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Abstracts

The seismic performance of the supporting structure of the replica of an elevated tank that collapsed
during the Kocaeli earthquake and its variant designed according to Eurocode 8 provisions was
investigated. First, the performance of the tank was verified for the Kocaeli ground motion. Results of
non-linear seismic response history analysis using simplified models accounting for different tank filling
levels showed that the simplified model could provide qualitatively the same damage as were observed
during the earthquake, while the seismic performance of the code-conforming tank was satisfactory.
Then, the seismic performance assessment of the non-code- and code-conforming tanks was further
investigated using the conventional decision model, which accounts for the demand-to-capacity ratio
given the seismic design action, the conditional risk-based decision model and the risk-based decision
model which utilise, respectively, the probability of exceeding a designated limit state for a given design
seismic action and for a given period. The seismic performance of the non-code-conforming elevated
tank was found insufficient by any of the three decision models, which indicated the need for action
towards risk reduction for such structures. The opposite was realised for the code-conforming tank.
However, the conventional decision model may be misleading because it indicated that the structure
might be considered overdesigned, while risk-based decision model showed that the seismic
performance of the code-conforming tank was close to the target value, set to 1% in 50 years. In the
future, risk-targeted design approaches can improve decision-making in the design of critical
components of industrial facilities.

Keywords: steel storage tanks, petrochemical plant, seismic fragility analysis, risk analysis, decision models,
seismic action

1. INTRODUCTION

Industrial facilities are vital for the functionality of the built environment and community [1]. Due to
increased environmental attention and fear of economic losses, the demand for procedures and tools that
can be used to quantify and assess risks and estimate losses is higher than ever. Also, natural events such
as earthquakes and hurricanes highlight the vulnerability of tanks, supporting structures, piping systems,
and other units of industrial facilities, as discussed in [2—4]. However, excessive vulnerability is not only
the consequence of a lack of knowledge in the estimation of demand and capacity. Vulnerability is also
the consequence of the limited definition of performance objectives, which usually account only for the
effect of a specific design earthquake rather than all possible earthquakes that can occur at the site of
the critical unit during its lifetime. For instance, Vathi et al. [5] provided performance criteria for liquid
storage tanks that involved only the concept of the demand-to-capacity ratio. However, in earthquake
engineering, the performance objectives can be defined by considering risk-based performance metrics
and the corresponding decision models. The US codes [6,7] consider a target probability of failure for a
given period of time and a target probability of failure given a seismic intensity action, but the codes do
not require that these performance criteria are verified explicitly.
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The informative Annex of the new Eurocode draft [8] provides a simplified, reliability-based verification
format. However, risk assessment implies the fragility analysis of the examined structure, which is
computationally demanding, as discussed by Salzano et al. [9] and Phan et al. [10]. Furthermore, the
design for a target risk requires at least a few iterations of performance assessment using non-linear
analysis and structural adjustment aimed at fulfilling the condition that the collapse risk is less than the
target collapse risk [11].

The motivation for this study is to improve the understanding of seismic performance assessment of
supporting structures of elevated tanks constructed in different periods and to investigate how different
decision models can affect decision making about the seismic performance of elevated tanks. The first
objective is to evaluate the seismic response of one new (i.e. code-conforming) and one existing,
reinforced-concrete supporting structure of elevated steel storage tanks subjected to the Kocaeli ground
motion. The existing tank was damaged during the Kocaeli earthquake, as reported in the aftershock
survey by Sezen et al. [12]. Because the existing tank does not fulfil the requirements of Eurocode 8, it
is termed as the non-code-conforming tank. The code-conforming supporting structure of the tank was
designed following Eurocode 8 [13] provisions for the ductility class high (DCH) structures.

The second objective of the study is to evaluate the seismic performance of the investigated tanks by the
conventional decision model, which involves the demand-to-capacity ratio given the seismic design
action, and two types of metrics considering the probability of exceeding a designated limit state. The
conditional risk-based metric takes into account the target (acceptable) probability of exceeding a
designated limit state (LS) given the design earthquake. In contrast, the risk-based metric is more general
because it accounts for the target (acceptable) probability of exceeding a designated limit state for a
specified period. In the latest case, the decision model considered the effects of all ground motions that
can occur during the observed period.

First, the investigated tanks, numerical models and limit states are described. Then the seismic
performance of the tank-supporting structure is investigated for the Kocaeli ground motion. Metrics and
the corresponding decision models for the seismic performance evaluation of structures using non-linear
response history analysis are described. In the second part of the paper, the seismic performance
assessment of non-code- and code-conforming tanks was further investigated using the conventional,
the conditional risk-based decision model and the risk-based decision model. Finally, the results of the
performance assessments are presented and discussed.

2. DESCRIPTION OF INVESTIGATED ELEVATED TANKS, NUMERICAL
MODELS AND LIMIT STATES

The existing (i.e. non-code-conforming) and the code-conforming tanks and their supporting structures
are introduced. The first example is an elevated steel storage tank located in Turkey. It was constructed
in the 90s following the construction procedure of that period. Such a tank with a high filling level
collapsed in 1999 due to the Kocaeli earthquake, while tanks with lower filling level did not collapse. A
decade later, Eurocode standards were released. The supporting structure of the non-code-conforming
elevated steel storage tank did not fulfil the requirements of the newest code. For comparison, a code-
conforming support structure was designed according to Eurocode 8 provisions for a code-conforming
tank with the same height and diameter as the non-code-conforming tank. It is assumed that both tanks
are at the location of the existing tank.
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2.1 Non-code-conforming tank

The non-code-conforming elevated steel storage tank is presented in Fig. 1. The tank was located in
Izmit, Kocaeli county, which is a high seismicity region in Turkey. It collapsed on August 17, 1999,
when an My, = 7.4 earthquake struck the Kocaeli region. The earthquake affected millions of people and
caused more than 15 billion USD in damage [14]. The area affected by the event is one of the most
industrialised regions in Turkey. A total of 48% of all heavily damaged structures caused by the
earthquake were observed in this region [15], which also includes the collapse of the supporting
reinforced concrete structure of the investigated tank (Fig. 1).

Fig. 1. View of the non-code-conforming elevated steel storage tank that collapsed during the earthquake [12].

The non-code-conforming tank was practically new when the earthquake hit. The tank was built in 1995
and consisted of two concentric stainless-steel walls, the outer with an outside diameter of 14.6 m and
the inner with an outside diameter of 12.8 m. The gap between the walls was filled with insulation. The
tank was supported on a reinforced concrete slab with a diameter of 14.6 m and a thickness of 1.07 m.
The slab was supported by sixteen reinforced concrete columns with a diameter of 500 mm. The height
of the columns was 2.5 m. Each column was reinforced with sixteen, 16 mm diameter longitudinal bars
and 8 mm diameter stirrups at 100 mm with yielding stress of 420 MPa [16]. The overall height of the
tank was about 16 m.

2.2 Code-conforming tank

The supporting structure of the code-conforming elevated tank was improved. Columns were designed
according to Eurocode 8 for the ductility class high (DCH). The new code required increasing the
column diameter from 50 cm to 70 cm. Concrete C30/37 and steel S500C were used for the columns.
The resulting cross-section of the columns and the corresponding longitudinal and transverse
reinforcement are presented in Fig. 2.
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Fig. 2. Cross-section of the columns of supporting structure of (a) non-code-conforming elevated tank and (b)
code-conforming elevated tank.

Note that in the design, loads were combined with the basic load combinations (actions for permanent
or transient design situations) according to EN 1990:2002 6.4.3.2. The effects of the contents shall be
considered in the variable loads for two tank filling levels: empty or full, as prescribed in Eurocode [17].
The seismic design action was defined according to Eurocode [13] by considering return period Tncr =
475 years because the investigated tank is classified as a structure of ordinary importance. The design
peak ground acceleration (PGA) was then obtained from the Kocaeli seismic hazard function (Fig. 3)
using the results of the SHARE project by Woessnert et al. [18]. The resulting PGA for the return period
of 475 years is 0.5 g.
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Fig. 3. Seismic hazard function for Kocaeli based on the SHARE project.

A soil type A was assumed. The importance factor y;was considered unitary because it was related to a
‘medium risk to life and local economic or social consequences of failure belong to Class II’ as
prescribed by the code [17]. The supporting structure was classified as the ‘Moment resisting frames’.
Hence, the initial value of the behaviour factor was assumed to be 4.95 for DCH. This value of the
behaviour factor was, according to the provisions of Eurocode 8-4, multiplied by 0.7 [17], which resulted
in a final behaviour factor of 3.47. The seismic demand was estimated based on the seismic combination
considering the recommended value of ¢ =1 for a full tank and ¢ = 0 for an empty tank. Because the
importance factor y; = 1, the design peak ground acceleration agr = 0.5 g, which corresponds to the
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return period of 475 years. Note that the content of the tank was liquid with a density of 1150 kg/m?®
and, for the present study, the height of the content was assumed to vary from 90% to 0% of the tank
height. During the Kocaeli earthquake, two tanks were filled to 85% and the remaining tank was filled
to 25%.

The presented structural models emphasise the model of the columns of the supporting structure, which
are the most vulnerable components of the tanks. The steel tank is thus modelled by a 3D finite element
stick model (Fig. 4). This latter is a simplified but computationally efficient numerical model. It
comprises lumped masses, as presented in Fig. 4, which are connected to the supporting structure by
cantilevers that have similar dynamic characteristics and can be observed in the tanks due to the
impulsive and convective response. The tank mass is rigidly connected. Supporting columns and
cantilevers used to connect lumped impulsive and convective masses to the support structure are
modelled employing beam elements. The columns’ heads and the centre of the reinforced concrete slab
are connected rigidly (Fig. 4). Three nodes circled in yellow in Fig. 4 are rigidly connected to simulate
the thickness of the slab. The slab mass is considered in the central node.

Roof mass

Convective mass

Tank

=

Concrete slab

Rigid link

Slab mass

Column elements

Fixed base — 5

Fig. 4. The 3D model of the elevated tank comprising column elements and the rigid links to simulate the
support structure, the independent cantilevers used to connect impulsive and convective masses, and the tank and
roof masses rigidly connected to the slab nodes with the slab mass at the middle.
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The model is consistent with the Eurocode 8-4 provisions [17]. Note that the code provides a simplified
approach for the modelling of the tank-liquid system concerning fixed-base, cylindrical tanks. However,
these provisions can be used even for modelling the elevated tanks because they are fixed to the rigid
slab of the supporting structure.

The insulating material between the external and internal walls was neglected because its mass and
stiffness have a minor effect on the seismic response of the supporting structure. The mass of the tank
and the roof were rigidly connected to the slab, while the lumped masses of the content were connected
to the slab by linear elastic cantilevers with appropriate constants. Lumped masses representing the
content were decomposed to the impulsive mass, m;, and the convective mass, m¢, which were connected
by linear elastic cantilevers with stiffness equal to ki and k., respectively. Impulsive and convective
masses were calculated according to the tabled values provided in Eurocode [17]. Table 1 presents a
resume of masses, elevation, and stiffhess of the connection, from 90% filling level to 20% filling level.
Tank and roof masses were 38 t and 6 t respectively, while the support structure mass was 364 t.

In addition to the mass and the stiffness of the cantilevers, which are used to simulate the convective
and impulsive response of the tank, it is necessary to define the model for the viscous damping. In this
respect, according to the provisions of Eurocode ([13,17]), a damping ratio of 5% was accounted for all
modes through the design acceleration spectrum.

Table 1. Impulsive and convective masses and stiffness for 90%, 85%, 25%, and 20% filling levels of the tank.
The elevations of the masses are also presented.

Mass type Filling level Mass [t] Elevation [m] Stiffness [KN/m]

90% 1.7-10° 6.14 1.3-106

m 85% 1.6-10° 5.77 1.4.106

' 25% 2.2:10? 1.6 1.7-10°

20% 1.4-102 1.28 1.5-108

90% 4.5-10? 11 1.3-108

m 85% 4.5.10? 10.3 1.3-108

¢ 25% 3.7:10? 2.2 8.6-10?

20% 3.3-10? 1.7 6.8-10?

A linear elastic model was developed according to the Eurocode provisions for the design of the
supporting structure. The modelling philosophy was the same as that previously introduced, while
mechanical properties and material adopted are listed in Table 2. The model (Fig. 5) was developed in
SAP2000 [19] by analogy to the information presented in Fig. 4. The seismic demand on columns was
obtained by the response spectrum analysis. Once the design had been created, the seismic performance
assessment of the code-conforming tanks was carried out using a non-linear model, which was
developed in OpenSees [20] as described in Section 2.3.
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Fig. 5. Linear elastic model of the elevated tank developed in SAP2000.

2.3 Non-linear model for the seismic performance assessment of the elevated tanks

The non-linear model of the elevated tank was developed in OpenSees. The supporting reinforced
concrete columns were modelled with 3D non-linear beam-column elements with fibre cross-sections.
The column section was divided into two parts to consider the confinement effect of the stirrups on the
concrete core, as presented in Fig. 6. The confinement effect was taken into account by increasing the
compressive concrete strength as allowed by Eurocode [21]. Concrete behaviour was modelled using
the Kent-Scott-Park model [22], which is already implemented in OpenSees throughout uniaxial
material Concrete01. The stress-strain behaviour of reinforcing rebars was simulated using the Giuffré-
Menegotto-Pinto model coded in the OpenSees environment and named Steel02 [23]. The adopted
mechanical properties of the material used in the model are presented in Table 2. Column heads were,
later, rigidly connected to the centre of gravity of the supporting slab. Each lumped mass simulating the
fluid and tank itself was connected to the supporting slab by an elastic element with appropriate stiffness
as previously discussed. The damping ratio, assumed to be proportional to the convective mass and
impulsive mass, was assumed to be 0.5% and 2%, respectively [24].

Confined

Unconfined
Concrete

Fig. 6. Confined and unconfined column cross-section.
The columns of the non-code-conforming tanks were particularly vulnerable to shear failures, as

demonstrated by the failure mechanism during the Kocaeli seismic event [12]. The shear force — shear
deformation behaviour for the pure-shear failure of the supporting structure was simulated employing
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the model introduced by Setzler et al. [25], which is not implemented in the OpenSees software. To
introduce the stress-strain model to the supporting reinforced concrete columns, the section aggregator
command of the OpenSees was used to provide a uniaxial hysteretic material to represent the sectional
shear behaviour (Fig. 7), as suggested by Phan et al. [16].

However, the first and the second characteristic points of the shear force — shear deformation relationship
of the so-defined material were calculated based on the modified compression field theory using the
Response 2000 software [26]. The first and second point characterise, respectively, the shear
deformation at which the first crack appears, ye, and the shear deformation corresponding to the
maximum shear force, yy. The third point, y, was obtained according to the procedure proposed by
Elwood et al. [27]. The shear force of the third point corresponds to the 80% drop of maximum shear
force. The values of the described characteristic points of shear force — shear deformation relationship
are presented in Table 3 and Table 4 for each considered filling level for the non-code- and code-
conforming tanks, respectively.

A Response 2000
——7 (Bentz, 2000)

]

2

B Axial load failure

§ / (Elwood and Moehle,
< /2005)

Y* T Shear def,

Fig. 7. The shear force — shear deformation relationship of the columns.

Table 2. Material properties adopted for the non-linear model.

. Density Strength [MPa]
Material [kg/mq] E [MPa] Non-code-conforming Code-conforming
Confined concrete 2500 32000 39 49
Unconfined concrete 2500 32000 30 38
Reinforcement 7850 210000 420 575

Table 3. The characteristic points of shear force — shear deformation relationship in the non-linear model of the
columns of the non-code-conforming supporting structure of the elevated tank.

. Non-code-conformin
Filling level g

ver [%0] Shear [KN] vy [%0] Shear [KN] yu[%0] Shear [KN]
90% 0.01 103 0.03 583 10 117
80% 0.01 103 0.07 496 10.33 99
70% 0.01 103 0.08 491 10.35 98
60% 0.01 103 0.08 481 10.32 96

50% 0.01 103 0.08 470 10.37 94
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40% 0.01 103 0.02 448 10.38 90
30% 0.01 103 0.02 413 10.39 83
20% 0.01 103 0.02 414 10.40 83
0% 0.01 104 1.33 397 10.40 79

Table 4. The characteristic points of shear force — shear deformation relationship in the non-linear model of the
columns of the code-conforming supporting structure of the elevated tank.

- fi i
Filling level Code-conforming

Yer [90] Shear [KN] 1y [%6] Shear [KN] 1u[%0] Shear [KN]
90% 0.46 902 1.09 1295 10.43 259
80% 0.46 934 1.10 1328 10.43 266
70% 0.47 962 1.11 1341 10.43 268
60% 0.47 988 1.12 1353 10.44 271
50% 0.43 957 1.13 1355 10.44 271
40% 0.47 1041 1.14 1360 10.44 272
30% 0.43 1018 1.16 1363 10.44 273
20% 0.40 990 1.02 1378 10.44 276
0% 0.01 338 1.05 1389 10.41 278

2.4 Definition of limit state

Several failures modes can occur in the industrial facilities which have been an object of interest by
several authors [28-30]. Moreover, the strengthening of the supporting structure may cause other failure
modes mostly related to the tank itself (e.g. tank wall failures due to buckling, the anchorage system
failure, or the connected fittings failures). However, in the present study, attention was paid only to the
support structure.

The near-collapse (NC) limit state was defined by the damage observed in the columns of the supporting
structure. Note that other failure modes related to the tank itself (e.g. tank wall failures due to buckling),
the anchorage system, or the connected fittings (e.g. nozzles, pipes, etc.) may occur. The present study
assumed that the tank and other components of the system were less vulnerable than the supporting
structure. In a more general case, the performance of all components of the system should be considered.

The NC limit state was assumed to occur when the chord rotation exceeds the ultimate chord rotation,
which was assumed to correspond to 85% strength in the post-capping range in the case of the code-
conforming tank. Such an approach is not fully consistent with the Eurocode [31] definition, which
prescribes an NC limit state at 80% strength. Nevertheless, the authors decided to adopt a slightly more
stringent criterion than that defined in the Eurocode. In the case of the non-code-conforming tank, the
NC chord rotation was assumed to correspond to the maximum shear force in the pushover analyses
because of the brittle behaviour displayed in the Kocaeli earthquake [12].

Such an approach guaranteed consistency between the definition of the NC limit state and the non-linear
model. For simplicity, it was decided to estimate the NC chord rotation by performing pushover analysis,
as demonstrated in Fig. 8.

Pushover analyses were performed and accounted for the most relevant modal shape capable of exciting
most of the total mass (support structure and content), providing, in this respect, a modal-shaped loading
profile. In this manner, even the variation of the filling level, thus the content mass, was considered.
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Note that in Fig. 8, the pushover curves and LS for the code-conforming and the non-code-conforming
tanks are presented for filling levels from 90% to 0%. Note that, due to the circular shape of the columns
and supporting structure, the pushover curves are not affected by the loading direction.

Based on the pushover analysis, the NC chord rotations were estimated for each filling level of the tank.
They were used to identify the NC limit state in the response history analysis. The resulting values of
the NC chord rotations are presented in Table 5.
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Fig. 8. The shear force — chord rotation relationship of the columns.

Table 5. The chord rotation capacities for the NC limit state at the different tank filling levels.

NC chord rotation

Filling level Non-code-conforming Code-conforming
90% 0.006 0.034
80% 0.006 0.035
70% 0.006 0.037
60% 0.006 0.038
50% 0.007 0.040
40% 0.007 0.043
30% 0.008 0.048
20% 0.008 0.053
0% 0.009 0.068

3. SEISMIC PERFORMANCE ASSESSMENT OF TANKS SUBJECTED TO
KOCAELI GROUND MOTION

During the Kocaeli earthquake, the peak ground accelerations were recorded in the range from 0.2 g to
0.4 g [12]. The ground motion considered in this study was recorded at the Kocaeli recording station,
which is located in the same county as the elevated tanks that collapsed during the earthquake. The peak
ground accelerations for two horizontal components were respectively PGA = 0.15 g and PGA = 0.22 g,
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for Direction 1 and Direction 2, respectively. The vertical component was neglected in the response
history analysis [13]. The ground motions and the corresponding acceleration spectra are presented in
Fig. 9.
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Fig. 9. Horizontal components of the Kocaeli ground motion and the corresponding spectral accelerations.

The seismic response of the non-code-conforming tank is first simulated for the Kocaeli ground motion
to compare the simulated damage of the tank with the damage observed after the earthquake and to
observe the impact of the tank filling level on the seismic response of the tank. In addition, the seismic
response of the code-conforming tanks to the Kocaeli ground motion is also presented. The damage
associated with the NC limit state is observed with the demand-to-capacity ratio, which considers the
NC chord rotation presented in Table 5. The chord rotation demand was calculated as the ratio between
the maximal displacement at the top of the columns and the height of the columns.

The resulting demand-to-capacity ratios are presented in Fig. 10 (a) and Fig. 10 (b) for the non-code-
conforming and the code-conforming tank, respectively. The results are presented for 85% and 25%
filling levels, which were the levels in the tanks during the Kocaeli earthquake. The NC limit state was
exceeded in the non-code-conforming tank filled at 85%, while no exceedances were observed for the
tanks filled to 25% of the filling level. The observed performance of the non-code-conforming tank is
similar to the performance of the actual tanks during the Kocaeli earthquake. The tanks with 85% tank
filling level collapsed, while the tank with 25% was undamaged.

Some elevated tanks collapsed during the Kocaeli earthquake. If the supporting structure had been
designed according to Eurocode, the damage to the supporting structure would have been negligible,
which was proven by simulating the seismic response of the code-conforming tanks. Fig. 10 (b) shows
that the demand-to-capacity ratio in the columns of the supporting structure is on the order of 0.1 if the
filling level of the tank was 85%. The seismic performance of the tank’s supporting structure designed
for DCH was observed to be almost elastic.
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Fig. 10. The simulated demand-to-capacity ratio in the columns in the case of the Kocaeli earthquake for (a) the
non-code-conforming tank and (b) the code-conforming tank, with the tanks filled to 85% (left) or 25% (right).

Furthermore, the increase in the filling level causes a greater mass and longer impulsive vibration period
(Table 6), while the convective vibration period decreases by increasing the filling level (Table 6). For
this ground motion, the increase of the impulsive period almost always resulted in higher spectral
acceleration (see Fig. 11), which consequently increased seismic forces. On the other hand, the variation
of the filling has a small impact on the seismic action due to convective mass because the seismic action
effects of convective mass are usually marginal even for the most non-slender tanks [32]. Namely, the
convective mass is smaller in comparison to the impulsive mass, and spectral accelerations related to
high vibration period of the convective response (i.e. from 3.7 to 4.4 s in the case of the investigated
tanks) are very small. Note that periods presented in Table 6 were calculated according to the Eurocode
8-4 [17]. However, the maximum allowable chord rotation in the support structure (see Table 5) reduces
with the increase of the filling level (Table 5). Thus, exceeding the capacity of the columns is most likely
for configurations with a high level of filling. Due to non-linear effects, exceptions are possible.

Table 6. Impulsive (T;) and convective (T¢) periods for filling levels ranging from 90% to 20%.

Filling level 90% 80% 70% 60% 50% 40% 30% 20%

Ti[s] 0.22 0.19 0.17 0.14 0.12 0.09 0.08 0.06
Te [s] 3.74 3.74 3.74 3.74 3.80 3.85 4.01 4.40
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4.

DECISION MODELS

SEISMIC PERFORMANCE ASSESSMENT OF TANKS USING THREE

4.1 Description of conventional, conditional risk-based and risk-based decision models

Three decision models are presented and described. Fig. 12 presents the workflow and the decision-
making process for all the three decision models to highlight similitudes and differences (red dashed
border) that distinguish each decision model from the others. The two risk-based decision models share
the need for a proper seismic hazard site characterisation to establish the seismic intensity for the
definition of the most appropriate target spectrum. The definition of the target spectrum is the first
process common for all three decision models, but the resulting target spectra differ.
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based decision model.

The conventional decision model allows the user to use the code-based spectra directly and to select at
least three ground motions [13]. Seven ground motions were considered in the case study. The demand
used in the decision-making process was estimated by an average value rather than the maximum of
engineering demand parameters resulting from the seismic response history analyses of seven ground
motions (clause 4.3.3.4.3(3) of Eurocode [13]).

The conditional risk-based decision model and the risk-based decision model require more precise
information about probabilistic seismic hazard analysis because the conditional spectrum defines the
target spectrum. While the first approach requires the selection of ground motions at a specific seismic
intensity to which the decision model is conditioned, the latter approach requires the selection of ground
motions at multiple seismic intensities. In the present case study, 50 ground motions were selected for
the conditional risk-based decision model, while the same number of ground motions was selected at
different seismic intensity levels for the risk-based decision model.

The seismic response analysis, which is the simplest in the case of the conventional decision model,
follows. The seismic response analysis for the other two decision models is equivalent to that from the
conventional decision model but performed for significantly more ground motions. The conditional risk-
based decision model provides a ‘single stripe analysis’. The outcomes of the seismic response history
analyses are represented by a multiple stripe analysis (MSA) [33] or incremental dynamic analysis (IDA)
[34] for the risk-based model. In the present case study, the MSA was adopted.

The split between the three decision models is introduced in the next process, which involves the demand
assessment and probability of failure assessment, respectively, in the case of the conventional decision
model and the other decision models. For the conventional decision model, the demand is characterised
by the mean values of the engineering demand parameters. However, in the case of conditional risk-
based and risk-based decision models, the outcomes of the probability of failure assessment process are,
respectively, the probability of exceeding a limit state for a given seismic intensity level, Psim.s, and the
probability of exceeding a limit state for a given period, Psis. The Prim,s Was calculated simply as the
ratio between the ground motions that cause the exceedance of the LS (n.s) and the total number of the
selected ground motions (nem). Pr,.s can be calculated by the conventional risk equation [33,35,36] Eq.

2):

dH(im)
d(im)

A= [y P(ClIM = im)-| - d(im) )
where A is the rate of exceedance of the selected limit state, im is the value of random variable IM
representing the seismic intensity measure, P(C|IM = im) is the probability of exceeding a designed
LS given IM equalling im, and H(im) is the hazard function of the site of interest. Note that A is
practically equal to the probability of failure for one year, Pss. This statement is valid for the low values
of A, which is the case when it corresponds to the exceedance of near-collapse limit state. Under the
assumption of the linearisation of the hazard function in log-domain, Eq. (1) can be represented in the
closed-form solution [33,35], as presented in Eq. (2):

A= ko(S,) ™ - e05Hh* @
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where K is the slope of the linear approximation of the hazard function in the log-domain, and ko is its
intercept, S, is the median value of the IM that causes the exceedance of LS, and £ is the corresponding
standard deviation of the natural logarithms of the IM which causes the exceedance of the LS.

The differentiation of the demand in the case of the three decision models is reflected in the target
performance. The capacity (C) in the case of the conventional decision model is defined by the
engineering demand parameter associated with the exceedance of a limit state of interest. Because the
demand in the other two decision models is expressed by the probability, it is necessary to define the
target performance with the target probability.

For the conditional risk-based decision model and the limit state of interest, the target performance is
defined using the target probability of exceeding the limit state (Prm.s). The limit state of interest of
this study is the NC limit state, and the level of seismic intensity corresponds to the return period of
2475 years as defined in Eurocode 8-3 [37]. For Ps,m..s, we refer to ASCE/SEI 7-10 [6], which provides
a threshold in terms of probability of exceeding different limit states according to their consequences
for a maximum credible earthquake (MCE). MCE is ‘the most severe earthquake effects considered by
this standard’. In more detail, an MCE can be defined in two ways: with adjustment to target collapse
risk (MCEgr) and without adjustments to target risk (MCEg). MCEr is calculated via an iterative
procedure starting from a collapse fragility function with assumed dispersion and hazard functions for
the site of interest. MCEg ground motion is obtained from mean hazard curves for the site of interest
considering the mean annual frequency of 1 in 2475 years, which corresponds to a probability of
exceeding of 2% in 50 years [38,39]. Moreover, ASCE/SEI 7-10 defines the design earthquake as 2/3
of MCEg, while the target probability of exceeding a limit state given a designated level of seismic
intensity (Pr,m) primarily depends on the severity of the limit state. The ASCE/SEI 7-10 accounts for
two limit states: ‘total or partial structural collapse’ and “failure that could result in endangerment of
individual lives’. The corresponding target probability of exceeding the LS also depends on the risk
category. In this study, the content of the tank is not hazardous. The collapse does not ‘cause a substantial
economic impact and/or mass disruption of day-to-day civilian life’ but neither to have ‘a low risk to
human life in the event of failure’. Thus, according to the risk category classification provided by the
code, the most appropriate risk category for the investigated tank is risk category Il [6]. Consequently,
the allowable probability of exceeding a LS that can cause the ‘total or partial structural collapse’ in the
case of MCE is 10%. This value was adopted in this study for Ps;m.Ls.

Concerning the target performance of the risk-based based decision model, some standards already
address the target probability of failure given a period (e.g. [7]), while others, for instance, the working
draft of new Eurocode [8], are still in the development process. In the state-of-practice, Py basically
depends on the definition of LS. Thus, the limit states of interest need to be selected. For this study, the
near-collapse limit state was selected to be verified. A similar limit state is also assigned by ANS 2.26
[40] to units related to seismic design category 2, which is the category to which the investigated tanks
are assigned because the content of the tank is not hazardous. Consequently, the target probability of
exceeding the NC limit state for one year and 50 years is equal to 4-10* and 2%, respectively. The limit
state and the corresponding target probability of exceeding are thus consistent with ASCE 43-05 [7] and
compatible with the draft of the new Eurocode [8], which informatively defines a target probability of
exceeding the near-collapse limit state to 2-10* (i.e. 1% in 50 years) for consequence class 2 (CC2)
structures. However, the adopted Ps,.s can be considered very high if compared to the target probability
of exceeding less stringent limit states related to permanent load and variable loads [41]. Thus, the target
reliability from Eurocode 0 cannot be directly comparable to target seismic risk. In a more general case,
however, the definition of target probability of limit state exceeding due to earthquakes can be related
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to fatality risk or the performance of the system (e.g. [42-46]) which was, not addressed in the study
presented in the paper for simplicity reasons.

4.2 Ground motions for the performance assessment using three decision models

Ground motions for the performance assessment using the conventional decision model were selected
according to Eurocode 8, as discussed in Section 4.1. A set of seven ground motions was selected
through Rexel software by lervolino et al. [47], based on target spectrum matching. The software
searches for pairs of the two horizontal components of ground motions. In the present case, seven pairs
were selected for a total of fourteen records. In the selection procedure, the average spectrum of the
fourteen records was matched to the target spectrum. This procedure was found to be adequate in
lervolino et al. [48] concerning Eurocode provisions [31], even if it is not fully compliant with the
Eurocode.

The target spectrum was selected as the Type 1 spectrum of the Eurocode provisions and normalised to
PGA = 1 g (from the hazard curve at Tr = 2475 years). The spectra of the selected records, the
corresponding mean spectrum, and the target spectrum are presented in Fig. 13.

The most common target spectrum for the ground-motion selection is the uniform hazard spectrum
(UHS). However, the UHS was found to be unsuitable as it conservatively implies large-amplitude
spectral values at all periods within a single ground motion [49]. Hence, in this paper, the conditional
spectrum approach is used for ground motion selection in the case of conditional risk-based and risk-
based decision models. Ground motions were selected according to the algorithm proposed by Jayaram
et al. [50]. The PGA was assumed as the seismic intensity measure IM.

Because the fragility analysis was performed by multiple-stripe analysis [33], different sets of ground
motions were selected for different levels of PGA. Note that twenty-five PGA intervals from 0.1 g to 4
g were identified, spaced every 0.1 g from 0.1 to 1 g, and then, every 0.2 g. Fifty GMs were selected
using the conditional spectrum approach (CS) computed at each PGA interval up to 1 g.

For the PGA steps greater than 1 g, the set of GMs corresponding to 1 g was scaled up to 4 g. CS was
defined using the results of the SHARE project by Woessner et al. [18] and based on the results of the
seismic hazard disaggregation for the site.

Note that all GMs were selected from the NGA strong ground motion database [51] and the RESORCE
[52] database. For example, Fig. 14 shows the spectra of the selected ground motions in the case of PGA
=1 g, which correspond to a returning period of 2475 years, the corresponding mean spectrum and the
target spectrum. The magnitude and the source-to-site distance of the events of the selected GM are
within 4.5 — 7.5 and 5-50 km, respectively. Note that this set of ground motions was also used in the
seismic response analysis performed in the case of the conditional risk-based decision model.
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Fig. 14. Ground motion spectra, mean, and target spectrum at PGA = 1 g, which corresponds to a return period
of 2475 years.

4.3 Performance assessment of the investigated tanks by the conventional decision model

The seismic performance of the non-code-conforming tanks and code-conforming tanks was evaluated
by the conventional decision model presented in Section 4.1.

Based on the results of response history analyses of non-code-conforming tanks, which were determined
with consideration of the seven ground motions (Section 4.2), it was observed that the mean value of
the demand-to-capacity ratio of the non-code-conforming tank was greater than 1 for a full (90% filling
level) or empty (0% filling level) tank (Fig. 15 (a)). By considering the full or empty tank, it can be
concluded that the seismic performance of the investigated non-code-conforming tank is not acceptable.
However, the seismic performance of the code-conforming tanks was acceptable. The demand-to-
capacity ratios were significantly less than one for all considered tank filling levels (Fig. 15 (b)).
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Because the demand-to-capacity ratios of the code-conforming tank are significantly less than 1, It could
appear that the supporting structure of the code-conforming tanks is overdesigned. Such interpretation
might be valid if only the conventional decision model is used for the evaluation of the performance
assessment of structures. However, before making conclusions, we will first present the results of the
evaluation of the seismic performance assessment of the investigated tanks using the conditional risk-
based and risk-based decision models.
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Fig. 15. The demand-to-capacity ratio in the columns based on the averaging results of the seven ground motions
in the case of (a) non-code-conforming tank and (b) code-conforming tank. Results are presented for full tanks
(90% filling level, left) and empty tanks (0%, right).

4.4 Performance assessment of the investigated tanks by the conditional risk-based and risk-based
decision models

The seismic performance assessment of the investigated tanks was evaluated using the conditional risk-
based model and the risk-based decision model (Section 4.1). The intermediate results of the latter
decision model are fragility functions, which were evaluated by MSA using ground motions presented
in Section 4.2 in this study. Note that ground motions for the stripe corresponding to PGA =1 g (Section
4.2) were used in the case of the conditional risk-based decision model because this intensity level
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corresponds to the return period of 2475 years. The considered filling levels of the tanks did not include
the empty tank, because in this case, the scaling factors for the ground motions to reach the structural
collapse would be too high.

The MSA was performed to evaluate the number of ground motions that caused the exceedance of the
NC limit state. The parameters of the fragility function, i.e. the median PGA causing the exceedance of
the NC limit state, €, and the corresponding dispersion, £, were calculated by maximising the logarithm
of the likelihood function in Eq. (3) [53]:

. % 4
{é’ﬁ} = argmaxg g Z;nzl In (er]]) +zjind (%) + (nj - Zj) nll1-o <lnT9> (3)

where m represents the number of stripes in MSA, n; is the number of ground motions at intensity j, z;
is the number of ground motions exceeding NC LS at stripe j, and X; is the seismic intensity at stripe j.
The resulting estimators (i.e. @ and f) are presented in Table 7 for all investigated tanks and all
considered tank filling levels. Note that for the sake of brevity they are termed 6 and £.

Fig. 16 presents the results of MSA in the case of 90% of the filling level for non-code-conforming and
code-conforming tanks, respectively. Each dot on the right-hand side of the LS dashed line represents
the aforementioned z;. Note that in the case of the non-code-conforming tank, for PGA=1 g, z
corresponds to nj, which is the total amount of GM at that stripe (50 GM).

The multiple stripe analysis was performed by scaling ground motions to PGA = 4 g, which required
unrealistically high scaling factors of recorded ground motions. Thus the fragility functions were
calculated by cutting off MSA results at PGA = 2 g for 90% of the filling level. Such an approach make
it possible to check the bias in the evaluation of the fragility functions and the corresponding risk.
However, no changes were observed in the fragility function of the non-code-conforming tank. For the
code-conforming tank, the median PGA causing exceedance of NC limit state and the corresponding
dispersion as presented in Table 7 were reduced, respectively, for about 10% and 20%. This reduction
caused a slight anticlockwise rotation of the fragility function of the code-conforming tank around the
point characterised by the probability of exceeding of about 0.16. However, such modification of
fragility function causes only a minor impact on the annual probability of failure, as discussed elsewhere
[54]. In this particular case, the probability of exceeding was estimated to 1.6-10 per year for maximum
PGA cut off at 2 g instead of 1.7-10 per year for PGA considered to 4 g. Thus, it was decided to use
the fragility functions based on MSA associated with high scaling of ground motions, which may not be
the case for some other structures or even some other tanks.

The corresponding fragility functions are presented in Fig. 17 for all the investigated tanks and different
tank filling levels. Reducing the tank filling level shifts the fragility functions to the right. This shift
means the vulnerability of the supporting structure of tanks can be significantly reduced when the tanks
are empty. However, this does not mean the tank is not vulnerable.

Table 7. Median PGA causing the exceedance of the NC limit state, 6, and the corresponding dispersion, g, for
different filling levels of non-code-conforming and code-conforming tanks.

Tank filling B oldl
Non-code- . Non-code-
level . Code-conforming .
conforming conforming

90% (full) 0.49 0.57 0.32 2.05

Code-conforming
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80% 0.53 0.54 0.34 2.23
70% 0.52 0.52 0.35 251
60% 0.50 0.48 0.40 2.75
50% 0.48 0.47 0.45 3.11
40% 0.44 0.42 0.55 3.50
30% 0.40 0.36 0.64 3.79
20% 0.37 0.26 0.69 4.22
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Fig. 16. MSA results for (a) the non-code-conforming and (b) the code-conforming tank. Results are presented
for full tanks (90% filling level).

Non-code-conforming

Code-conforming

0 0.5 1 1.5 2
PGA [g]

Fig. 17. Fragility curves for the non-code-conforming tank and code-conforming tank designed for DCH.
Fragility curves are presented for different tank filling levels.

The ratios between the median PGA capacities causing the exceedance of the NC limit state in the case
of the full and almost empty tank (i.e. 20% tank filling level) is about 2. The dispersion of PGA causing
the NC limit state is in the case of the full tank about 0.5, regardless of the type of the tank. However,
for low levels of tank filling (e.g. 20-40%), £ is reduced to about 0.4. Quite similar trends for the £ can
be observed in the case of code-conforming tanks. As the filling level reduces, the dispersion reduces,
too. The reason for this behaviour is twofold. First, by reducing the impulsive mass, the period is closer
to zero. As a consequence, the dispersion of spectral acceleration reduces. Subsequently, this dispersion
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causes a reduction of dispersion of spectral acceleration, causing exceedance of limit state. Note that a
smaller dispersion reveals an increase in the efficiency of the IM, as discussed by Jankovic et al. [55].

To facilitate the interpretation of the results, the ratios between the PGA corresponding to returning
period of 475 years (75 = 0.5 g) and the median PGA causing the NC limit state are presented in Table
8. These ratios are not constant, and they are significantly greater than 1 in some cases of non-code-
conforming tanks (see i75/0 > 1 Table 8). This means that the probability of exceeding the NC limit
state in the case of the non-code-conforming tank is greater than 50%, if the tank filling level is more
than 50%, and in the case of seismic action corresponding to returning period of 475 years.

The performance of the code-conforming tanks is significantly better. The observed ratios 6475/ @are in
the interval from about 0.3 to 0.1. The values of &for code-conforming tanks are very high (from 2 to 4
g). The latest value of &is even greater than the largest recorded PGA during the strongest earthquakes.
However, it cannot be excluded that the NC limit state is exceeded for significantly lower values of PGA
(see Fig. 16).

According to the first risk-based decision model, the performance of the tank for the NC limit state is
considered acceptable if there is less than 10% probability of exceeding the NC limit state at PGA =1
g (i.e. returning period of 2475 years), which is, in this particular example, 200% of the PGA
corresponding to return period of 475 years. Table 9 summarises the probability of exceeding the NC
limit state calculated according to the single stripe analysis (SSA) referring to the PGA = 1 g (Fig. 16)
as defined in Section 4.1. The presented probabilities are based on the ratio between the number of
ground motions causing collapse and the number of all ground motions considered in the SSA.

The results in Table 9 show that the performance of the non-code-conforming tank is not acceptable,
because the resulting probability of exceeding the NC limit state given PGA =1 g is significantly greater
than 10% even when the tank is only 20% full (see Table 9). Regarding the code-conforming tank, in
the case of lower filling levels, the probabilities of exceedance of the NC limit state given PGA =1¢g
are negligible. The highest probability is observed in the case of 90% of the filling level, which is even
greater than 10%.

The basic result of the risk analysis is the probability of exceeding a designated limit state for one year
(Pss), which can be calculated by a conventional risk equation (Eg. (1)). The results of the risk analysis
in terms of probability of exceeding the NC limit state in one year are presented in Table 10. In addition,
the probability of exceeding the NC limit state in 0 years (Pr.ss0) is also presented. The corresponding
acceptable probabilities for a period of 1 and 50 years are 2.10* and 1%, respectively, as defined in
Section 4.1.

The risk of exceedance of the NC limit state in the case of the non-code-conforming tank is about 30%
in 50 years if the tank is full. Such a risk is excessively high and requires immediate action to reduce it.
However, the performance of the code-conforming tank can be considered acceptable, but the
probability of exceeding the NC limit state in the case of the code-conforming tank is almost equal to
the acceptable probability (i.e. 2-10 in one year, 1% in 50 years). Thus, the supporting structure is not
overdesigned, based on the conventional decision model and the risk-based decision model that employs
the probability of exceeding the NC limit state for a given seismic intensity.

Table 8. The ratio between PGA corresponding to the return period of 475 years (&s) and the median PGA
causing the exceedance of the NC limit state.

Tank filling level Oi7516
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Non-code-conforming Code-conforming
90% (full) 1.56 0.24
80% 1.47 0.22
70% 1.43 0.20
60% 1.25 0.18
50% 1.11 0.16
40% 0.91 0.14
30% 0.78 0.13
20% 0.72 0.12

Table 9. Probability of exceeding the near-collapse LS for the PGA corresponding to a returning period of 2475
years.

Probability of Exceeding the LS given PGA = 1.0 g (Ps,im.Ls)

Tank filling level Non-code-conforming Code-conforming

SSA SSA
90% (full) 100% 14%
80% 98% 4%

70% 96% [-]

60% 98% [-]

50% 94% [-]

40% 88% [-]

30% 84% [-]

20% 80% [-]

Table 10. Probability of Exceedance of LS given a period.

Probability of Exceeding the LS given one year and 50 years

Non-code-conforming Code-conforming

Tank
PrLs Pt.Ls 50 PrLs Pt Ls 50
90% (full) 7.5.10° 31.4% 1.7-10% 0.9%
80% 7.1.10° 29.7% 1.3-10* 0.6%
70% 6.4-10°2 27.5% 8.5-10° 0.4%
60% 5.2:10° 23.0% 5.8-10° 0.3%
50% 4.0-10°3 18.0% 3.9:10° 0.2%
40% 2.6-10°3 12.3% 2.4-10°% 0.1%
30% 1.8.10° 8.6% 1.5.10% 0.1%
20% 1.4.10° 6.9% 8.8-10° 0.04%

S. CONCLUSIONS

The damage to the almost-full and almost-empty tanks observed during the Kocaeli earthquake could
be adequately simulated by the simplified non-linear models of the tanks, as presented and discussed in
the paper. However, the simulations of seismic response of tanks, as considered in the study, are based
on several assumptions. The study focused only on the seismic performance of the supporting structure
against the NC limit state. Thus, the study’s observations and conclusions may be partially affected by
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the definition of the limit states and the corresponding target probabilities of exceedance, the definition
of which is currently a topic of discussion (e.g. [8]).

The results of the study also proved that the seismic performance of the non-code-conforming support
structure of the elevated tank is not acceptable, regardless of the decision model used. Such an outcome
indicated the need to urgently retrofit cases like the non-code-conforming tank.

The opposite can be concluded for the code-conforming tank, for which the seismic performance is
acceptable, except in the case of the full tank evaluated using the conditional risk-based decision model.
In this case, the probability of exceeding the near-collapse limit state was slightly higher than the target
probability. This finding may be the consequence of the relatively simple evaluation of the probability
of exceeding the near-collapse limit state given the seismic intensity. If this probability were evaluated
from the fragility function, then the performance of the code-conforming tank would be acceptable even
when evaluated using the conditional risk-based decision model.

Comparing the results of the three decision models applied to the code-conforming tank showed that the
conventional decision model is not well calibrated to the target risk. The D/C ratios were significantly
lower than the unity, which makes the support structure appear to be overdesigned. The results of the
risk-based decision model proved that such a conclusion would be incorrect because the estimated
probability of failure of the code-conforming tank was slightly less than the target value, which was set
equal to 1% in 50 years. For this reason, the risk-based metrics provide much more information.
However, they are computationally more demanding, especially in the case of the risk-based decision
model, and can be considered only by using simplified non-linear models.
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