the 

effect of vertical acceleration was evident on the EFB capacity only (not on any demand), and 

then for specific tanks and ground motion records. Overall, only tank B (Table 1) showed some 

sensitivity, becoming more prone to EFB damage.  
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4.5.2 Extent of damage 

Of potential interest is also the extent of EFB damage, as according to studies based on detailed 

finite element models (e.g. [16,29]) it is highly unlikely that the examined buckling mode of 

failure is restrained to small arc lengths covered by a single beam-spoke. Figure 4(a), compares 

the EFB capacity for a given IM level and record to the corresponding demand along the 

circumference of the tank. It seems that although the buckling zone spreads on a significant 

number of beam spokes, there are several locations where the capacity has not been reached.  

Lengthwise, buckling spreads on two nearly identical (as well as symmetrical) subzones, a fact 

that is indicative of the system’s tendency (in this case) to rock along a maximum response axis.  

Obviously, these results should be interpreted in tandem with experimental or finite element 

analysis results, as the weakening of the tank wall, not captured by the “Joystick” model, may 

indeed promote the spread of buckling beyond our simpler estimates. 

4.5.3 EFB conditioned on the IM level  

Figure 4(b) illustrates the EFB capacity and demand along the circumference of the tank, for a 

given earthquake intensity, using a set of 135 large-magnitude ordinary (i.e. non pulsive, non 

long-duration) ground motion pairs obtained from the PEER-NGA database [36]. The 

considerable variability revealed for the capacity as well as the demand indicates that there are 

certain records where capacity is not exceeded at any part of the tank, others where it is 

exceeded everywhere, and some that follow the partial violation pattern shown in Figure 4(a). 

One may also notice the effect of directionality that derives from the combination of 

longitudinal and transverse earthquake components in time (Figure 2), determining a different 

axis of maximum demand for each ground motion pair. 

 

  
(a) (b) 

Figure 4: EFB capacity versus demand stresses (in MPa) along the circumference of the unanchored 
tank A (Table 1), conditioned on PGA= 0.30g: (a) single record pair and (b) 135 record pairs. 

4.5.4 EFB on the IDA plane 

A better understanding regarding the detailed representation of EFB may be obtained through 

IDA [7], for the record suite previously adopted. The results shown in Figure 5(a) display the 

single-record (pair) IDA curves using the meridional stress as an appropriate EDP and the peak 

ground acceleration (PGA) as a representative IM. It should be noted that the response history 

analysis is performed using both longitudinal and transverse ground motion accelerograms 

(Figure 2), which implies that a unique scale factor has been applied on both accelerograms for 
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each ground motion pair and that the PGA refers to the geometric mean of the two. The light-

coloured solid lines form the demand for an arbitrary edge-spring on the “Joystick” model, 

while the dark dashed ones depict the associated buckling capacity variability for the given 

range of IM levels. The initial buckling capacity at rest (i.e. for a PGA=0) refers to the static 

load case of the liquid storage system, where the maximum internal pressure equals the 

corresponding hydrostatic. For larger PGA estimates, the impulsive pressure adds on to the 

hydrostatic component on the compressive side of the tank, which results in a significant 

reduction of the EFB capacity. Intersection among capacity and demand curves for each record 

provides the individual EFB limit state capacity points.  

Figure 5(b) shows a more comprehensive representation of EFB. In particular, the entire 

capacity-demand space is presented through the single-record IDAs for every beam-spoke that 

forms the base plate of the “Joystick” model. EFB capacity points that represent failure on any 

single spoke (i.e. 1st-spoke failure pattern) are compared to a more extensive state of damage 

that spreads on 50% of the tank circumference (i.e. multi-spoke failure pattern). The 50% spread 

of damage is arbitrarily chosen and thus a different value could be used upon the availability of 

relevant (experimental/structural analysis) data. Comparing the two approaches reveals a clear-

yet marginal-shift of the multi-spoke failure to higher PGA estimates, which practically triggers 

the discussion between localised and widely spread buckling.  

 

  
(a) (b) 

Figure 5: (a) EFB demand versus capacity single-record (pair) IDA curves for an arbitrarily chosen 
edge-spring on the “Joystick” model. (b) Single versus multi-spoke EFB failure on the demand-capacity 
space formed by single-record (pair) IDA curves for the entire set of edge-springs found on the base of 
the “Joystick” model. The results refer to the unanchored tank A (Table 1). 

Traditionally, common approaches for capturing buckling modes conservatively rely on the 

first point/element on a structure whose demand exceeds the prescribed capacity (e.g. single-

spoke failure). Although for the purpose of this study the single-spoke pattern is conservatively 

adopted to signal EFB, Figure 5(b) highlights the abilities of the “Joystick” model to capture 

limit state capacities that are defined based on the extent of EFB (or any other) mode of failure 

and could potentially provide a more refined approach in terms of loss. In reality, EFB induces 

a local instability on the actual tank (not captured by the “Joystick” model) that causes a 

modification of its properties such that buckling is potentially easier to spread than is shown 

herein. This is generally tough to quantify, and thus the purpose of this analysis is to indicatively 

shed some light on the spread of buckling, pending further calibration. The estimate provided 

remains a useful approximation barring the use of more complex models. 
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Table 1: Properties of the tanks examined [29].  

Properties Variable description 
Notation 

(units) 

Numerical values 

Tank A Tank B Tank C 

Tank 

Radius Rt (m) 13.9 23.47 6.1 

Height ht (m) 16.5 19.95 11.3 

Wall thickness per course tw (mm) 
17.7;15.7;13.7;11.7;
9.7;7.8;6.4;6.4;6.4 

22.23;18.93;16.24;13.57;
10.9;8.22;8.0;8.0;8.0 

9.6;8.0;6.4;4.8 

Base plate thickness tb (mm) 6.4 6.4 4.8 

Annular ring thickness ta (mm) 8.0 10.0 4.8 

Roof mass mr (ton) 35 46 19 

Material 

(expected) Yield strength fy (MPa) 280 280 280 

Steel Young’s Modulus E (GPa) 210 210 210 

Hardening ratio ah (%) 1 1 1 

Poisson’s ratio v (-) 0.3 0.3 0.3 

Fluid 
Height hf (m) 15.7 18.95 10.74 

Density ρf (kg/m3) 1000 1000 1000 

5. DAMAGE STATES 

In modern probabilistic seismic assessment framework [4] damage is discretised into a number 

of (typically consecutive) damage states that are chosen to represent consequences of increasing 

severity, based on the failure modes that a structure is prone to exhibit. For instance, design 

codes for buildings define performance levels similar to “Immediate Occupancy” and “Collapse 

Prevention”. Uncontrollable socioeconomic consequences encountered after past earthquakes 

[37], however, establish such performance objectives totally unfit for the seismic risk evaluation 

of industrial facilities. For the case of liquid storage tanks, the most damaging failure modes 

are the ones that may result in loss of containment, while other modes are mainly confined to 

structural damage without leakage. Figure 6 presents the associated failure modes on the median 

IDA curve both for an anchored and an unanchored system (Table 1). Unlike Figure 5 where 

EFB is examined in detail and hence σm is employed as the EDP, in this instance the base uplift 

is shown instead. Although it does not directly relate to the entire set of failure modes outlined 

in previous sections, the intuition it provides in terms of global (system) deformation is similar 

to response parameters such as roof displacement and maximum inter-storey drift for buildings, 

thus allowing for a rough illustration of the damage progression on the tank.  

A further classification based on the damage of individual components becomes quite 

informative, where the upper course of the tank (SL=sloshing), its lower course (EFB), the base 

plate (θpl), and the anchors (AN=anchorage failure) are separately examined. Table 2 presents 

the component-level median damage state capacities along with their associated dispersions 

and engineering demand parameters. In absence of relevant experimental data, the strength-

based (for EFB), ductility-based (for θpl, AN) and displacement-based (for SL) approximations 

of the FEMA P-58 [12] guidelines are employed to derive the dispersion around the lognormally 

distributed capacities of the aforementioned failure modes. Given that the random variables 

presented in Table 2 refer to different parts of the tank, as well as that hardly any relevant data 

exists, correlation among the capacities of the examined failure modes has been assumed to be 

zero. Non-zero positive correlation may reasonably be adopted for the capacity of damage states 

referring to the same component, e.g. θpl capacity values for consecutive damage states at the 

same location (i.e. spoke) of a tank. For a more realistic representation, spatial correlation of 

DS capacity values among different spokes also becomes an issue. Yet, such considerations are 

beyond the scope of this study as they burden the post-processing considerably.  

In this study, the aforementioned failure modes are appropriately combined to form four 

damage states of increasing severity, namely no damage (DS0), minor (DS1), severe without 



12 K. BAKALIS, D. VAMVATSIKOS AND M. FRAGIADAKIS 

Copyright © 2017 John Wiley & Sons, Ltd.  Earthquake Engng Struct. Dyn. (2017) 

 DOI: XX 

leakage (DS2) and loss of containment (DS3), as originally proposed in [38,39]. It should be 

noted that the loss of containment is generally the main concern post-earthquake, as it 

constitutes a paramount source of industrial accidents with severe socioeconomic and 

environmental consequences [24]. Still, structural damage itself (with or without leakage) is 

also of concern, since its aftermath is not confined to monetary losses only. The reason is that 

frequent earthquakes of moderate intensity, may trigger a list of actions that include drainage 

of the tank, repair and refill. This is often inferred as a major disruption of business, the financial 

impact of which cannot be ignored.  

In that sense, for the case of unanchored (or self-anchored) liquid storage tanks, DS1 shall 

represent minor damage induced by a sloshing wave height of the contained fluid equal to the 

freeboard. DS2 shall refer to severe damage at any component of the tank without leakage, 

where the exceedance of either a sloshing wave height equal to 1.4 times the available freeboard 

or a plastic rotation of 0.2 rad at the base plate shall trigger the damage state violation. DS3, 

finally, shall provide information on the loss of containment through the exceedance of either 

the EFB capacity (σEFB) or the base plate plastic rotation of 0.4 rad. While some further 

partitioning of the loss of containment damage states based on the amount of leakage would be 

desirable, there is little data available to define appropriate EDP thresholds. As far as anchored 

systems are concerned, yielding on the anchors or their connection to the tank may also be 

considered for DS1, while fracture for DS2, as shown in Table 3. This classification reasonably 

conveys the extent of system damage, yet one should bear in mind that the different mechanisms 

involved in a single damage state may be associated with varying degrees of monetary loss or 

repair actions. For instance, sloshing waves whose amplitude exceeds the available freeboard 

represent relatively easy-to-repair damage at the top of the tank, compared to the exceedance 

of a plastic rotation limit at the base, even though both might be categorised as moderate 

damage. Therefore, it becomes more informative to also classify damage based on the actual 

component that has failed, as shown in Table 2. 

 

Table 2: Component-level DS classification for anchored and unanchored liquid storage tanks. 

Component 
Failure Mode 

Notation 

Median EDP Capacity 

(EDPC,50%) 
Reference Dispersion* [12] 

Upper tank course SL 
1.0×df (m) [3] 0.20 

1.4×df (m) [3] 0.20 

Lower tank course EFB σEFB (MPa) [2] 0.31 

Base plate θpl 
0.2 (rad) [2] 0.51 

0.4 (rad) [31] 0.51 

Anchors AN 
δy (mm) - 0.51 

δu (mm) - 0.51 
*The standard deviation of the log values 

 

Table 3: System-level DS classification for anchored and unanchored liquid storage tanks. 

System Support Conditions Damage States  Damage State Capacities 

Anchored 

DS1 1.0×df or δy 

DS2 1.4×df or θpl=0.2rad or δu 

DS3 σEFB or θpl=0.4rad 

Unanchored 

DS1 1.0×df  

DS2 1.4×df or θpl=0.2rad 

DS3 σEFB or θpl=0.4rad 
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(a) (b) 

Figure 6: Single-record (pair) IDAs along with the associated failure modes on the median IDA curve 
for liquid storage tank A (Table 1): (a) anchored and (b) unanchored support conditions. 

6. SEISMIC FRAGILITY ASSESSMENT 

Under the typical assumption of lognormality for both demand (D) and capacity (C) (valid for 

EDP demand away from the global instability region only), the probability that the median 

demand exceeds the associated damage state capacity for a given level of seismic intensity, may 

be estimated using either of EDP or IM ordinates (i.e. EDP-basis versus IM-basis estimation 

[11,40]) through the standard normal cumulative distribution function Φ as:  
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 





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%50,%50,%50 lnlnlnln
|P >  (8) 

EDP(IM)50% is the median EDP demand given the IM, EDPC,50% and IMC,50% are the median 

limit state capacities expressed in EDP and IM terms respectively, while βEDP and βIM the total 

EDP and IM-basis dispersions that take into account both aleatory and epistemic sources of 

uncertainty (see [11] for their explicit definition). 

The parameters found in Eq. (8) incorporate the IM, and as a result accurately estimating 

seismic fragility requires an intensity measure that characterises the structural system’s 

response in an optimal manner. According to Luco and Cornell [41], the answer to this problem 

is not distinct, as the well-known criteria of sufficiency, efficiency and practicality must be 

satisfied. In particular, the optimal IM should render the structural response independent of 

seismological characteristics appearing as variables in the probabilistic seismic hazard 

assessment (e.g. magnitude, distance, epsilon), it should be able to reduce dispersion in the 

EDP|IM (or IM|EDP) relationship and thus the number of ground motion records required to 

achieve the same level of accuracy, while at the same time it should be possible to compute the 

corresponding hazard curve. For the case of liquid storage tanks, either of the PGA and the 

spectral acceleration at the impulsive period (Sa(Ti)) is a reasonable choice due to the relatively 

short impulsive period (Ti); still, the convective response can only be adequately captured 

through the corresponding convective spectral acceleration that is poorly described by the short 

Ti. This is an interesting problem that requires delicate handling and is expected to be covered 

in a future direction of our research. 
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(a) (b) 

Figure 7: Cloud analysis and fitted (global) EDP-IM relationship for liquid storage tank A (Table 1): 
(a) anchored and (b) unanchored support conditions. 

7. PARAMETRIC INVESTIGATION 

7.1. Component-level evaluation 

In order to assess the seismic fragility involved in liquid storage systems, three tanks of varying 

aspect ratios (hf/Rt) are considered (Table 1), covering a range of broad to slender structural 

system configurations. The estimation is initially performed on a component-basis (Table 2), 

using the various analysis methodologies discussed above. In this instance, the liquid storage 

systems are considered unanchored, with the results of this process summarised in Figure 8, in 

terms of median IM capacity and the associated dispersion (see also the component fragility 

curves in Figure 9). Offering a detailed view of demand at each IM level, IDA is adopted herein 

as a benchmark solution to discuss the validity and applicability of a simplified 

(computationally inexpensive) cloud approach that utilises only a single suite of unscaled 

ground motions and a global power-law fit in the EDP-IM space (e.g. Figure 7).  

Comparing the cloud analysis results to IDA presents a reasonable agreement for certain 

failure modes. As far as EFB is concerned, a good agreement is observed for all unanchored 

tanks, despite the slight reduction of the tank B cloud-based dispersion. Regarding θpl limit 

states (i.e. 0.2 and 0.4rad), the agreement is very good in terms of median IM capacity; however, 

the dispersions stemming from cloud analysis seem to deviate by scale factors that are in the 

order of 1.3-2, mostly attributed to the estimation of a single dispersion value by the global fit. 

Note that the maximum probability of exceedance on the IDA-based fragility output regarding 

the 0.4rad limit state capacity on tank C, hardly yields 20% (even for large PGA estimates), 

which implies that such a capacity is practically never reached on this particular structural 

system, and thus the corresponding fragility curve for cloud analysis need not be considered. 

Fragility parameters cannot be estimated for sloshing modes of failure, for all structural systems 

considered, thus proving the global fit adopted in that instance (combined with the sloshing-

insufficient IM choice of PGA) to be inappropriate.  

At this point one may rush into the conclusion that simplified cloud analysis cannot always 

be trusted within a seismic risk assessment framework, as the assumption that “certain failure 

modes might not be adequately captured” cannot be overruled. The truth is that some care 

should be exercised when employing simplified approaches within a PBEE framework. For 
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example, the cloud method adopted is sensitive to pre-processing tasks such as the record 

selection and the associated scaling. These parameters essentially determine the extent of the 

EDP-IM space, and thus the ability to capture certain damage state capacities that are found in 

rather large response parameter values. Undeniably, our case study also suffers from such 

issues, as the (unscaled) record-set that has been used does not provide an adequate number of 

analysis data points around certain EDP capacities of interest, that would otherwise lead to a 

more accurate regression analysis output. Note that the simplified cloud-based assessment 

cloud also be refined by adopting a local fit in place of the global one shown in Figure 7. Despite 

the aforementioned problems and their rather complex nature, cloud analysis still remains 

probably the best alternative to IDA, for cases that the latter is deemed computationally 

prohibitive.  

7.2. System-level evaluation 

Following the comparison of the various analysis methodologies and their effect on the seismic 

fragility parameters, the system-level evaluation is performed for the entire set of liquid storage 

tanks, considering both anchored and unanchored support conditions (Table 3). The aim is to 

assign a single damage state that could be useful in several instances such as regional loss 

assessment or the assessment of an entire tank-farm, similar to the HAZUS methodology [13]. 

For the shake of brevity, only the IDA-based fragilities for unanchored support conditions are 

illustrated in Figure 9. The entire seismic fragility assessment procedure is summarised in Table 

4, where parameters such as the median IM capacity (IMC,50%) and the associated (total) 

dispersion (β) are provided for the corresponding fragility curve construction. The dominant 

failure mode (DFM) as well as the order that each damage state appears during a strong ground 

motion, are also provided in order to highlight the complexities involved in the assessment of 

cylindrical liquid storage systems. Special attention is paid to the compound system-level 

damage states (i.e. damage states that depend on the union of the exceedance of two or more 

failure mode capacities, e.g. DS2 and DS3 for unanchored tanks), where a simple Monte Carlo 

integration is required to estimate the associated probability of exceedance [11]. A good 

example to appreciate the importance of this procedure can be given through the final fragility 

product of DS2 and DS3 for the unanchored tank A (Figure 9(b)). According to Figure 9(a), it 

appears that although the plastic rotation clearly dominates the response of DS2, a similar 

conclusion cannot be drawn for DS3 as the plastic rotation appears to influence lower IM levels 

contrary to EFB that is more probable for higher ones. 

A closer look on the results of Table 4 suggests that even though the sloshing mode governs 

the response for all unanchored systems with respect to DS1, the corresponding response for 

anchored tanks is dominated by yielding of the anchor bolts, for considerably smaller median 

PGA estimates. DS2 on the other hand, reveals the plastic rotation as the dominant failure mode 

for every case of unanchored tanks, while for the case of anchored ones the prevalent response 

cannot be distinguished among the failure modes considered, and therefore it is deemed 

“inconclusive”. In addition, EFB is the mode of failure that controls DS3 for all systems 

examined (both anchored and unanchored). The beneficial effect of the anchors is also 

highlighted through the seismic fragility estimation of DS2 and DS3, where each failure mode 

(unrelated to anchors) is developed for significantly higher intensities, as shown in Table 4. 

Finally, another major conclusion that can be drawn from the assessment procedure, is that the 

damage states developed do not follow a priori the intuitive order which dictates that increasing 

intensities result in increasing levels of damage. This issue of non-sequential damage states 

highlights the fact that certain tanks may progress directly to catastrophic levels of damage 
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without any warning (e.g. progression through lesser damage states). 

Table 4: System-level seismic fragility assessment of the tanks examined. 

Tank 

DS1 DS2 DS3 
Order 

of DSi 
IMC,50% 

(g) 
β DFM* IMC,50% 

(g) 
β DFM* IMC,50% 

(g) 
β DFM* 

Unanchored A 0.689 1.349 SL 0.117 0.758 θpl 0.168 0.620 EFB 2-3-1 

Anchored A 0.130 0.479 AN 0.274 0.383 inconclusive 0.233 0.359 EFB 1-3-2 

Unanchored B 1.069 1.382 SL 0.090 0.829 θpl 0.056 0.767 EFB 3-2-1 

Anchored B 0.089 0.480 AN 0.187 0.441 inconclusive 0.076 0.385 EFB 3-1-2 

Unanchored C 0.468 1.012 SL 0.201 0.631 θpl 0.378 0.628 EFB 2-3-1 

Anchored C 0.265 0.566 inconclusive 0.512 0.622 inconclusive 0.672 0.344 EFB 1-2-3 
*Dominant Failure Mode 

8. SEISMIC RISK ASSESSMENT 

The ultimate goal of seismic assessment lies in the mean annual frequency (λ) estimation for 

any set of consequences (or decision variables in the  terminology of  the Cornell-Krawinkler 

PBEE framework [4]). This may be achieved, e.g., for monetary losses either by defining them 

at the global system-level in a manner similar to HAZUS [13], or by employing the more 

detailed local component-level DS classification and appropriate cost functions, thus adopting 

a format akin to FEMA P-58 [12]. With such data available, the implementation according to 

any of the two standards should be straightforward (see also [42]). 

The simpler estimation of the  MAF of discrete limit-states  is normally performed through 

an integration on the product of the site-specific hazard function λ(IM), typically obtained 

through probabilistic seismic hazard analysis (PSHA), with any of the aforementioned fragility 

curves (i.e. P[D>C|IM]) [40,43]: 

      
IM

IMC|IMDDS  d P >  (9) 

For the purposes of this study, the Elefsina, Greece hazard curve is adopted [44], targeting a 

site of major refineries. The results shown in Figure 10 summarise the component as well as 

system-level seismic risk assessment in terms of mean return period (Tr=1/λ). As expected, from 

a qualitative perspective, the results are not any different from the ones shown in the seismic 

fragility section (Figure 9). In fact, the discrepancies noticed among the various structural 

systems and analysis methodologies are nearly identical. However, the view they offer is of a 

slightly different nature, as they essentially provide an indication of how rare a certain failure 

mode (or state of damage) is on the site under investigation, or in other words the failure modes 

that each system is prone to experience during earthquakes consistent with the site. What really 

matters in this case is the order of magnitude of the various return periods.  

For instance, sloshing modes of failure can generally be considered rare events (for the given 

combination of site and tanks), as the mean return periods they develop are considerably higher 

compared to plastic rotation and EFB. The well-known return periods that correspond to “10% 

in 10 years” and “10% in 50 years” probability of exceedance (i.e. 95 and 475 years 

respectively) are also provided as reference lines, potentially useful as DS1 and DS2 

performance targets respectively. As a general remark, the system-level results closely follow 

the worst of the relevant component-level ones, unless the dominant failure mode is highly 

inconclusive. At the same time, the majority of failure modes develop return periods that cannot 

even capture the indicative “10% in 10 years” objective, which highlights the vulnerability of 

the structural systems considered against the chosen site hazard. Catastrophic damage (i.e. DS2, 
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DS3) can be several times more probable than light sloshing damage (i.e. DS1 for unanchored 

tanks), a direct consequence of the long convective period component that is not sufficiently 

excited by the moderate magnitude events and the rocky profile of the Elefsina site. The 

aforementioned observation stands regardless of the analysis approach, despite the considerable 

differences in terms of mean return period.  

  
(a) median (b) dispersion 

  
(c) median (d) dispersion 

  
(e) median (f) dispersion 

Figure 8: IDA versus cloud-based component-level seismic fragility evaluation: [(a), (c), (e)] median 
IM capacity and [(b), (d), (f)] total dispersion. The results refer to the liquid storage tanks of Table 1 

for unanchored support conditions. 
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(a) component (b) system 

  
(c) component (d) system 

  
(e) component (f) system 

Figure 9: IDA-based component [(a), (c), (e)] versus system-level [(b), (d), (f)] seismic fragility 
evaluation. The results refer to the liquid storage tanks of Table 1 for unanchored support conditions. 
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(a) component (IDA-Cloud) (b) system (IDA) 

  
(c) component (IDA-Cloud) (d) system (IDA) 

  
(e) component (IDA-Cloud) (f) system (IDA) 

Figure 10: [(a), (c), (e)] Component (IDA and cloud) versus [(b)-(d)-(f)] system-level (IDA) mean 
return period evaluation. The results refer to the liquid storage tanks of Table 1 for unanchored support 

conditions. 

9. CONCLUSIONS 

A reliability PBEE assessment methodology has been developed using a simplified surrogate 

model for liquid storage tanks. Both component and system-level damage states are outlined, 
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favouring the seismic risk assessment of a single liquid storage unit or an entire group of tanks, 

respectively. Using the simplified cloud analysis to determine the EDP-IM relationship, and 

thus the corresponding fragility curves and mean return period, presents a fairly straightforward 

and rapid assessment approach, on the onset that some margin of error cannot be avoided 

compared to more refined dynamic analysis methods such as IDA. In most cases, the margin of 

error can further be improved by considering a larger number of records or even through 

rigorous post-processing techniques (e.g. a more refined local fit). The benchmark solution 

adopted herein through IDA provides a detailed representation of the EDP-IM space, although 

it is slightly more expensive from a computational point of view (under the condition that a 

surrogate model is available). On the downside, post-processing the IDA output is considerably 

more demanding, especially if IM stipes are not available [7]. Regardless of the analysis 

approach, EFB requires special attention, not only regarding the demand but also the capacity 

representation. Their underlying (negative) correlation makes the buckling capacity point 

substantially more difficult to determine, while at the same time suggests that this problem can 

probably be effectively tackled using a 3D surrogate model. Finally, unlike well-studied 

structural systems (e.g. moment resisting frames) where increasing seismic intensity triggers 

higher states of damage, the progression of failure on liquid storage tanks is non-sequential 

(using the limit state capacities considered), as quite often a higher damage state appears first, 

hinting at the onset of severe damage with little or no warning.  
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