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Abstract

Analytical fragility curves for structures used in chemical plants are not commonly derived
because of the high computational cost. In contrast, empirical curves are utilized within a quan-
titative risk assessment framework given that they can be found easily and adopted for different
structural configurations. Arguably, analytical fragility curves can account for dynamic idio-
syncrasies due to the interaction of a supporting structure and equipment that diversify from
one process unit to another. Additionally, the use of an efficient and sufficient earthquake in-
tensity measure is essential for deriving robust fragility curves. Peak ground measures that are
commonly adopted for risk assessment may not be efficient to describe more complex systems
with higher mode effects.

Using time-efficient modelling, the present analytical study intends to evaluate the seismic risk
to a hydrodesulphurization unit, a process used in modern refineries to remove sulphur from
refined petroleum products. The 3D model of the unit consists of an irregular steel supporting
structure, several vessels as well as a piping network. To attain a robust modelling, the effects
of panel zone configuration is examined. Furthermore, the seismic response of steel structure
and piping is seen through the lens of different intensity measures. In the end, the most efficient
and sufficient intensity measure is considered to derive fragility functions and estimate the an-
nual frequency of exceedance of two different limit states. The results show that the steel frame
is more vulnerable than the piping due to pounding effects of a heavy vessel at high level. In
addition, the results highlighted that the spectral acceleration is an efficient and sufficient in-
tensity measure. However, the spectral acceleration should be used at different vibration peri-
ods due to higher mode effects of equipment, which cannot always be expressed as a percentage
of fundamental period of the structure. Thus, the standard approach based on the average spec-
tral acceleration, as proposed in the literature, may not apply for process units of this type.
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1 INTRODUCTION

In chemical plants, supporting structures are used to carry piping and equipment for mechan-
ical, safety and maintenance reasons. Supporting structures can vary on purpose and configu-
ration, but two main configurations can be described: 1) pipe racks are used to carry piping that
transfers products from one process unit to another and 2) steel towers are constructed to sup-
port vessels and piping at different heights. In pipe racks, the supporting structures are quite
regular and they are usually considered as cantilevers during design and assessment, because
ofthe lack of diaphragmatic behaviour and because of the point forces of pipes at the top (Figure
la). In steel towers, structures are more irregular, in terms of mass and stiffness, they present
higher mode effects and can be high-rise to accommodate all the required equipment (Figure
1b). In both cases, however, the potential risk due to piping failure can be the reason for cata-
strophic cascading effects given the hazardous materials involved.

Earthquakes continue to expose European countries, particularly in the Mediterranean sea,
to high risk where seismic events have triggered significant destruction over the last decades
[1]. Additionally, numerous major accidents events have been triggered by the seismic hazard
due to damage to piping and supporting structures, causing human losses, environmental con-
tamination and financial losses ([2]-[4]). The life-saving issue of seismic integrity inside chem-
ical plants was also illustrated by [5], who identified 78 Natech accidents triggered by
earthquakes, involving 439 pipework components (directly or indirectly damaged).

a) b)
Figure 1: Different types of supporting structures inside chemical plants: a) pipe rack, b) tower with process
equipment.

Seismic assessment is essential for risk reduction inside chemical plants. One of the most
decisive steps of the risk assessment of major accidents triggered by seismic events is the use
of fragility functions [6], which express the conditional probability of reaching or surpassing a
specific damage state given an Intensity Measure (IM) of earthquake shaking. Fragility func-
tions can be utilized prior to an earthquake within a consequence-based analysis to design
strengthening measures and devise emergency response plans as well as in the aftermath of an
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earthquake to prioritize inspection and determine medium- and long-term response and recov-
ery ([7], [8]). Although the robustness of analytical fragility curves for critical process units is
crucial for risk reduction inside process plants, many researchers still adopt empirical ones e.g.
from HAZUS [9], because they are easily available and have applicability to different process
units. Other databases e.g. SYNER-G [10] include both empirical and analytical fragility curves,
though they are not exhaustive in terms of the various process units that can be found in petro-
chemical plants and do not account for the fragility of equipment separately. At least to the
Authors’ knowledge, the literature on the fragility derivation of supporting structures that ac-
count for dynamic interaction with equipment is very scarce. Even though some studies have
been conducted in the past, they mainly regarded the fragility assessment at the component
level and usually neglected the dynamic coupling between the supporting structures and the
equipment ([11]-[14]).

Apart from modelling uncertainties, robust fragility functions should be expressed by select-
ing seismic IM that are representative of the seismological properties of ground motion related
to site and source (sufficiency) and which reduce the record-to-record randomness (efficiency).
A sufficient IM is conditionally independent of magnitude, M, and Joyner-Boore distance, Rjb;
thus, these parameters have little effect on the resulting seismic demand model. Additionally,
an efficient measure results in low variability of seismic demand and enables the evaluation of
the demand with the least possible number of ground motions. The efficiency and sufficiency
of different IMs have already been addressed for common civilian assets, bridges and transport
pipelines ([15]-[18]). For example, [18] conducted a literature review on the existing fragility
curves for the European building stock, and it was confirmed that typical ground measures, e.g.
peak ground acceleration, velocity and displacement as well as spectral measures at the funda-
mental period of structures were considered efficient. When it comes to buildings with non-
structural components, an average spectral acceleration based only on the fundamental period
of a building was proposed by [18] and [19], so that it can be easily applied in a risk assessment
procedure. However, whether this IM can be applied for high irregular and complex systems,
like process units, or not is still an open question that will be discussed in the current work.

The present analytical study intends to: 1) examine the seismic response of a process unit, 2)
compare the efficiency and the sufficiency of common and recently-proposed measures for
which ground prediction models are easily available and which can be used within a quantita-
tive risk assessment, and 3) estimate the seismic risk in terms of mean annual frequency of
collapse for further decision making, e.g. retrofitting or response planning.

2 DERIVATION OF ANALYTICAL FRAGILITY

2.1 Methodology

Different fragility analysis methods can be adopted to derive the fragility of a structural sys-
tem. The methods are generally categorized as narrow- and wide-range, depending on the range
of IM values. Considering that process units are large in scale and complex, stick modelling
should be used, accounting also for the analysis method with the least possible computational
cost. In addition, when addressing the fragility of critical plants where high level of damage
must be avoided or should occur at large seismic intensity only, it is prudent to localize the
investigation of an industrial structure, at least preliminarily, at lower performance level e.g.
serviceability or life safety.

To this effect, the so-called cloud analysis that belongs to narrow-range methods will be
used for the present study. The probabilistic estimation of an engineering demand parameter
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given an IM is attained through the least sum of the squares of the residuals method, as de-
scribed in [21]. The logarithmic linear regression of seismic demand, EDP, as a function of IM
is considered and described by Equation 1:

EDP = (a-IMY?) - ¢
(1)

ne = land oppe = ,BEDP|IM

where a is an intercept and b is the slope in log-space. The lognormal random variable ¢ has
median, 7., equal to unity and its logarithmic standard deviation, 6, is equal to the standard
deviation of the EDP for a given value of IM, Beppv. The latter constitutes a metric of the
efficiency of the regression of tested IMs to describe the seismic response of a structure.

Assuming that the EDP follows a logarithmic standard distribution for a given IM, the log-
arithm of the median, /n(neppiny), is equal to the mean of the logarithm of EDP, uneppim. The
standard deviation of the logarithm of EDP, a1.£pp|, 1s equal to the dispersion of EDP, fi.zppi.
Therefore, the parameters of the linear regression, a and b, can be obtained by estimating the
median using linear regression in the logarithmic space of “cloud” data. The cumulative lognor-
mal distribution of the observed data is expressed by Equation 2:

In(a-IM?) —In
P[EDP, > EDP.|IM] = <p< ( 2) 77EDP|1M>
BEDP|IM

In(/M) — In
—d>< (M) 771M|EDP>

(2)

Bim|EDP tot

The total dispersion S epp.o: accounts for three types of uncertainty, namely seismic demand
(Beppiv), capacity (Bc) and limit state (Brs) definition. The first type of uncertainty will be eval-
uated via nonlinear dynamic analyses in Section 4. The second and third uncertainty types are
set equal to 0.3 and 0.4, respectively, based on common values that can be found in [9]. A more
rigorous definition of the last two types of uncertainty would require a further detailed exami-
nation, which is beyond the scope of the present study. Finally, the total dispersion is evaluated
by Equation 3:

1
Bimiepp,tot = B\/(:BL?TDPUM + B¢+ :BLZS) (3)

3 CASE-STUDY

The case-study deals with the seismic assessment of an existing desulphurization process
unit that is made of steel (Figure 1b). It was originally designed according to [22] for a high
seismicity region. By virtue of a recent update of seismic hazard maps in the region of interest
([23]), the seismic integrity of the process unit should be assessed. The new acceleration values,
S1=1.35g and Ss=0.38g, were used for selecting seismic records consistent with the seismic
hazard. The system is divided into two parts in order to facilitate the assessment in the following;
in particular, the first part regards the high-rise steel structure (S) with the vertical vessel at the
top (Figure 2a&b), whilst the second part is composed of a low-rise steel structure with equip-
ment (Eq) that consists of horizontal vessels and pipes (Figure 2b). In this respect, see also
Figure 1b. The system was assessed in the nonlinear regime using [24] and [25] as reference
codes.

3.1 Modelling characteristics

The structural members are made of steel ASTM A36/A36M with expected yield (fyes) and
ultimate strength (fues) 372.32 MPa and 439.89 MPa, respectively, modulus of elasticity (E)
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equal to 203 GPa, Poisson ratio (v) equal to 0.3 and kinematic hysteretic behaviour. The lateral
load resisting system is formed by ordinary braced frames in the X direction, and ordinary mo-
ment frames in the Y direction. Horizontal bracing is placed in the XY plane and some vertical
cross-bracings can also be found in the Y direction.

Several process vessels e.g. heat exchanger, surge drum and steam generator are supported
on the steel structure and are considered in the modelling. Also, there is a piping network that
connects the vessels at different heights. Pipes have three different nominal diameters (DN),
viz DN250 40S, DN500 and DN600 80S. More information about the geometrical properties
of pipes can be found in [26]. The pipes are made of steel API S X42 with expected yielding
(fyep) and ultimate strength (fuep) equal to 297.00 MPa and 335.50 MPa, respectively. The mod-
ulus of elasticity (E) and Poisson ratio are equal to 203 GPa and 0.2, respectively. Anew, kine-
matic hardening is considered with rupture strain at 0.03. The piping is supported on the steel
structure mainly with sliding and guided supports, so that pipes are free two move in the longi-
tudinal direction; however, some fixed points are also used particularly at the connection of
pipes with equipment at the base floor. The description of supports at different coordinates of
the system is omitted for brevity.

Eq [ N/ V —T 1 Eq
T I I

a) b)
Figure 2: X-Z plane with part S (structure and vertical vessel) and Y-Z plane with part S and Eq (equipment)

Table 1: Impact of panel zone modelling on the first vibration period

Modal Analysis Panel Zone T(sec) AT(%) Mx/My (%)
Centerline 1.084 N.A. 32/7
X-direction Rigid offset 1.115 +2.95 22/18
Scissor 1.073 -1.01 34/5
Centerline 1.175 N.A. 7/32
Y-direction Rigid offset 1.048 -10.71 18/22
Scissor 1.172 -0.20 7/34

N.A.: Not Available
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Before considering the assessment of the system in the nonlinear range using [27], it was
necessary to examine a number of modelling aspects. First, three different configurations of
panel zone were considered to examine the effects on vibration period of the structure, namely
centerline without rigid offset, centerline with offset and scissor model as described in [28]. It
can be seen in Table 1 that the maximum reduction of period between the centerline (most
flexible) and rigid offset configuration was estimated roughly at 11% in the Y direction,
whereas the difference with the scissor model did not exceed 3% in both directions. Further-
more, to examine the influence of flexibility of the beam-to-column connections, mainly in the
X direction, two different lateral resisting systems were calibrated. In addition to the original
system, a dual system was modelled with both directions being restricted. After comparing the
vibration modes for the two different structural types, it was concluded that the maximum dif-
ference was 8% and 2% in the X direction and Y direction, respectively. Given that the rigid
panel zone and the flexibility of connection did not influence considerably the response, the
scissor model with the original configuration of frames was considered in the assessment. Fi-
nally, Table 2 quotes the first four vibration periods of the entire system, as inferred from modal
analysis.

Table 2: The first four modes of vibration of the system

Mode # T(sec) Mx/My (%)
Structural Mode 1 1.175 32/7
PartS Mode 2 1.084 7/32
Structural Mode 3 0.495 30/0
PartE Mode 4 0.450 0/17

The plastic deformation of structural members was described by concentrated hinge model-
ling. Although distributed plasticity formulations may capture the stress-strain behaviour along
the structural member or local behaviour such as buckling of flanges, they require high compu-
tational effort, which becomes even more prohibitive for large scale models like the process
unit under examination. On the other hand, point hinges can be more adequate to capturing the
nonlinear degrading response [28]. In the framework of this study, concentrated plasticity was
used, allowing for an analysis that is both time efficient and effective, under the condition that
the response of the system is not investigated beyond the collapse prevention limit state. Con-
cerning the plastic deformation on pipes, fiber sections with 8 integration points were used.
More information about this method can be found in [27] and [28].

3.2 Selection of records

The selection of a sufficient number of records for seismic risk assessment is crucial for the
accurate prediction of the system response. This comes as a function of the analysis method for
deriving fragility functions. For example, the cloud analysis method that the present study em-
ploys requires a sufficient number of records with values close to, or larger than, the limit state
of interest [29]. Additionally, the method for selecting a set of records consistent with the seis-
mic hazard is equally important for improving the sufficiency and efficiency of the IMs. To this
effect, a number of 40 far-field records from NGA West 2 database were selected with the
conditional spectrum approach as described by [30]. The spectra of the selected records are
shown in Figure 3. The moment magnitude of records, My, varies from 6 to 7.6, the Joyner-
Boore distance, Rjb, spans from 22 to 92 km, approximately. Shorter distance was not consid-
ered to avoid including pulse-like records, which are being investigated by the Authors. Also,
the average shear wave velocity of the upper 30 m of soil profile, V30, was found in the range
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of 160 km to 360 km which refers to soil type D according to [31]. The records were shortened
using the 5-95% significant duration rule and the maximum scale factor was set to 4. Finally, it
should be emphasized that the records were conditioned at the first vibration period of the steel
structure, T, in the weakest direction Y. This decision was made on the basis of the significant
inter-storey drift ratio observed at the point where the vertical vessel is supported at the top of
the steel structure. Additionally, [32] showed that risk-based assessments do not vary based on
the choice of conditioning period given that hazard consistency is achieved.

—Target median

= -Target median +2-¢
—Selected median

— -Selected median £2-¢

—ith-spectrum

Sa (T, 5%) [g]

T (sec)

Figure 3: Response spectra of the selected far-field records
4 SEISMIC RISK ASSESSMENT

4.1 Methodology for nonlinear analysis

Before running nonlinear analyses, the acceptance criteria should be defined. There are three
main aspects that need to be accounted for when defining performance levels for irregular sys-
tems like the process unit. Firstly, the structural type should be considered. The unit is a con-
centrically braced frame in the X direction and ordinary moment frame with some bracing in
the Y direction as well. Also, it lacks diaphragmatic behaviour, which can result in uneven
deformation at the same height. Thus, acceptance criteria should not be the same as for common
building structures considering also the higher risk that process plants pose to humans and en-
vironment. Secondly, the scale of the model necessitates the use of an engineering parameter
that is able to describe the damage at global level and can be monitored easily. The shear or
moment force of beams and columns as well as the axial force of braces can be suitable param-
eters for models with smaller scale. Finally, the selected parameter should be able to describe
the damage to pipes. For the aforementioned reasons, the interstorey drift ratio (IDR) was se-
lected as a global and generally recognized demand parameter by seismic codes ([24]) to de-
scribe the damage on the steel structure. The acceptance criteria for IDR are shown in Table 3
for two different limit states, namely serviceability (SLS) and safe life (SLLS) limit state. [33]
investigated the seismic response of a 4-storey steel moment frame analytically and experimen-
tally, indicating that the beginning of yielding and buckling of members occurs at IDR values
equal to 1% and 2%, respectively. Given the higher risk, the presence of bracing and irregularity
of the process unit, lower values that those indicated by [33] were set for the SLS and SLLS in
Table 3. When it comes to piping, the yielding strain is commonly selected as the lower bound-
ary of SLS both under tension and compression. More information about the limit states of
piping can be found in [34] and [35].

Furthermore, preliminary time-history analyses were conducted using 11 unscaled records
that examined the seismic response of the structure and defined the scaling factor that is re-
quired to equal or to exceed the SLLS, which was set as a performance objective. For the cloud
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analysis method, there is a rule of thumb saying that 30% of selected records should exceed the
desired limit state ([29]). To attain this goal, the records were initially scaled with a scaling
factor that did not exceed 5, and then the factor was scaled down to reduce the bias due to some
significant deformation that was observed both on steel structure and pipes.

4.2 Efficiency and sufficiency of tested seismic IMs

The scope of the present study is to find an IM that is sufficient and efficient both for the
structure and pipes, and which can be combined with a simple ground prediction model for risk
assessment. Considering that the system includes structural and nonstructural components and
the deficiency of the literature on the seismic response of petrochemical plants units, it was
decided to compare measures of three different categories, namely duration-, amplitude- and
period response-based. The first category consisted of Arias Intensity (Al, [36]) cumulative and
standardized cumulative average velocity (CAV and SCAV, [28]&[29]) and the second one
included the peak ground acceleration and velocity (PGA and PGV). Apart from the spectral
acceleration at the first vibration period of both structural parts, Sa(Ts) and Sa(Tkg), the effective
peak acceleration (EPA, [39]) and the recently introduced equipment average spectral acceler-
ation (E-ASAR, [19]) were also considered in the period response-based category.

1
10 = cloud data 10 = cloud data
2=1.103,b=0340 —cloud regression a=0.702, b=0.869 — cloud rearession
2_ ” .
Bipripga=0-42: R7=0.14 BipRjsa0-16: R7=0.87
o SLLS(2.47,1.50 _
g o iy o @ g
= 100F f > 10°F SLLS(2.40,1.50)
E 10 [=]5] = o z o
=) o o a
o a SLS(0.67,0.50)
1 ‘ R o . ] 107! ‘ !
0 0 0! 10" 10° 10"
0
PGAY/PGAd Sa(TS,S Aa)/Sad
a) b)

Figure 4: Regression for structural part S using a. PGA in the Y direction, and b. 5%-damped Sa (design values
PGA4 and Sagq are equal to 0.37g and 0.35g, respectively)

Table 3: Median, dispersion and coefficient of determination for structural part S and SLLS

Intensity measure (IM) KinEDP|IM Beop(im R2

. Aly (m/s) 22.77 0.43 0.10
Duration-based

uration-base CAVy(g-s) 357 0.40 0.22

. PGAY/PGA4 2.47 0.42 0.14
Amplitude-based

mplitude-base PGVy (cm/s) 104.90 0.34 0.44

Period EPAy (g-s) 0.81 0.29 0.60

response-based Sa(Ts)/Saq 2.40 0.16 0.87

The results from the linear regression analysis of IDR as a function of PGA and Sa for the
structural part S in the Y direction are shown in Figure 4a&b, respectively. The most remarkable
outcome regards the considerably lower dispersion of Sa compared to the PGA. This outcome
stems from the fact that the concentrated mass of the vertical vessel at the top governs the
response, resulting in the highest IDR at the same height. The low variability of the response is
strengthened further by conditioning the records at the first fundamental mode that pertains
mainly to the vibration of the vertical vessel. Obviously, the PGA that is proposed by HAZUS
[9] is not efficient and should not be preferred over Sa for risk assessment of this process unit.
Also, the rest of IMs were observed to be less efficient than Sa (Table 4). It is emphasized that
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Table 4 quotes only the dispersion due to record-to-record randomness. The rest two types of
uncertainty are not included to avoid blurring the comparison.

lOI,

a=0.587, b=0.826

= 2
BII)R\Sa 0.22, R"=0.83

IDRx (%)
=y
>

= cloud data '
—cloud regression

Sa(Ty .5%)/Sa,

a)

101)

a=0.117, b=0.973

— 2_,
Bec\sfo'“’ R"=0.77

= cloud data
—cloud regression
om
SLS(1.29,0.15)
o

10°
Sa(TEq‘S%)

b)

/!
Sﬂtqd

10

Figure 5: Regression for structural part Eq in terms of a. IDR of steel structure in the X direction and b. compres-
sion strain on pipe expressed as a function of 5%-damped Sagq (design value, Sagqq, equal to 0.94g)

Table 4: Median, dispersion and coefficient of determination for structural part Eq

Intensity measure (IM) WineDp 1M Beop|im R?
Duration- Alx (m/s) 6.48 0.54 0.31
based SCAVXx (g-s) 1.85 0.59 0.15
Amplitude- PGAX/PGA4 1.48 0.36 0.69
based PGVx (cm/s) 118.90 0.63 0.05
period  re. E-ASA40x (g) 0.94 0.35 0.71
sponse- EPAX (g-s) 0.75 0.44 0.53
based Sa(Teq)/Saeqa | ec 1.29 0.31 0.77
Sa(Teq)/Saeqa | IDR 3.12 0.22 0.83

Furthermore, the regression for the structural part Eq, which refers to the steel structure out-
fitted by the horizontal vessels and pipes, is expressed in terms of interstorey drift, IDRgq, and
pipe strain due to compression, ec, as a function of spectral acceleration at the fundamental
frequency of the equipment, Sa(Tgq) (mode 3 in Table 2). In this respect, see Figure Sa&b. It
can be seen that the SLS for the structure occurred at 36% lower Sa compared to pipes. Addi-
tionally, the dispersion for the seismic response of the structure was lower than the pipe, which
can be a clear indication that the vulnerability of the equipment should better be expressed in
terms of steel structure deformation. It is reasonable that the response of pipes resulted in higher
dispersion, since the dynamic interaction of structure, vessel and pipe can become complex, if
the pipe is not rigidly supported on the rack. The rest of IMs that were examined resulted in
higher dispersion than the above-mentioned measures (Table 5). It is emphasized herein that in
contrast with [19] who formulated ESARr (R means the percentage increase of vibration period)
based on the fundamental period of a structure, in this case study, the fundamental period of the
structure, Sa(Ts), is much greater than the period of equipment, Sa(Tgq), and thus it was decided
to use the latter as a reference period and increase it by 40% in order to account for additional
modes of vibration of equipment (not shown in Table 2). Nevertheless, it appeared that higher
modes apart from Tgq did not affect the response of equipment. Other researchers such as [20]
have proposed similar IMs, which do not apply to our case due to the high irregularity of the
process unit.

Furthermore, the dependency of IMs on magnitude, M, and Joyner-Boore distance, Rjb, was
examined based on the p-value. A p-value greater than 0.05 is commonly accepted as a thresh-
old for accepting the null hypothesis which states that the coefficient of regression is zero. As
depicted in Table 6, some measures are sufficient for both parameters and others only for one
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of them. It is emphasized that the Sa(Ts) proved to be sufficient for both seismological param-
eters, thus it meets the requirements to be used for risk assessment in the following. Even though
the Sa(Tgq) was sufficient as a function of IDR, it was not evaluated as sufficient with respect
to pipe strain, ec (Table 7). Nevertheless, the dispersion of Sa(Tgq)|IDR is both efficient and
sufficient, and thus it can be used as a proper IM for the risk assessment of the equipment.

Finally, the PGA was also a sufficient IM, but lower efficiency was estimated compared to
Sa(TEq).

Table 5: Sufficiency of intensity measures considered for structural part S

Intensity measure p-value
(steel structure) M Log(Rjb)
) Aly 0.0094 0.9673
Duration-based CAVy 0.2536 0.3713
Amplitude- PGAyY/PGA4 0.0029 0.5643
based PGVy 0.1638 0.5775
Period EPAy 0.0706 0.6480
response-based Sa(Ts)/Saq 0.7095 0.4879
Table 6: Sufficiency of intensity measures considered for structural part Eq
Intensity measure p-value
(equipment) M Log(Rjb)
Duration- Alx 0.0585 0.2069
based SCAVx 0.0514 0.0997
Ampli- PGAX/PGAg4 0.6947 0.5745
tude- PGVx 0.1601 0.0267
based
. E-ASA40x 0.0884 0.1912
re:‘:)g;’ge_ EPAX 0.1631 0.3594
based Sa(Teq)/Saeqd| €C 0.0373 0.2231
Sa(Teq)/Saeqa| IDR 0.4369 0.5460

4.3 Risk estimation

Based on the previous results, the fragility of the system was derived using the Sa as IM for
both structural parts (Figure 6a&b). Also, for the structural part Eq, the fragility for the SLS of
the most vulnerable pipe was depicted as well in Figure 6b for the sake of comparison. To
derive the mean annual frequency of exceedance for each LS, A, the fragility curves where
integrated with the seismic hazard curves for both parts (Figure 7a&b). The hazard curve pro-
vides the mean annual frequency of exceedance, MAF, for each value of Sa. The values of A
for the SLS and SLLS are quoted in Table 8. For the part S, it can be seen that A is equal to
0.0021 yrs™! or, in other words, the mean return period of exceedance of the SLS is 476 years.
Concerning the SLLS and structural part Eq, the mean return period is significantly higher.
Based on the fragility analysis results, it can be mentioned that the performance objective of
“control damage” on the structure, as stipulated in [24], is met; however, the estimated risk
should further be assessed accounting for a greater number of records and soil deformability
effects. In such case, the risk can be communicated to a stakeholder for further decision making.
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Figure 6: Fragility curves for the a. structural part S and b. structural part Eq
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Figure 7: Hazard curves for the a. structural part S and b. structural part Eq

Table 7: Annual frequency of exceedance and return period for the two limit states and structural parts

PART S PART Eq
A Return period A Return period
(yrs™) (yrs) (yrs™) (yrs)
SLS 0.0021 476 0.0014 716
SLLS 1.32-10% 7,576 4.67-10° 21,426
CONCLUSIONS

The present analytical study evaluated the seismic risk of a chemical process unit accounting
for dynamic interaction with equipment. The main considerations and outcomes can be sum-
marized as follows:

e The system was separated into two different structural parts, part S and Eq. The part
S included the high-rise steel structure, affected mainly by a heavy vertical vessel at
the top, whilst the part Eq consisted of the low-rise steel structure and horizontal
vessels. This separation was necessary, since the two parts exhibited considerably
different vibration periods and the second part included the most vulnerable pipe;

e Using a set of far-field records, the steel structure was found to be more vulnerable
than the piping network in both parts, S and Eq. This is because of the excessive
concentrated mass of vessels that increased the deformation of steel members;

e Different IMs were considered. However, for both structural parts, S and Eq, the
spectral acceleration, was evaluated as both the most efficient and sufficient IM to
describe the seismic demand both on the steel structure and piping, although consid-
ering a different vibration period for each part.. This outcome brings into question
the application of average spectral acceleration, as proposed in the literature, for
chemical process units with numerous equipment.
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¢ Finally, the seismic risk was derived for each part separately, and the mean period
of exceedance was evaluated at 556 and 1011 years for the SLS. However, the soil
deformability should also be considered to have a fully realistic estimation of global

risk of the petrochemical plant facility.
Apart from far-field seismic motions, a near-field set of records will be used in the future to
examine the seismic vulnerability of the system, accounting for soil-structure interaction. In the
end, the results from the fragility analysis will be used for determining consequence scenarios.
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