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Abstract. Relationships between seismic action, system response and relevant damage levels in industrial plants require a solid background both in experimental data, due to the high
level of nonlinearity, and in knowledge of seismic input due to large uncertainty. Besides, risk
and fragility analyses depend on the adoption of a huge number of seismic records usually not
available in a site-speciﬁc analysis. In order to manage these issues and to gain knowledge on
the deﬁnition of damage levels, limit states and performance for major-hazard industrial plant
components, we present a possible approach and discuss results of an experimental campaign
based on a real prototype industrial steel structure. The investigation of the seismic behaviour
of the reference structure has been carried on through shaking table tests, focusing in particular on the structural or process-related interactions that can lead to serious secondary damages
as leakage in piping systems or connections with tanks and cabinets. This has been possible
thanks to the adoption of a ground motion model (GMM) able to generate a suite of synthetic
time-histories records for speciﬁed site characteristic and earthquake scenarios. In fact, model
parameters can be identiﬁed by matching the statistics of a target-recorded accelerogram to the
ones of the model in terms of faulting mechanism, earthquake magnitude, source-to-site distance and site shear-wave velocity. Hence, the stochastic model, based both on these matched
parameters and on ﬁltered white-noise process, generates the ensemble of synthetic ground
motions capable to capture the main features of real earthquake ground motions, including intensity, duration, spectral content and peak values. Finally, by means of the combination of a
high-ﬁdelity and a low-ﬁdelity FE model as well as the stochastic input generated by a GMM,
a seismic vulnerability assessment of both industrial components and the global structure can
be carried out.
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INTRODUCTION
Between major natural hazard critical for industrial facilities, we can undeniably enlist seismic events. In fact, as well documented in literature - see [1]; [2]; [3] -, in these occurrence,
industrial process plants have shown to be susceptible to experience signiﬁcant damages both
in primary structure and in secondary elements that usually constitute plant components and on
which rely the operation of facilities.
Besides, as demonstrated by recent catastrophic events - like Tohoku earthquake in 2011 and particularly stressed in the literature - see [4]; [5] - industrial facilities are especially vulnerable to those natural hazards which may trigger technological accidents: the so called NaTech
events, i.e. Natural-Technological events. Therefore, there is a strong necessity to investigate
interactions between primary structure and plant components, but also between the components
among themselves, in order to avoid, as shown in previous references, serious consequences
and critical secondary damages which, in addition to loss of production, also pose a danger
to humans and the environment if hazardous substances are released due to leakages. In this
perspective, the objective of the project SPIF, i.e. Seismic Performance of Multi-Component
Systems in Special Risk Industrial Facilities, under the grant of European H2020 - SERA, Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe, is to carry
out a complete investigation of the seismic behaviour of industrial plants equipped with complex
process technology by means of shaking table tests.
The case-test structure is a three-storey moment resisting steel frame with vertical and horizontal vessels and cabinets, arranged on the three levels and connected by pipes. The three
levels are constructed as ﬂexible diaphragm made of steel cross beams, partially covered with
gratings. Tests are carried out without base isolation of the industrial structure. Furthermore,
ﬁrmly anchored components are taken into account to compare their dynamic behavior and interactions with each other. Besides, the campaign structure is equipped with sensor systems
integrated into the test structure itself for a rapid damage assessment.
Along with this line, the following paper focuses on the main aspects of investigation of
seismic performances of a prototype steel-frame industrial plant, with a special focus on loss
of containment (LoC) from bolted ﬂange joints (BFJs), see [6], pipe bends and tee-joints, vessels’ connections and anchorages. Therefore, seismic risk is evaluated through fragility curves
analyses, according to [10] inside the framework of PBEE, [8].
In details, to take into account the variability of the seismic action and the high number of
time histories needed, a GMM has been adopted, in order to generate a suite of synthetic timehistories records for speciﬁed site characteristic and earthquake scenarios, based on the results
of a site-speciﬁc probabilistic seismic hazard analysis in severe seismic prone zone in Italy PSHA, see [7].
Moreover, a faster-low (LF) and a reﬁned high ﬁdelity (HF) FE models are developed in
order to represent the complexity of the experimental campaign with two different level of
computational efforts and accuracy reproduced. The whole test campaigns provide then the
necessary background to properly calibrate FE models. Therefore, in order to reduce the space
of the GMM parameters, a global sensitivity analysis (GSA) over FE models is performed
to assess the individual contributions of each input variables to the total variance of the model
response. Finally, the LF model of the prototype industrial plant is adopted to perform a seismic
fragility analysis with a cheaper computational effort demanded.
In sum, the paper is arranged into 6 main sections: the ﬁrst section illustrates SPIF test
structure, whilst the second one focuses on the characterization of the seismic input. The third
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section presents the arrangement of the experimental campaign, in the ﬁxed conﬁguration. The
fourth one deals with the description of the FE modelling of the primary structure and of the
industrial components, such as pipes, bends and vessels. In the ﬁfth section, we show the
procedure in order to gain relevant seismic fragility curves both for components and the global
system. In the last section, main conclusions are drawn and future developments are proposed.
THE SPIF STRUCTURE
The primary steel structure is a three storey moment resisting steel frame with ﬂexible
diaphragm made of crossbeams. The three dimensional primary steel structure is shown in
Fig. (1). The ground-plan dimensions are 3.7 m x 3.7 m and the storey height is 3.1 m, which
leads to a total height of 9.3 m. The rigid frame is simply supported on the reinforced concrete base plate and the crossbeams are hinged connected to the frame beams. In total four
tanks are installed, two vertical tanks on the ﬁrst level and two horizontal tanks on the second
level. Furthermore one electrical cabinet is placed on the ﬁrst level. Concerning piping system,
the nominal pipe diameter is DN 100, with the exception of the suspended pipes on the third
story that are DN 80. In addition, smaller single degree of freedom (SDOF) oscillators systems
are installed on each of the three levels to investigate the structure component interaction for
different periods in the linear and non-linear range.

(a) Top view.

(b) Side view.

(c) 3D front view.

(d) 3D back view.

Figure 1: Representation with quote of the prototype industrial plant for SPIF project: (a) top,
(b) side and (c)-(d) 3D front and back views.
Besides, the test structure is equipped with a complex system of sensors which includes FBG
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ﬁber optics sensors, for LoC and leakage detection, strain-gauges, LVDT and accelerometer in
strategical positions, as shown for example in Fig. (2).

(a) FBG sensors.

(b) Accelerometers at base joint.

Figure 2: Part of system’s sensors applied to test structure: in more detail, (a) FBG sensors
connected to ﬂange susceptible to leakage phenomena, (b) disposition of accelerometer at base
joint of the primary steel structure.

EXPERIMENTAL CAMPAIGN
Sequence and intensity levels of shaking table tests are performed so as to reach more severe damages or even collapses in components by passing from fully operational (OP) to near
collapse (NC) limit states, or, as in case of major industrial plants, from operating condition
or design basis earthquake condition (OBE) to safe shutdown earthquake condition (SSE). In
particular, the ﬁrst set of simulation tests are executed on the base isolated structure while the
second set is run on the non-isolated conﬁguration. In both conﬁguration’s setup, after tuning
the shaking table, input signals are launched and then scaled with coefﬁcient related to the probability of exceeding the seismic action, PL , in TL years other than the reference probability of
exceedance PLR , over the same TL years, as reported in Tab. (2). In more details, according to

Cl.
Cl.
Cl.
Cl.

I
II
III
IV

Components
Buildings
EC8-4:(2.1.4) EC8-4:(4.2.5)
0.8
0.8
1
1
1.2
1.2
1.6
1.4

Table 1: Important class and coefﬁcients according to EC8, Part 1 and Part 4.
the assumption during design phase of considering an importance factor γI equal to 1.0, it has
been evaluated in Eq. (1) the ratio between the maximum allowed value of importance factor in
case of components versus the assumed one, see Tab. (1): this ratio is then used as a scale factor
in order to pass to a SLS safe life limit state for the structure and the equivalent OBE operating
condition or design basis earthquake condition for pipe systems.
γI =

1
= 0.625
1.6
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Probability of Exceedance
NTC18: 3.2.1
OP 81 % Fully Operational
DL 63 % Damage Limit
SD 10 % Signiﬁcant Damage
NC 2.5 % Near Collapse

Table 2: Probability of exceedance according to Italian Standards.
Then, according to EC8-Part 1: (2.1-4(P)Note), the value of the importance factor γI is obtained
by the ratio between TL and TLR , i.e. time associated to the reference seismic action in order
to achieve the same probability of exceedance in TL years as in the TLR years for which the
reference seismic action is deﬁned
γl =

TLR
TL

γl =

PL
PLR

as well as

−1/k

with

k = 3

(2)

with

k = 3

(3)

−1/k

again the needed factor with which multiply the reference seismic action. So, by referring to
Italian codes in Tab. (2), importance factors for different limit states are evaluated and reported
in Tab. (3), together with the reference peak ground acceleration of the spectra involved in the
design phase. Main assumptions in order to evaluate proper spectra for the test structure were

γI
agR

NC
1.000
0.690
SSE

SD
DL
0.625 0.541
0.431 0.233
OBE

OP
0.498
0.215

units
[-]
[g]

Table 3: Important coefﬁcients and reference peak ground acceleration for different limit states.
in fact the following ones: · nominal life: 50 years; · soil type: C –T1; · damping: 5%; · peak
ground acceleration: agR = 0.69 g and · importance class II.
Therefore, spectra-compatible accelerograms have been evaluated with a relative difference
between matched and target spectra less than 10%. These accelerograms are assigned to both
the conﬁguration setup, i.e. structure with and without base isolation, with the 4 aforementioned
different scale factors related to separated limit states.
Furthermore, for the isolated setup, natural records from PEER NGA-WEST2 database are
selected, with the purpose of stressing the designed isolators. In particular, selection criteria were devoted to have a strong frequency content around the range of the working-isolated
structure and to match the design spectrum. For this last point, it has been necessary to scale up
the natural accelerogram selected with the ﬁrst main issue, according to a scale factor derived as
the ratio between maximum acceleration reached by the artiﬁcial seismic input and the natural
one.
Then, in order to induce damage or collapse in previous analysed components, as, for example, leakage in selected ﬂanges or collapse of vessel’s footing, seismic records from ground
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motion model are selected, thanks to the high variability of the ensemble site-characteristic generated. Hereafter, the main characteristics and peculiar aspects of the ground motion model are
presented.
SEISMIC INPUT FROM GMM
Synthetic ground motions are employed in order to cover the range of IMs of interest and
eventually obtain a sufﬁcient large ensemble of time-histories for fragility curves analyses.
Here, a synthetic ground motion model has been assumed in order to reproduce the spectral
variability of recorded accelerograms. In particular, according to [9], with the purpose of calibrating the GMM for a speciﬁc geographical location and speciﬁc site characteristics, a PSHA
deaggregation is performed. Along this line, in the assumption of far-ﬁeld scenario, a severe
seismic prone zone of central Italy is selected. Below, see Fig. (3), it is reported the main result
of the probabilistic seismic hazard deaggregation analysis.

Figure 3: Probabilistic seismic hazard deaggregation analysis for Palmoli, Central Italy.
Moreover, the original recorded accelerograms are selected from the INGV site (http://www.ingv.it/)
and ITACA - Italian Accelerometric Archive - Database, with the following criteria:
• fault to site distance > 10 km;
• moment magnitude > 5.5;
• main shock seismic records only.
Besides, another core assumption, both in design of the structure and in selection of ground motions time histories, is correlated to the soil characteristics, that is assumed of type C according
to European standards. Herein, in Tab. (4) compatible accelerograms are reported.
According to [11], GMM is deﬁned in terms of a set of parameters based on ground motion
properties with physical meaning, as reported in Tab. (4). The model is based on a modulated,
ﬁltered white-noise process and incorporates both temporal and spectral non-stationarities, as
shown in Eq. (4)

t
1
ag (t) = q (t, α)
h (t − τ, λ(τ )) ω(τ )dτ
(4)
σf (t) −∞
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Earthquake Name

1
2
3
4
5
6
7
8
9

Station Name VS,30 [m/s]

IT-1979-0009-NORCIA
IT-1984-0004-LAZIO-ABRUZZO
IT-1984-0004-LAZIO-ABRUZZO
IT-1984-0004-LAZIO-ABRUZZO
IT-1984-0004-LAZIO-ABRUZZO
IT-2009-0009-L-AQUILA
IT-2009-0009-L-AQUILA
EMSC-20160824-CENTRAL-ITALY
EMSC-20160824-CENTRAL-ITALY

BVG
CSN0
PNT
GRG2
GRG1
AVZ
GSA
TRE
FOC

211
501
325
187
192
199
492
353
342

Moment
Magnitude
[Mw ]
5,8
5,9
5,9
5,9
5,9
5,5
5,5
6
6

Distance
fault-site
[km]
38
19,7
26,8
49,1
49,1
35,1
14,4
45,3
45,7

Table 4: Set of selected accelerograms from ITACA database.
where ω(τ ) is a white-noise process, while α
; is deﬁned by means of
α
; = arg min |Ia (t45 ) − I;a (t45 ) | + | (t95 ) − I;a (t95 ) |
α

!
(5)

It should be noticed that the modulating function q(t, α) completely deﬁnes the temporal characteristics of the process, whereas h (t − τ, λ(τ )), denoting the impulse-response function IRF,
and its time-varying parameters deﬁne the spectral characteristics of the process. In particular,
IRF of a linear time-varying ﬁlter can be expressed as follows:

where

h (t − τ, λ (τ )) = f (ωf , ζf )

(6)

ωf = ωmid + ω  (t − tmid )

(7)

Simulating process of GMM is then able to generate an ensemble of ground acceleration timehistory similar to those illustrated in Tab. (4) for a given set of model parameters, as reported in
Tab. (5).
Name
Ia
tmid
D5−95
ωmid
ζf

Distribution
Uniform
Uniform
Uniform
Uniform
Uniform

Average Value
0,212
3,6
8,8
43,7
0,25

Units
[m/s]
[s]
[s]
[Hz]
[−]

Table 5: Distribution of stochastic GMM parameters.
Along this line, two main hyphotesis have been assumed: the ﬁrst one is to consider parameters statistically independent; the second regards the choice of assuming uniform distributions
in order to describe probability distribution of all the parameters, with the only exception of
ω  that is assumed constant. Thus, in order to reduce the variability of the seismic input and
to reduce the space of parameters, a set of 200 white-noises combining 200 accelerograms is
performed on the LF model with a convergence check upon the third quartile of both spectral
acceleration for T1 = 0.36 s and maximum displacement at top storey. Results are reported in
Fig. (4) and Fig. (5) and indicate that at almost 100 of white-noises convergence is reached.
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Figure 4: Check on number of white-noises Nwn at the third quartile for Sa (T1 ).

Figure 5: Check on number of white-noises Nwn at the third quartile for umax at top storey.
THE FINITE ELEMENT MODEL
According to [9], one of the most important feature of a GMM is the possibility to study the
structural response to earthquake with characteristics that are coherent with the site seismicity
(e.g. fragility curves). The main disadvantage of this technique is the great number of non linear
analysis necessary to take into account the variability of the seismic action. To overcome the
numerical effort required in such procedure two model are needed.
First a low ﬁdelity model (LF) that aims to reproduce the essential characteristics of the
system with the smallest computational effort possible is developed. For our purposes this
essential characteristics are: natural periods, base shear and behaviour of the major component
such as tanks and piping system.
In a second phase an high ﬁdelity model (HF) is introduced with the purpose to caught
the behaviour of the structure in greater detail even with reference to the interaction between
primary and secondary elements.
In the next section, only issues and principal techniques involved in the deﬁnition of LF
and HF model of the isolators are discussed, while a general comment on the main differences
between LF and HF model is brieﬂy dwell.
Piping system
As can be seen in Fig. (1) the piping system is composed of straight pipes, bends, tee joint
and BFJs. Since our purpose is to include in the model only the foundamental aspects of the
structure, we ﬁrstly have to identify the most critical components for the LoC limit state. According to [14] there are only three possible failure modes for pipes: fracture due to excessive
tensile loading, local buckling due to compressive action and low cycle fatigue. The ﬁrst failure
mode is prevent if the plastic deformation does not exceed the tensile strain limit T u , that the
Author suggests to use a conservative value of 2%. Compressive failure is typical in pipe bends
and the limit compression strain Cu can be estimated from Eqn. (8)
t
σ h !2
Cu = 0.5 ·
− 0.0025 + 3000 ·
(8)
D
E
Neglecting the effect of internal pressure, a value of 1% is found. Instead, the third failure
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mode arises only if the component undergoes large plastic deformation several times. Thanks
to results of preliminary analysis, it is possible to outline only two points (the nozzle in position
6 and the tee joint in position 5) with tension’s value above yielding limit. To investigate the
possibility of high stress level, those position are model with shell ﬁnite elements. It is important
to notice LF model is an elastic one, since the structure is designed to remain elastic even
under very high seismic shacking. In later analysis the elastic solution will be used as guide to
choose signiﬁcant ground motions to evaluate inelastic response of components. In conclusion,
such level of deformation in pipes capable to induce failure seems to be unlikely. So, the
weakest component for the LoC prevention are the BFJs. The model proposed by [15] is used
to investigate the performance of the BFJs. This method is developed in the framework of the
EN 1591-2009 and results in a linear domain like the one shown in Fig. (6). The BFJs are
designed in accordance with EN 1591-2014 to ensure the performance level requested in two
seismic condition:
• Operating condition basis earthquake (OBE): it corresponds to an earthquake scenario,
considering the seismic hazard of the site, that could reasonably affects the structure
during his operating life time;
• Safe shut-down earthquake (SSE): it corresponds to maximum ground motion for which
some critical components of the plant must be designed to remain functional.
40
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0
0

50
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250
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Figure 6: Example of leakage domain of the La Salandra model
To model the rest of the piping system in terms of mass and stiffness, several techniques are
available. The easiest choice is to adopt beam element with reduced stiffness’ value by means of
ﬂexibility factors. Codes provide an analytical formulation of these factors based on elasticity
theory. Example of such factors, in the case of elbow element, are shown in equations below.
4 · R · en
d2m
1, 65
kB =
h

h=

(9)
(10)

In case of tee joint, no stiffness reduction is required. A more precise approach consist in
the determination of ﬂexibility factors for elbows derived from a FEA. In this case a FEM of
pipe bends based on shell element is developed and moments are applied to one end. Then, by
equating deﬂection of the FE model with an analogous system of beam deﬂection, it is possible
to evaluate proper ﬂexibility factors. According to [16] using this procedure ﬂexibility factors
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Flexibility factor
Direction
UNI EN 13480-3 FEM
In plane
9.24
8.28
Out of plane
9.24
8.21

Table 6: Comparison between ﬂexibility factor

Figure 7: FEM of a single elbow
for in plane and out of plane action can be found. The results of the two procedure are resumed
in Tab. (6), while FE model employed is depicted in Fig. (7).
In this calculation, stiffening effects of pressure are neglected, since just few elbows are
pressurized and with a negligible resultant effect caused by internal pressure.
The main hypothesis by referring to ﬂexibility factor is that the ends of the elbow are free
to ovalize. Thus, if this condition is not respected, a signiﬁcant stiffening effect raise. In order
to individuate those critical conditions, a parametric study is carried out with this scheme: a
specimen made of two elbows (with direction speciﬁed in Tab. (7)) separated by a straight
pipe is analysed. Several simulations are launched for increasing length of the central pipe
from 200mm to 3000mm. During the simulation, two set of displacement are imposed to the
specimen: a linear displacement parallel to the straight pipe and a rotation of one end. As
a result mutual force to the imposed displacement are collected. For high length of central
pipe, ﬂexibility contribution for elbow is constant and the central pipe behaves like a beam with
circular cross section. When the length of central pipe goes under a threshold value, a stiffening
effect can be seen and also induce an error greater than 10%, compared to the equivalent beam
behaviour. Thus, a cut-off length can be deﬁned.
Bends scheme
L-R
L-L
L-U

Direction
Axial
Bending
Axial
Bending
Axial
Bending

L [mm]
450
200
450
300
450
450

Table 7: Cut-off length
Looking at Tab. (7), it is possible to notice that in case of bending a cut-off length equal to
2, 5D is adequate. This result are in good agreement with results of [16]. In the other cases,
when forces are of primary importance, a greater value of 4D looks adequate.
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FRAGILITY ASSESSMENT OF A STEEL STRUCTURE AND COMPONENTS
In this paragraph, a method for performing fragility assessment of components and structure
is illustrated, based on the seismic response of the test structure on the LF model. In fact, by
using outputs of the simulations, it is possible to evaluate fragility functions FD deﬁned as the
conditional probability of an event - i.e. overpass a threshold for a certain damage state (D) given the observation of an intensity measure (IM) which describes the seismic event, see [7]
and [10].
FD (im) = P [D ≥ CLS |IM = im]

(11)

So, it is clear the importance of the choice of both the intensity measure proper for the casetest and the deﬁnition of the damage state D and its class of limit state CLS , seen as thresholds
- [17].
The most popular procedure to compute fragility functions via time-history analysis can be
summarized, according to [18] and [19], as follows:
• deﬁnition of a numerical model for the structure of interest, y(t) = M[ẍg (t|IM =
im); θM(t) ] where M stands for the numerical model, θM for a set of model parameters,
and ẍg for the seismic input;
• selection of suitable IM and N ground motions of interest;
• selection of EDP of interest;
• deﬁnition of damage limit states D via EDP thresholds.
Given the N outcomes, it is common to assume a lognormal probability distribution for the
random variable IM associated with the given damage state D. Then, the parameter of the
lognormal can be estimated via the method of the maximum likelihood. However, one positive
aspect of the likelihood function is that it can be written also for a generic probability density
function f (x; θ), where θ is the set of parameter to be estimated. Thus, by dividing data into
two groups, i.e. data that causes collapse and data that do not cause collapse, the likelihood
function is given by:
L (θ) =

N
<

f (x; θ)N [ 1 − F (x; θ) ](N − N )

(12)

n=1

or in logarithmic form
lnL (θ) =

N


%
&
f (x; θ) + N − N [ 1 − F (x; θ)]

(13)

n=1

and solution of the parameter can be found
θ̂ = arg min [−lnL (θ)]
θ
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CONCLUSIONS
In this paper, we investigate relationships between seismic action, system response and relevant damage levels in a prototype of an industrial plant. This has been possible by means of the
development of a procedure that combines modeling of the industrial structure, in both primary
and secondary elements, and selecting proper ground motion time histories for analyses. As
a ﬁrst step, we have deﬁned a seismic scenario associated to a geographical site by means of
a probabilistic seismic hazard analysis. Then, based on this analysis we provide an adequate
seismic input employing a stochastic ground motion model calibrated against coherent natural
seismic records. Successively, in order to select ideal signal causing desired damage in terms
of limit states, a large set of synthetic time histories has been generated and assigned to a low
ﬁdelity ﬁnite element model. In particular, we focused on the modeling of secondary elements,
such as elbows, tee-joints and bolted ﬂange joints, i.e. critical elements within the steel structure. As a result, both the steel structure and relevant industrial components have been subjected
to artiﬁcial spectrum-compatible and seismic records provided by a ground motion model. Thus
targeted LS have been sought. Finally, we present the methodology to derive fragility curves
based on the results of LF models.
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