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Abstract

The investigation of the seismic integrity of petrochemical plant steel structures should be commensurable to their importance
given the high necessity for human life safety and financial robustness. To date, it is demonstrated in the existing literature
that still many grey areas of knowledge exist upon the appropriate application of code provisions on non-building structures
design. Indeed, the selection of seismic design parameters such as system performance factors or important classes are still
vague aspects, in contrast with those for common building structures, either because of the paucity of information of seismic
codes or due to the structural peculiarities that characterise the industrial structures resulting in the difficulty of defining
‘all-encompassing’ design parameters. The present paper aims at highlighting those parameters considering also a case-study
that pertains to a steel pipe rack. The pipe rack is designed and analysed in the linear and nonlinear regime, both statically
and dynamically, according to the Italian and European codes. American code provisions are examined as well so as possi-
ble inconsistencies might be found. It is demonstrated that the common nonlinear static analysis (pushover analysis) cannot
be used to assess the response of the rack and the behaviour factor selection from current standards could be unjustifiable.
Also, common engineering demand parameters, e.g. interstorey drift ratio, need further assessment vis-a-vis the response
of nonstructural components of which the current design method does not comply with modern methods.

Keywords Steel pipe rack - Seismic code provisions - Modelling - Seismic design - Importance factors - Behaviour factors

1 Introduction

The cruciality of non-buildings structures that constitute the
petrochemical/oil refineries is significantly higher than that
of common ones given the repercussions that a failure of
nonstructural components may cause to the nearby units and
community afterwards. The accidents in chemical plants are
numerous and occur frequently, exposing human lives and
environment at risk. There are two significant examples in
Europe, namely the 2017 and 2018 fire explosions at San-
nazzaro oil refinery in North Italy and Vohburg refinery in
southeastern Germany that caused human injuries, extensive
damage to the plants and forced local authorities to con-
sider evacuations of the nearby communities due to the toxic
substances dispersed in the atmosphere. Furthermore, the

< Luigi Di Sarno
Idisarno @unisannio.it

University of Sannio, Benevento, Italy

University of Liverpool, Liverpool, UK

@ Springer

seismic integrity of these type of plants was, is and will be
a top priority issue on the agenda of societies due to their
intrinsic relationship with the economic resilience of com-
munities on regional and/or supra-regional level. Natural
Technological (NaTech) events of the past have shown that
non-building structures -similar and non-similar to build-
ings-, and components supported on them, are vulnerable
against earthquakes (Krausmann et al. 2010, 2011; Sezen
et al. 2006; Suzuki 2008). When it comes to non-building
structures similar to buildings e.g. pipe racks, it seems that
they are not the most vulnerable structure themselves, how-
ever, they could be when being connected with piping sys-
tems. This is what the research of Kidam and Hurme (2013)
yielded; the inquiry of 364 chemical process industry acci-
dents showed that piping system failures—as piping system
defined any type of connection between pipework and pro-
cess units—was the most frequent out of 12 apparatuses in
total. Also, failures that referred to the layout and fabrication
of the piping and supporting structure system comprised
the second and third highest percentage after human and
organizational errors.
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Pipe racks (or supporting structures) comprise primar-
ily steel structures in Petrochemical Plants (PPs) and sup-
port pipes that transfer hazardous materials from one unit
to another. The high demand for constructing industrial
steel structures with seismic safety is evident, taking into
consideration that several oil refineries are located in high
seismic-prone countries e.g. Italy, Greece, Turkey, USA,
Canada, China, Taiwan, Japan and many others. Seismic
design requirements such as the behaviour factor (q-factor)
or the importance factor (y-factor) and analysis methodolo-
gies should be well-determined. Although the evaluation of
the aforementioned factors seems to be a mature issue, now-
adays, for common building structures, the situation is not
the same for the structures under consideration. At least to
the Authors’ knowledge, there are very few research efforts
that undertake the seismic design of petrochemical steel pipe
racks (Bedair 2015; Di Roseto et al. 2017; Drake and Walter
2010) and even these publications not in a comprehensive
manner since parameters e.g. behaviour factor selection or
nonbuilding structure—nonstructural components interaction
are not dealt with sufficiently.

When it comes to codes, the main European (EN) contri-
bution for seismic design issues (EN1998-1 2004) does not
make reference to seismic design requirements of industrial
structures, postulating g-factors only for steel structures
(regular and irregular), which differentiate in many ways
compared to the petrochemical pipe racks. Also, additional
European standards such as EN13480-3 (2012), EN1998-6
(2005) and FEM10.2.08 (2011) refer either to different
petrochemical plant structures or to different type of racks
(e.g. storage pallet racks) that are not comparable with the
pipe racks, due to the different type of loading and opera-
tional purposes. On the contrary, American (AM) codes
e.g. ANSI-RMI (2008), ASCE/SEI 7-16 (2017) and FEMA
P-751 (2012) stipulate seismic design criteria and parame-
ters for steel pipe racks in particular, as it is illustrated in the
ensuing section, such as values for the response modifica-
tion factor (also termed R-factor), or analysis methodologies.
However, the adoption of g-factor (a.k.a. structural response
quality factor) proposed by the codes can be characterized
as unsafe and unjustifiable if we consider the various struc-
tural formulations and peculiarities of PP steel pipe racks.
It is important what analysis method will be adopted for
the assessment of the pipe rack. For example, the nonlinear
static analysis, namely the conventional Pushover Analysis
(PA), may be erroneous if higher modes or high torsional
effects exist; thus an alternative method, such as, for exam-
ple, time-history or multi-modal PA could be more appropri-
ate (Elnashai and Di Sarno 2015).

Furthermore, a key parameter when designing and assess-
ing a pipe rack—piping system that increases considerably
the risk due to possible uncertainties included in refers to
the dynamic interaction and type of pipe supports. The EN

codes do not deal with this matter at all, whereas the AM
ones propose some empirical rules in terms of mass and
period, which are discussed in the following. Although, the
matter is rather crucial for the safe design of industrial facili-
ties, the research is rather limited. For example, a number of
parametric analyses on a piping system and its supporting
structure was conducted in Azizpour and Hosseini (2009)
by considering different configurations such as the number
of supported pipes or different diameter of pipes, end condi-
tions and diameter of link connections (U rings). The authors
concluded that the frequency of the system can significantly
be affected by the type of link elements (diameter of links).

The seismic design process of pipe racks that should be
followed by practicing and professional engineers requires
coordination of different disciplines as illustrated above.
Another key aspect that is being investigated by the Authors
refers to soil effects since midstream and downstream facili-
ties are placed at coastal sites where could be loose and
liquefiable. The attempt for dealing with these challeng-
ing tasks comes against the design codes insufficiency that
causes engineers to overlook critical design aspects and
design pipe racks in an uneconomical way towards avoiding
the complexity and meeting the time constraints.

The present paper aims at shedding light on design
parameters that characterize the type of structure in-hand
in the way of making the seismic design more justifiable.
Before the assessment of behaviour factor and estimation
of Interstorey Drift Ratio (IDR) values of a steel pipe rack,
seismic response spectrum parameters such as Recurrence
Period (RP), Limit States (LSs), g-factors, y-factors and soil
classification as proposed by EN (including Italian) and AM
codes will be compared so as possible dissimilarities to be
found. The work presented herein does not aim at covering
every aspect involved in the seismic design process of petro-
chemical pipe racks yet to form the starting point for further
research and recommendations.

2 Behaviour Factors for Steel Pipe Racks

Earthquake loads that structures can experience during a
seismic event are much more than what they are designed
for. In contrast with primary loads e.g. wind loads (high fre-
quency scenario), seismic forces may overcome more than
half the weight of a structure in the horizontal direction. To
avoid the construction of heavy structures with high costs,
the concept of damage limitation and collapse-prevention
can be introduced, thus it is known a priori that they are
going to experience damage during a middle-to-severe
earthquake event. Consequently, it is up to the structural
engineer to decide the type, location and extent of damage
based upon the risk that a structure exhibits to human life
and environment (Elnashai and Di Sarno 2015); this is also
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called dissipative design approach. The latter fundamen-
tal concept of seismic design is achieved by introducing a
reduction factor. The seismic codes propose the so-called
‘inelastic spectrum analysis’; in fact, the analysis is elastic, it
is called inelastic, though, due to the inelastic response that
a structure is expected to experience during a severe earth-
quake. This type of analysis is considered as practical and
is adopted by the seismic codes (EN1998-1 2004; ASCE/
SEI 7-16 2017; FEMA P-751 2012; IBC 2015). The global
inelastic response, in contrast with the local response, has
always relied on the reduction factor, whereas the method of
assessing the local response has changed in many engineer-
ing structures by introducing the Limit States Design (LSD).

Depending on the type of steel structures, which are
mainly categorized as ordinary, intermediate or special
frames, the energy dissipation capacity is defined as low,
moderate and high, respectively. The energy that a struc-
ture is able to dissipate during an earthquake is related to
its capacity to deform in the inelastic regime. The ductility
demand for steel pipe racks is not high considering that other
non-building structures or pipework is supported either rig-
idly or flexibly on it and thus high deformation may cause
early failure and hazardous material leakage, afterwards, to
the most critical components. The value of g-factor varies
among the different types of steel structures, namely concen-
trically Braced Frames (BFs) with eccentric or concentric
bracing, Moment Resisting Frames (MRFs) or dual systems
due to the various performance levels to be achieved, the
detailing of connections, the number of stories, the soil con-
ditions or the seismic design method considered. Several
attempts have been made to assess the value of behaviour
factor of common steel structures (Asgarian and Shokrgozar
2009; Asgarian et al. 2010; Elghazouli 2009; Izadinia et al.
2012; Miranda and Bertero 1994). Through these investiga-
tions many aspects upon the correct estimation of structural
response quality factor have been clarified such as the limita-
tion of the traditional pushover analysis to account for higher
mode effects and member stiffness changes (Izadinia et al.
2012). As it is demonstrated in the following case-study, the
higher mode contribution could be substantial when non-
building structures are under examination. There are two
tendencies of force reduction factor adopted by researches
in the literature for seismic design, namely the EN and AM,
which are addressed in the following sections.

2.1 European Codes

The behaviour factor is defined as the ratio of the strength
demand if the structure were to respond elastically under the
design earthquake to the inelastic strength demand, where
the structure behaves beyond the elastic range but within
the specified ductility limits. More specifically, if the elastic
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strength demand is defined as F, and the inelastic strength
one as F, it follows that:

q=F./F, ()

According to (Elnashai and Di Sarno 2015), the value
of q pertains to the ductility of the structure (the ductility
is strongly related with the detailing of structural mem-
bers), the overstrength of individual members (the redun-
dancy plays an important role in the strength that a structure
reserves) and the damping of the structure—the last is not in
a straightforward relationship with the g-factors, thus most
of the time it is omitted. The way in which the behaviour
factor is defined in EN varies primarily as a function of the
material of construction and the lateral resisting system
utilized; thus, different g-factors are provided, for instance,
for reinforced concrete and steel frames. The difference lies
mainly in the overstrength ratio a /a;, which is given in the
following equation:

9=, a,/a )
where q, is the basic value of behaviour factor; a; is the
value by which the horizontal seismic action is multiplied
in order for any member to reach its flexural resistance and
a, is the value by which the horizontal seismic design action
is multiplied in order for plastic hinges to be formed able to
cause an overall structural instability. The ratio a,/a; can be
obtained either by analysis calculations or by default values
proposed by the (EN1998-1 2004) for different steel frame
systems. The values of g-factors that the last code deter-
mines for steel frame systems with Medium or High Ductil-
ity Class (DCM and DCH) and irregular in elevation are
shown in the Table 1.

The values shown in the table above come after a reduc-
tion by 20% of the relevant values for regular structures as
the code specifies. The values have decreased deliberately so
as the comparison with the values proposed in the following
by the AM code to be feasible, making the assumption that
petrochemical steel pipe racks are usually irregular along the
height. The overstrength ratio a,/a,; is introduced for DCH.
The value of overstrength ratio varies between 1.1 and 1.3
for MRF and is equal to 1.1 for CBF. Greater values of the

Table 1 Behaviour factors (q) for irregular steel structures
(EN1998-1 2004)
Structural type DCM DCH
MRF 3.20 4.00 a,/a,
CBF
Digonal 3.20 3.20
V-bracing 1.60 2.00
EBF 3.20 4.00 a /a,
Dual 3.20 3.20ay/a,




International Journal of Steel Structures (2020) 20(1):232-246

235

overstrength ratio can be adopted in case nonlinear pushover
analysis is used, however, the value cannot be higher than
1.6.

The results of analytical calculations upon the behav-
iour factor estimation have proved that the value of q-factor
proposed by the EN is quite smaller than the product of
ductility and overstrength reduction factor. Structures have
to withstand seismic forces that correspond to higher seis-
mic intensity than that of 475 years return period, and this
is why the codes propose conservatively lower values of
the factor in order to keep structures safe enough. However,
when it comes to structures of higher importance e.g. oil
refinery pipe racks, the values prescribed by the codes could
be non-risk related and thus unjustifiable. Recently, a new
risk-targeted design method has been introduced (Celano
et al. 2018; Dolsek et al. 2017a, b) that accounts for differ-
ent limit states in order to take the seismic risk in a more
justifiable way into account. The method introduces a risk-
targeted safety factor (y;,,), which is equal to the ratio of
seismic intensity corresponding to a designated return period
(e.g. T g =713 yrs in the following case-study) and the mean
value of seismic intensity that causes collapse; although, the
first value can be found in seismic hazard maps, the second
one is calculated numerically from the risk-equation by con-
sidering the hazard curve H(S,) at a site and the target risk
P.. Finally, the risk-targeted behaviour factor is given by:

q="1u G 3)
where r; is the overstrength factor, r, is the ductility fac-
tor and C, pertains to the correction factor due to the risk-
targeted definition being equal to the inverse of safety factor

(Yiny)- The Eq. 3 has been included in the new generation of
EN codes.

2.2 American Codes

The response modification factor (R)—it is recognized that
this term offers a better indication of the role that this factor
represents—is defined in the American codes in a similar
way:

R=R,-Q 4)

The factor R, corresponds to the ductility factor, whereas
the factor Q to the overstrength. As mentioned above, atten-
tion should be given when the AM codes are followed during
the design process considering that the values of R-factor
proposed refer to the highest possible recurrence period
of earthquake, which is 2475 years (probability of occur-
rence 2% in 50 years), whereas the multinational EN codes
or the national Italian code (NTC 2008) consider return
period equal to 475 years (probability of occurrence 10%
in 50 years).

Table2 Response modification factors (R) for steel pipe racks
(ASCE/SEI 7-16 2017)

Structural type Ordinary Intermediate Special

MRF 2.33 3.00 5.33

CBF 2.17 - 4.00

Table 3 Reliability factors as specified in the three codes

IC/RC EN NTC AM
Y1 (ag="vrag) Cy (Vg=Cy'Vy L.

I 0.80 0.70 1.00

II 1.00 1.00 1.00

III 1.20 1.50 1.25

v 1.40 2.00 1.50

*Vy and Vj are the nominal and reference life of a structure

In Table 2, values of R-factors for three different ductil-
ity classes and two structural types of steel pipe racks are
illustrated. The values have been converted to refer to earth-
quake event with the same occurrence as per EN codes; in
doing so, the comparison between them is made feasible.
The values of reduction factors are comparable being greater
or lower in one code compared to the other. The AM code
does not specify values of R-factor for intermediate ductil-
ity CBFs. Also, it is worth mentioning that, in contrast with
the EN code, the AM one proposes R-factor for ordinary
pipe racks; this is reasonable considering the low ductility
demand for this type of structure. The R-factor values shown
in Table 2 do not consider increase of pipe rack height, since
it is not considered in EN1998-1 (2004), however, they do
account for the overstrength factor included in the pertinent
table of AM code, which is equal to 3 and 2 for MRF and
CBF, respectively.

3 Importance Classes

Based on the consequence of failure e.g. risk to human life
or economic repercussions, civil engineering structures are
designed to meet specific reliability requirements. Reliability
differentiation is attained by introducing an importance fac-
tor y; for each importance class (or usage class) into which
every structure is classified. The EN code (EN1998-1 2004)
defines four importance classes for buildings and recom-
mends the value of y; to vary from 0.8 to 1.4 (Table 3),
however, considering that the value of the factor should be
determined according to the national seismic zones but the
ramifications of a failure, the code proposes the values of
National Annexes to be accounted for. The value of impor-
tance factor can be estimated as follows (EN):
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where T} is the recurrence period of the reference seismic
action with probability of exceedance P; ; T; is the target
recurrence period with the same probability of exceedance
Py r; Py is the probability of exceedance of the reference
seismic action in T} years; P; is the probability of exceed-
ance over the same T, years and k is a factor equal to 3.
Although EN accounts for the reliability of structures by
multiplying the reference Peak Ground Acceleration (PGA)
agg by vy, the Italian code directly takes the importance of a
structure into account by increasing the recurrence period of
the seismic input by Cy;, which varies from 0.7 to 2 in NTC
(2018) (Table 3).

The American code ASCE/SEI 7-16 (2017) except for
defining four Risk Categories (RCs) for buildings and other
structures, which are represented by the importance factor
I, (Table 3), it also introduces the Seismic Design Catego-
ries (SDCs), correlating the seismicity of the site with the
reliability class, and the nonstructural component impor-
tance factor I,. When a more comprehensive classification of
structures into SDCs is considered essential, the code makes
reference to authority having jurisdiction to adjudicate based
upon a hazard assessment of an overall management plan,
e.g. in the case of petrochemical plants, the authority may be
the Ministry of Energy and/or Environment. Furthermore,
structural and nonstructural components that are subjected
to earthquake shall be designed based upon the target reli-
ability in which the RCs are correlated with the conditional
probability of failure for overall structural stability and
individual seismic integrity of ordinary structural mem-
bers. Such a kind of assignment of probability of failure
to each importance class is not explicitly determined in the
NTC or EC8, where the limit states (only the probability of

Fig. 1 Comparison of response
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exceedance of seismic input is considered probabilistically),
as it will be discussed afterwards, are defined in such a way.
Additionally, structures are assigned to SDCs through the
1-s acceleration Sp; and short-period acceleration Sp,. The
SDCs are used as a conditional parameter for determining
the allowable height, the drift limits, the analysis procedure
and other seismic design requirements of structures under
the design earthquake ground motion.

4 Comparison of Acceleration Response
Spectra

In the following, the response spectra as specified by each
code of reference are compared for Usage Class (UC) 111,
Safe Life Limit State (SLLS) and different Soil Types (STs).
To make the comparison of response spectra consistent, the
following assumptions are made: a) site coefficients such as
the F, (maximum soil amplification factor as per NTC), TZ
(reference value for the determination of the initial period
of velocity-controlled spectrum segment) and Zero Period
Acceleration (ZPA or S, r_¢)) considered in NTC will be
estimated according to the site that the pipe rack of the fol-
lowing case-study is placed (coastal zone of Milazzo, Sic-
ily), b) the short- and long-period accelerations S, and S,
specified in AM code have been adopted in that way so as
the ZPA to be the same for each code spectrum of each soil
type, the maximum spectral acceleration to be the same with
the NTC for the first soil type and the Sy, to be greater than
the ZPA and c) all the spectra have been formed for spectral
period less than 4 s since this is the maximum value con-
sidered in EN.

As shown in Fig. 1, the ST2 of EC8 has a small plateau of
constant S, (T-<0.5, where Tc is the time period at which
the descending segment starts), whereas the ST1 of EC8 and
the NTC have almost the same period range with constant

Se(r=0y=0-22g, UCIIL, SLLS
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plateau. The ASCE 7 presents a different tendency almost
for each soil type having either S, smaller of other spectra
or the same compared to the NTC for T > T.. The maximum
S. differentiates among the RSs except for STA due to the
different soil factor S proposed by the codes. For instance,
the NTC and ASCE 7 determine the soil amplification factor
taking the usage class and the target reliability of structures
into account. The ST2 of EC8 seems to have the greatest S,
for T < Ty (time period at which the plateau starts), whereas
the NTC has the highest S, for period T > T .. For the major-
ity of STs, the ASCE 7 postulates the highest S, for essential
facilities (UCIII). This is because of the greater value of
importance factor I, compared with the rest of codes (this is
not the case for ordinary buildings, UCII, where either the
NTC or ST2 of EC8 propose the maximum S.). The NTC
has greater or equal spectral acceleration values with the
ST1 of EC8 yet mildly less than those of ST2 and propose
less maximum S, for STE compared to STD (the ST2 of EC8
behaves in the same manner).

5 Case-Study

The present case-study pertains to the design, analysis and
assessment of a three-floor petrochemical plant steel pipe
rack (Fig. 2a). The rack is 12 m high (4 m each floor) and is
outfitted with a piping system, which runs along the length
and the height of the third floor. The pipe rack consists of
different HEB and IPE section profiles as well as circular or
rectangular concentric bracing (X-crossing or inverted V)
in vertical and horizontal direction. Elastoplastic material
of steel grade S275 with strain hardening is considered. The
piping system constitute 8” and 6” (Nominal Pipe Size, NPS)
pipes with nominal yield and ultimate material strength 418
and 554 MPa, respectively and two horizontal vessels of
2 cm thickness. It is assumed that the piping system transfer

a hazardous but not toxic material (Directive 67/548/EEC
2004), namely propylene, with unit weight y =5.42 kN/m?
(Karamanos et al. 2006) at zero internal pressure in order
to stay on the safe side [more information can be found in
Bursi et al. (2015)]. To account for the liquid, the density of
pipes and tank material has increased (the increase fluctuate
between 36 and 62% for the pipes and is equal to 170% for
the tanks).

It is worth mentioning that the piping system includes
nine (9) elbows, one T-joint and two nozzles; it is common
in oil refinery industry, horizontal expansion loops of pipes
to be formed in order to minimize the internal pressure and
this is the reason that pipes run out of the main frame of the
rack (Bedair 2015). Also, it is a common industry practice,
the location of pipe supports e.g. anchors to be clearly shown
on isometric drawings and provided to structural engineers
prior to pipe rack layout configuration, thus, more infor-
mation on the geometry and the configuration of the pipe
rack and piping system can be found in Bursi et al. (2016).
Finally, engineers adopt a uniform load on pipe rack beams
(bents and/or struts) to account for small pipes and future
installation, which practice has been adopted herein by con-
sidering 4.5 kN/m (it refers 1.5 times the maximum concen-
trated load on the rack by the existing piping system).

5.1 Modelling and Design of the Pipe Rack—Piping
System

A piping system can be modelled by using beam elements
as specified in EN13480-3 (2012) and ASME B31.3 (2008).
A critical issue that arises when using beam elements for
the modelling of pipes pertains to the nonlinear geometry
of pipe bend. To take the higher flexibility of those criti-
cal components into account, the thickness of the straight
beam that substitutes the curved pipe decreases according
to a rough code-related rule as specified in EN13480-3

Horizontal

Fig.2 a The three-floor steel rack and b the piping system configuration

Vessel
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(2012) and Bursi et al. (2016). Another way of modelling
the pipe bent that has been adopted and assessed herein by
using beam elements is proposed by Bursi et al. (2015). The
method attempts to form an ‘Equivalent Straight Elbow,
ESE’ (straight beam) that has the same flexibility with the
original one by using the Euler—Bernoulli theory. In par-
ticular, the stiffness of the original elbow (see Fig. 3a for
the modelling of elbow on ABAQUS) is set equal to the
one of a straight beam by subjecting the elbow into axial,
shear and bending loading. In fact, the only parameter that
changes in the end is the pipe thickness of the straight ele-
ment. The reader who is interested in this methodology can
find more info in Bursi et al. (2015). It is emphasized that
beam elements proposed by the codes are not accurate and
definitely inappropriate to capture the nonlinear deformation
of the pipe (the so-called ovalisation phenomenon), however,
neither EN nor AM codes deal with shell elements.

The use of beam elements instead of shell ones should
be treated with care given that the former type of elements
may be incapable of estimating all the fundamental frequen-
cies of the pipeline, which can be found, though, by shell
elements or experimental tests. A modal analysis has been
conducted on ABAQUS software (ABAQUS 2017) for the
pipeline shown in Fig. 2b by using shell elements. As it is
illustrated in the first row of Table 4, the beam elements
that have been examined in Bursi et al. (2015) lose the first
fundamental frequency of the pipeline, whereas the results
from the experimental (DeGrassi et al. 2008) and ABAQUS

analyses seem quite similar. Further assessment of shell and
beam elements response has been done by exciting the pip-
ing system with a suite of 7 time-histories on ABAQUS
software. The outcomes of such assessment prove that beam
elements cannot capture all the peak values of stress—strain
response (one out of 7 time-histories is shown in Fig. 3b),
constituting the accuracy of beam elements questionable,
and thus the response of pipes will be examined exclusively
with shell elements hereafter.

Furthermore, modelling issues that pertain to the interac-
tion of piping system on the pipe rack are crucial for these
types of structures and could change significantly the global
seismic response. The European codes do not treat the prob-
lem of non-building structure—nonstructural component
interaction, whereas the American code ASCE/SEI 7-16
(2017) or the guideline ASCE (2011) (the latter makes ref-
erence specifically to petrochemical plants) specify a rough
rule based upon the rigidity of connection and the weight
of each system. If the non-building structure not similar to
building and nonstructural components weight W, is less
than 25% of the weight of the entire system W, then the
interaction could be neglected, and each structure could be
designed and analysed separately. On the contrary, if the
supported system weighs more than 25%, then, the cou-
pled system should be considered either by considering the
nonbuilding structure only as a rigid element with appro-
priate distribution of each seismic weight (rigid response
with T < 0.06 s) or modelling the whole system in the same

Shell vs Beam Elements - Von Mises Stress (ELBOWS-2)

Shell
= Beam

0.2 0.4 0.6 0.8 1

t/t
t

Fig.3 a The numerical model of elbow on ABAQUS for the ESE formulation, and b the comparison of stress time-history by using beam and
shell element at an elbow on the piping system (t,: total record time, S, pipe yielding stress)

Table 4 Evaluation of

¢ Beam elements Experimental tests Shell elements Variation Variation
fr.ec.luency (in Hertz) of the [@)) 2) 3) (1) versus (3) (2) versus (3)
piping system
- 3.70 3.47 N.A. 6.6%
6.50 6.40 6.56 0.9% 2.4%
7.14 Not given 7.31 2.3% N.A?
8.22 Not given 8.21 0.1% N.A.

4N.A. not applicable
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model (flexible response with T > 0. 06 s). The above state-
ment indicates that not only the mass of the nonstructural
component but also the type of connection rigid/flexible
should be given due consideration for the seismic analy-
sis. This conclusion comes in agreement with the research
outcome mentioned above (Azizpour and Hosseini 2009)
in which the type of connection (e.g. diameter of ring ele-
ments) affected the frequency of the system. However, this
issue has not received much attention in the literature and
additional loading effects should be considered e.g. thermal
and pressure. Usually, rigid mechanical supports are consid-
ered for the pipes. Also, it is common most of the degrees
of freedom of steel supports to be unrestrained in order to
avoid excessive sizing of beams cross sections. The analysis
of pipes and pipe supports independently of the rack could
yield in considerable underestimation of pipes response e.g.
displacements.

In the present case study, both the nonbuilding-nonstruc-
tural components and supporting structure are modelled and
analysed together since W,,>25% and T> 0.06 (the analysis
for estimating the fundamental frequency of the vessels and
piping system includes the towers on which are supported
on).

The structural type to be used for modelling pipe racks
depends on the single case and should always be compat-
ible with design code provisions; for instance, the use of
modular pipe racks is extensive in oil and gas industry due
to financial reasons and the type of connections is strongly
related with the distribution of pipes and/or vessels weight
as well as fabrication cost. Pinned connections are typically
utilized for beams in the longitudinal direction (struts) and
shear tabs for the transverse (bent) beams. Also, the type
and location of bracing is essential for the transportation,
lifting and support of permanent and operating loads. As
an example, vertical bracing could be used to support side
overhang cantilevers that are necessary for pipelines that run
out of the main pipe rack frame (Bedair 2015). In the present
case-study, the petrochemical steel pipe rack is considered
first as an Ordinary Concentrically Braced Frame (OCBF)
with horizontal and vertical bracing (more info about this
structural type can be found in Imanpour et al. (2011) and
is modelled on ABAQUS software. The assumption of the
low ductility class (ordinary structure) comes after the low
deformation demand for pipe racks. The rack is placed in a
high seismic-prone area in the north-eastern part of Sicily
(near Milazzo city), in Southern Italy, where an oil refin-
ery is located, and designed according to the Italian NTC
(2018) and the two European codes EN 1993-1-1 (2005)
and EN1998-1 (2004) for the Safe Life Limit State (SLLS)
with recurrence period equal to 712 years (or probability
of exceedance 7% within 50 years as per NTC (2018). The
design parameters of the pipe rack can be found in Table 5.
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Table 5 Design parameters for the pipe rack (NTC 2008)
Location Coastal
site near
Milazzo,
Sicily
Soil C
q-factor 2.17
Importance class III (Essen-
tial facil-
ity)
PGA 0.18
Recurrence period, T 712 yrs

The piping system is designed according to the Allow-
able Stress Method (ASM) as specified in EN13480-3
(2012) and ASME B31.3 (2008) and analysed taking both
inertial effects and differential movements of the supports
into account (coupled case). It is emphasised that in case of
decoupled system, which is out of the scope of this case-
study, only the inertia effects of pipes can be evaluated. Fur-
thermore, the EN13480-3 (2012) code makes reference to
two seismic levels, viz Operating Basis Earthquake (OBE)
and Safe Shutdown Earthquake (SSE), whereas the latter
one only to OBE (or occasional loads as they are defined in
the code). It is emphasized that the ASCE/SEI 7-16 (2017)
proposes additional seismic acceptance criteria for nonstruc-
tural components e.g. allowable peak spectral acceleration at
attachment points or relative displacement between attach-
ment points that are not included in EN13480-3 (2012) and
ASME B31.3 (2008). The latter codes pertain mainly to
the design of pipelines itself without considering dynamic
interaction with attachment structures. Following this design
methodology, other acceptance criteria could be assessed in
order to enhance the design methodology in future publica-
tions. Also, it is pointed out that the lower q-factor value
between the piping system and the supporting structure is
adopted, since the coupled case is considered. This assump-
tion and the reduction factor come after the ASCE/SEI 7-16
(2017) (see also Table 2), considering that EN code still
does not specify values of g-factor for pipe racks yet only
for irregular structures, which may be unsafe due to the pipe
rack—nonstructural components interaction as well as the
high risk existing in oil industry.

Finally, a modal analysis has also been conducted and the
first two fundamental mode shapes excite the 42% and 26%
of the total mass of the structure in the Y- and X-direction
(Fig. 4), respectively.

In contrast with the common building structures, the
highest modal participating mass ratio is observed at higher
modes e.g. 6th mode, and that makes the use of common
design and assessment methodologies questionable. Also,
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Fig.4 The two principal modal
shapes: a perspective view, and
b plan view

the interaction of nonstructural components and building
structure could be affected by higher modes.

5.2 Seismic Assessment of Steel Rack

Due to the high irregularity of the pipe rack and high uncer-
tainty of the effects of pipe rack—piping system interaction,
the evaluation of system performance factor (q) is considered
necessary. In doing so, the reliability of the factor proposed
by the codes can be assessed and design parameters that
are commonly adopted for common buildings can be high-
lighted. According to ASCE/SEI 7-16 (2017) and the guide-
line ASCE (2011), the selection of analysis method depends
on design category, structural system, dynamic properties
and regularity of the structure. The equivalent later force
and dynamic analysis methods are commonly used for pet-
rochemical plant structures. Considering the mass and stiff-
ness irregularities of the rack along the height, the dynamic
analysis is arguably the best choice, however,in the frame-
work of this case-study, the conventional PA is used first to
estimate the behaviour factor of the pipe rack considering
the inertia forces concentrated at each floor (uniform dis-
tribution). Furthemore, the Incremental Dynamic Analysis
(IDA) follows in order to assess the accuracy of the previ-
ous method for pipe racks. Seismic codes encourage both
methods to be used for making comparisons e.g. in terms of
base shear. Since there is no slab at the third floor to ensure
a diphragmatic behaviour (see also Fig. 2a), the response is
monitored at different control points along the perimeter of
the third floor of the pipe rack to examine possible variation
of the seismic behaviour; in the following only the worst

@ Springer

case -point with the highest IDR- is presented, though. The
substantial reduction of rack lateral resistance considering
the force—deformation curve is adopted as global collapse
limit state for each direction (Mwafy and Elnashai 2001).
Also, the criterion used to define the global yield threshold,
which is necessary for the behaviour factor estimation, is
selected as the yield displacement at 75% of the maximum
strength of the original force—displacement curve compared
to the equivalent elasto-plastic system. The ductility factor is
estimated by using the equal displacement method. In more
details, the ductility fuctor (r”, see also Eq. 3) was calcu-
lated first by deviding the maximum elastic force F, with
the yeilding one (F,=0.75-F,,,). Furthermore, the ductil-
ity factor was multiplied with the ovestrength r, (=F/F,,
where F; is the design base shear obtained by the response
spectrum analysis) to acquire the non-risk related g-factor.
More information about the ductility and behaviour factor
estimation can be found in Elnashai and Di Sarno (2015).
The assessment of the rack with the nonlinear time-his-
tory analysis is conducted using a suite of 7 seismic records
that refer to near-field conditions with epicentral distance
smaller than 15 kms (Table 6 and Fig. 5). It is worth men-
tioning that, although that distance threshold was generally
accepted in the past (Chopra and Chintanapakdee 2001;
Heydari and Mousavi 2015) for differentiating far-field and
near-field records, nowadays, the epicentral distance is not
the only parameter to be considered; parameters such as the
fault directivity and fling-step are also accounted for. More
information can be found among others in Iervolino et al.
(2017) and Pacor et al. (2018). To be consistent with the
pushover analysis, the same criterion is adopted for defining
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Tablf‘ 6 The seismic records # Earthquake name Date My, Epicentral PGA PGA PGA Bracketed Predominant
considered for the IDA distance X Y(g) Z(g) duration® period (s)
(km) (s)
1 Faial 09/07/1998 6.1 11.00 0.420 0382 0.317 842 0.476
2 Banja Luka 13/08/1981 5.7  7.00 0.442 0.404 0.209 6.00 0.119
3 Pyrgos 26/03/1993 7.2 1.00 0.102 0.188 0.073 5.50 0.172
4 Dinar 01/10/1995 6.4  8.00 0.273 0319 0.130 26.40 0.303
5 UMarche 26/09/1997 4.3 3.00 0.345 0.261 0.373 7.62 0.179
6 Duzce 12/11/1999 6.0  5.27 0.525 0.414 0.361 23.57 0.417
7 Miyagi 27/07/2003 5.8  9.93 0.199 0.257 0.259 20.00 0.132
“The bracketed duration refers to threshold value of 0.03 g
1.5m 1 1.5m i
i H ° Target spectrum ! ! o Target spectrum
: H — Average spectrum | H — Average spectrum
l 1 Individual records ! ! Individual records
1 _E ‘h i 1 —E.A ! 3
Ry i I i
E if\ j‘\ i 5% damping p :u‘ M H 5% damping
3 o gy =z 1 ,
n n i

1.5 2
Period T [s]

25 3

Fig.5 The response spectra of the records in both directions

global collapse and yielding of the system (Fig. 6). The seis-
mic records are scaled up to collapse based upon the maxi-
mum Peak Ground Acceleration (PGA) in the two horizontal
directions, however, the vertical component is scaled as well
in order to keep the V/H ratio constant (Mwafy and Elnashai
2001).

Comparing the seismic response based upon the two anal-
ysis methodologies, it is obvious that the PA overestimates
the rack resistance, and thus makes the use of PA analysis
questionable. The overestimation seems to be considerably
high in the Y direction since for IDR =0.8%, when the maxi-
mum resistance is achieved according to PA, the pertinent
value for IDA is 1.86 times lower. Also, the pipe rack is
considerably more ductile in the Y-than in the X-direction
since the ductility factor occurred 45% higher in the former
direction, and this might be due to the tank response consid-
ering that there is no slab in order to support the weight in a
utterly uniform manner and the longitudinal direction of it
runs in the Y-direction making the tank to be more rigidly
restrained in the other direction. Most probably, this is the
reason why the PA method overestimates the behaviour fac-
tor as shown in Table 7, since the last method is not capable
of activating the tank mass and cause torsional effects in
the entire system. What is also of interest pertains to the
outcome of the factor in the Y direction when comparing the

z )
= « IDA points
- - fit-R?=0.89
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- - Lincar
Fd/W
--.F /W
0 L y
0 0.1 0.2 0.3 04 0.5 0.6
IDR(%)
2.5
(b)
o b
F /F
ey

« IDA points

- = fit-R?=0.92
— Pushover
Lincar
- - Fd/W
F /W
Y
1.8 2

IDR(%)

Fig.6 The capacity curves for the two directions and two analyses
methods, namely pushover and time-history or IDA
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Table 7 Behaviour factors for the pipe rack

Ductility factor Behaviour factor

X-direction  Y-direction  X-direction  Y-direction

Pushover  1.70 3.76 10.6(1.82) 152 (2.61)
IDA 1.85 2.68 9.04 (1.55)  14.7 (2.53)
% +89 -28.7 —147 -33

two methodologies; the value yielded by the PA is almost
29% higher than IDA.

Furthermore, the risk-targeted behaviour factor is esti-
mated for mean annual frequency of collase (Aq g) equal to
2% 107* that corresponds to a generally accepted value that
has been adopted in the development of building codes. As it
was expected, the product of ductility and overstrength factor
is extremely high. When the results of IDA are considered,
the factor fluctuates from 9 to roughly 15 in both directions.
To estimate the factor accounting for the designated risk,
the risk-equation is used. To this effect, the annual rate of
exceedance (Ay) of seismic intensity at the site under con-
sideration is evaluated using the REASSES software (Chioc-
carelli et al. 2018). By assuming that the standard deviation
of the fragility function is equal to f=0.4, which is a gen-
erally accepted value in the literature for code-conforming
buildings (DolSek et al. 2017a, b), and changing repetitively
the median of IM that causes 50% probability of collapse,
the fragility and hazard curves are convoluted till achieving

0.1 0.2 0.3 0.4 0.5
(T, [¢] 4
(c) 4 X 10

P(C<D|IM)”‘dkim
[1/g/year]

+
P(C<D[IM)

the desirable mean annual frequency of collapse (Aqg). A
snapshot from the iterative process is given below (Fig. 7).
Also, the results of the factor that account for the target-risk
are quoted in Table 7 in parentheses. Considering only the
values of factor by IDA, the factor was 29% less than the
design value in the X-direction and 16% higher in the other
direction. The inconsistency of the factor with the design
value may indicates that the factors proposed by the code
might not be always on the safe side and surely unjustifiable.

Having examined the response of the rack in terms of
IDR, it is essential the stress/strain distribution on pipes
(local scale) to be checked as well in order to adjudicate
the reliability of the design method and compare the pipes
response with the IDR values, which were found previously,
as well as the maximum Peak Floor Acceleration (PFA) as
defined by ASCE/SEI 7-16 (2017). For that purpose, the
two seismic levels, OBE and SSE, are considered. The
maximum floor acceleration is recorded at multiple points
of the third floor of the rack yet only the maximum PFA
is considered herein. According to ASCE/SEI 7-16 (2017),
the PFA shall not exceed three times the PGA of seismic
input (S¢r—g,=0.26 g). The first comment on the results
shown in Fig. 8 refers to the fact that the piping system stress
remains below the yielding value for both seismic levels. It
is worth noting that the rack has considerably high over-
strength and low ductility, which makes the common IDR
values not applicable for the present rack. Additionally, the
PFA presents high dispersity among the seven 7 records

(b) 1,

e
S

N
S

0.2}

Sum MoLs

Fig.7 The convolution of a hazard curve with b fragility curve towards obtaining ¢ the requested mean annual frequency of exceedance of CLS

(hers)
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Fig.8 The coupling response of nonbuilding—nonstructural components in terms of pipe stress, PFA and IDR considering for two seismic levels

being even greater than the allowable value proposed by the
code (3-S, 1)) and this is an indication that the code ASD
method could be unsafe. Usually, the variability around the
mean value is expressed in terms of Coefficient of Variation
(CV). Regarding the OBE, the CV is equal to 11% for the
stress distribution, between 50 and 60% for the IDR in both
directions and 36% in case of PFA. The high values of CV,
particularly in the last two cases, may signify the complexity
of pipe rack—piping system interaction.

To examine further the variation and amplification of
PFA, the pipe rack is also analysed in the linear regime.
Comparing the Fig. 9a, b, it is obvious that the linear
behaviour increases considerably the PFA leading to values
greaten than 1.5 times the limit value proposed by ASCE

7-16. This behaviour has also been observed in other steel
frame buildings (e.g. Flores et al. 2015). This outcome may
signify that the attitude of industrial engineers to analyse
pipe racks in the linear range for safety reasons could be det-
rimental for the seismic safety of nonstructural components.

A common analysis method for nonstructural compo-
nents pertains to ‘floor response spectra’ where spectra
are collected by computing the total acceleration response
history at the floor of interest. The spectra for linear and
nonlinear material are presented in Fig. 10a, b and regard
the median value of response time histories recorded on the
third floor. The flexible pipelines should comply with the
acceleration demand (0.4-a,-Spg-(1+ 2z/h), where a, is an
amplification factor equal to 2.5 for flexible components and
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Fig.9 The variation of PFA for the 7 records along the pipe rack height for a nonlinear and b linear behaviour

@ Springer



244 International Journal of Steel Structures (2020) 20(1):232-246
8 8 . .
\
6r 1 6+ \\
| \
_ / e \
C 2, N
L4 / ASCE7-Limit 4 A ASCE7-Limit
o) S 1/ A\ N USRS
0 i S ——
0 0.04 0.0 0.12 0.16 0.2
(a) T (s)

Fig. 10 The response spectra for the 7 records on the third floor for a nonlinear and b linear behaviour

Sps 1s the design spectral acceleration) implicitly indicated
in the formula for the horizontal seismic design force (F)
for nonstructural components in ASCE 7-16. The maximum
spectrum acceleration observed 3.7 and 2.9 times the accel-
eration demand in the two cases, and obviously, protective
measures are required for the seismic safety of piping system
such as supporting the tanks more rigidly on the rack and/
or bracing, beams and columns reconfiguration. This issue
is being investigated by the Authors.

6 Conclusions

The research above showed several dissimilarities that char-
acterise the non-building structures compared to common
ones. The behaviour factor is defined with different reliabil-
ity target in the European (EC8-1) and American (ASCE
7) standards as well as the former code do not deal with
non-building structures. Also, the importance factor presents
dissimilarities among the codes, which are illustrated when
comparing the maximum spectral acceleration of response
spectra. The aforementioned factors have not rigorously been
addressed in EC8-1 by taking into account the idiosyncrasy
of steel industrial pipe racks such as the interaction between
structural and nonstructural components due to severe earth-
quake events. A steel pipe rack was investigated as the first
case-study and the main outcomes are the following:

e The PA analysis found incapable of estimating the lateral
resistance of the pipe rack since the capacity curve from
PA was lower than that of IDA method in both directions.

e The behaviour factor was overestimated up to 30% by PA.
Also, the factor was found even less than the proposed
value by the code and thus any consideration of code
values could be unjustifiable and unsafe.

e Common IDR values, particularly in the X-direction,
cannot apply for the pipe rack since they do not exceed
the value of 0.2% for the OBE and SSE when the maxi-
mum pipe stress is close to 80% of the yielding point.

@ Springer

e Although the piping system remained in the elastic range
as proposed by the ASM, the analysis yielded CV higher
than 30% and 50% in case of PFA and IDR.

e The PFA acceleration occurred greater than the threshold
value prescribed in ASCE 7-16, particularly in the linear
regime.

Overall, the research above showed that the design of
pipe racks is not straightforward, and thus due consideration
should be given e.g. in the behaviour factor selection and
analysis methodology. Arguably, the dynamic analysis could
be considered the best choice in case of irregular pipe racks
of which the response is governed by nonstructural compo-
nents and other nonbuilding structures. Also, the interaction
between the rack and the piping system is a key parameter
in the precise and safe design of pipe racks and thus a sen-
sitivity analysis should be used to evaluate the degree of
interaction e.g. by investigating the decoupled systems and
the additional load in the coupled case by considering ther-
mal and pressure effects. Finally, the soil deformability is
another critical design challenge, particularly, when the soil
is alluvial and the investigation of soil effects in terms of
pipes fragility will give a better insight on the seismic vul-
nerability of pipe racks.
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