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ABSTRACT: A Gravity Based Structure (GBS) is opergtin the Adriatic sea, offshore Italy.
The GBS contains two LNG tanks and supports a numibi@pside steel structures. The design
was carried out for two earthquake scenarios: QipgrdBasis Earthquake (OBE) and Safe
Shutdown Earthquake (SSE). Two types of analyses haen performed in the design phase:
an analysis based on a three-step solution whereutput describes seabed earthquake motions
along with the impedance functions of the rigidrfdation, and an analysis based on the global
(one-step) method including the GBS in the computat model of the soil. The output is the
time histories of earthquake motions (acceleratimndisplacement) at specified points on the
structure or the acceleration response specttaeaetpoints. There are three acceleration units
positioned at two different elevations on the GBi% on the East Side (top and bottom) and the
other at the West Side (top). Each unit contairiie&ar accelerometers. Relating to the GBS
concrete structure, this paper deals with dataectidin and the statistical analysis of the
structural dynamic response data recorded sinceb®cf009. Data recorded during storms and
four seismic events, that took place on 20th NMed-June, 2012 are compared to design
accelerations of the GBS, computed for OBE and 8&fhquakes, and are used to determine
the GBS’s natural frequencies and relevant modpesha

1 INTRODUCTION

The following paragraphs show the assumptions ftrat the basis of the dynamic design of
the GBS. Main characteristics, type and locatiothefmonitoring system installed on the GBS
will also be provided. In conclusion, the final tyaragraphs provide results relating to the
acceleration data analysis measured during the sigisificant seismic and sea storms events
experienced to date.

2 DESIGN SEISMIC ANALYSIS

The design analyses of the GBS was carried ougveral steps: to characterize the structural
spectra and the interaction between soft and stiffs and the GBS structure and for the
calculation of the spectra at the base of the d@pstructures. The GBS has been designed
considering the GBS-to-soil interactions and tlaistand dynamic loads due to the Operating
Basis Earthquake (OBE) and to Safe Shutdown Eaateg(SSE). OBE has a return period of
475 years and will not cause any damage/interragifonormal working conditions, while the
SSE with a return period of 5000 years, the satgdsiwn of the plant and complete escape
evacuation and rescue operations are facilitatbd. analyses allow to determine the stiff and
damping of soil, free-field seabed motion and Saricture Interaction (SSI). Two types of
analyses were performed: 1) An analysis based @nhttee-step solution in which the output
are seabed earthquake motions along with the inmeedfunctions of the rigid foundation, 2)
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Analysis based on the global (one-step) method hichv the GBS is included in the
computational model of the soil. In the Type 2 gs@l, the output is either the time histories of
the earthquake motions (acceleration or displacéna¢ispecified points on the structure, or the
acceleration response spectra at these points.

The objective of this type of analysis is to previtie structural engineer with a simplified soil
interface model and earthquake excitation so teatam undertake a SSI analysis with a refined
model of the GBS and the tanks. The three-stepadethas proposed ausd et al. (1978).

The FEM analysis allows to determine the statithegrake load cases where the structure is
assumed to behave linear elastically. The GBS tstreics modeled with a well known program,
ABAQUS, 4-noded shell elements of type S4R. A pliothe GBS model is shown in Figure 1
and of the Topside structures in Figure 2.

Figure 1. Mesh of GBS Figure 2. Mesh of Topside structures

3 FEATURES OF THE MONITORING SYSTEM

A Structural and Geotechnical Monitoring Systeminstalled in order to monitor a GBS
structural response during normal conditions andnduexceptional events. For example,
seismic activity, high loads from wind, waves andrent. The structural and geotechnical
monitoring system consists of inclinometers insthlat the top of GBS, pore pressure sensors
located in the soil foundation, strain gauges ledatt the top of LNG tanks and accelerometer
at the bottom and top slabs of the GBS. The sta#itsors: inclinometers, pore pressure and
strain gauges have acquisition frequencies of bHess, and allow to check the GBS position,
soil foundation pressure and strains on the rodfanks. The accelerometers with acquisition
frequency of 16 Hz allow to detect the dynamic oese of the structure during the time
variable actions and specifically the responsenduan earthquake and allow to determine the
shapes and frequencies of vibration (see Figuessl3l).
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4 ANALYSIS OF THE ACCELEROMETER - RAW DATA
This section provides primary results of the stiadtanalysis of the raw accelerometer data
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16 SGMS sensors:

-n. 3: LTS-ANT79601-01,02,03, GPS Long Term Settlement;
-n. 2: INCL-XT79601-01,02 Bi-directional Inclinometer;

-n. 3: ACC-8T79601-01,02,03 Linear Accelerometer; =
-n. 8: PP-PT79601-01,02,03,04 A/B Pore Pressure.

Figure 3. Position of 16 monitoring sensors. Figure 4. Accelerometer locations.

which was recorded during the seismic events ocmuon May, 28 2012 and June32012.
(see Figures 5 and 6). The analysis was focusdtieomalidation of the raw acceleration data
recorded in the, y and z directions by the 3 stations and on the assessofetite GBS'’s
structural response compared to the design valudls,reference to OBE and SSE scenarios
(see the following Table 1).

The acceleration stations, positioned on the botaohtop slabs of the GBS, allow to evaluate
the amplifications between the two levels and tongare the monitored value to values
resulting from the seismic design analysis. Fohaacorded seismic event in the period from
20" May — 0% June, acceleration data was analyzed at an aouiiequency of 16 Hz over a
20-minute-time frame starting 10 minutes beforeheagent. As shown in Table 1, the two
highest earthquake intensities were recorded 8rivegy, and on 28 May.

The accelerations recorded at top slab level, Nr&tion, show the GBS’s dynamic response
to seismic actions on 20th May, to have a maximauer of 0.25 m/s2. The recorded data
during the two seismic events (20th May-3rd Jume)c@mpared to design accelerations of the
GBS, computed for OBE and SSE earthquakes usingrubpund soil parameters, post-
consolidated and empty LNG tanks. Maximum recoraecklerations were around 15% of the
OBE scenario, well below the design limits, buthwignough intensity to evaluate a GBS
structural response. The maximum event df R&y, shows in thg direction (North-South) an
acceleration amplification of 1.7 lower than 2.4,aalopted in the design between bottom and
top slabs of the GBS. The attention was direatedhtidate the raw acceleration data inxhg
and z directions at the 3 stations during the seismigope and to compare the acceleration
values to the computed ones for OBE and SSE desigiitions. (see the following Table 1)
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Table 1. Monitored and computed accelerations

Recorded data Design data
Sensors (m/s2) (m/s2)

20 May 2012 23 May 2012 29 May 2012 03 June 2012, OBE SSE

Alx 0,096 0,003 0,060 0,003 09 18
A2x 0,10( 0,00: 0,05¢ 0,001 0,€ 1,6
A3x 0,071 0,00: 0,04: 0,00¢ 0,& 1kt
Aly 0,25( 0,01- 0,17( n.a 1kt 3,.C
A2y 0,22( 0,00¢ 0,07( 0,00¢ 1kt 3C
A3y 0,15( 0,00¢ 0,06( 0,00¢ 0,7 14
Alz 0,03t 0,00! 0,02t 0,00¢ 1,C 2,3
A2z 0,057 0,00! 0,02( 0,00: 1,C 2,3
A3z 0,03¢ 0,00! 0,02¢ 0,00t 0,€ 1kt

The seismic design was performed in the followihgeé phases: study of soil-structure
interaction, computation of GBS and topside/sidéw#ductures to determine the response
spectra in OBE and SSE load conditions of the nmaiitdings, and seismic analysis of the
single buildings.

The monitored accelerations of the GBS allow toniilg the amplifications due to the
foundation and reduce the uncertainties of the smponse during an earthquake with an
intensity similar to the one which loaded the dinue on 20th May. A first evaluation of the
dynamic response allows us to say that the domifnegtiency is lower than the design results
and the amplification at the top of the GBS are ldsan the ones computed during the design.
Less stiff and therefore with a higher natural famental period in the N-S direction of the
GBS, suggests to reconsider the consequences djiaenic response of the single topside or
sidewall structures. The reduction of frequency #retefore of the rigidity of the structure,
mainly due to the foundation system, could caufferdint and greater oscillations which can
also be perceived at the Living Quarter level.
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Figure 5. Accelerations and Fourier spectra Eagkg2012/05/20.
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Figure 6. Accelerations and Fourier spectra Eagkg2012/06/03.

5 DYNAMIC IDENTIFICATION AND MODE SHAPES ANALYSIS

51 Sochastic systems: problem description

Next are shown the basic steps of the Stochadtigpsice identification algorithms that compute
state space models from given output data as showeeters and De Roeck (1999). The used
form is the covariance-driven version of the alglony.

The outputy, OO' is supposed to be generated by the unknown sticksgistem of orden:

Xe+1 = AXgiq + Wy
Ve = Cxqq + 15 (1)

with w, andv, zero mean, white vector sequences with covariaratéaes given by

=) 0d D= (& )om 2

As is known, the ordem of the system is unknown; the system matrices bave determined
A OO™, cOO™ up to a similarity transformation as well as1Q™" , SOO™, ROO™ so that
the second order statistics of the output of theehand of the given output are equal.

The main step of stochastic subspace identificgiroblem is the projection of the row space of
the future outputs into the row space of the pagpuis, as shown in the work of Van
Overschee and De Moor (1996)

52 Sea storms and earthquakes analysis

In this section we report the results obtained ftbenstochastic subspace identification problem

on two seismic events (May, 22012 and June'®32012), whose accelerometer data have been
reported in Figures 5 and 6 including four seams$orTable 2 takes into consideration and

shows the characteristics relating to the sea stwents.



Second Conference on Smart Monitoring,
Assessment and Rehabilitation of Civil Structures

SMAR 2013
Table 2. Characteristics of the sea storm events.
WEST EAST LQ EAST
wavemeter wavemeter anemometer | anemometer
Significant Peak Significant Peak ) N . s
Wave Heigh{ Wave Direction Wave Heighi Wave Direction ng Direction ng Direction
[m] [degree] [m] [degree] [degree] [degree]
28 Aug 2011 15« 0,82 199,5¢ 1,22 80,4¢ 177,3¢ 186,3(
19 Dec 2011 08« 2,0¢ 154,0: 2,3¢€ 108,9¢ 57,9¢ 30,3
01 Feb 2012 12:00 3,33 198,48 3,89 5,90 38,60 31,67
01 Feb 2012 14:00 3,16 166,45 3,84 9,56 37,81 34,23

The choice of storms was made for different diediand intensity of the sea. both Bora and
the Scirocco winds were involved. The stochastlzspace identification analysis has led to the
results reported in Table 3, taken into accountéfetive earthquakes and sea storms.

Table 3. Mode shapes identified for earthquakestodn events.

FEM 20 May 2012 |03 June 2012 28 Aug 2011 |19 Dec 2011 | 01 Feb 2012 |01 Feb 2012

f1(Hz) 1,2( 1,11 0,9¢ 0,9¢ 1,1t 1,2¢ 1,3(
f2 (Hz) 1,2t 1,3 1,1¢ 1,14 147 1,6C 1,7¢

Tables 2 and 3 show that the structural dynami@teh is influenced by the stiffness of the
soil, in particular to an action of stronger inténsorresponding to a more rigid structural
behavior. Furthermore in Figures 7 and 8 show tlwelanshapes obtained from the FEM
analysis.

e
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Figure 7. FEM Lumped parameter foundatiohigure 8. FEM Lumped parameter foundation
model, mode number 3 at 1.20 Hz. model, mode number 4 at 1.25 Hz.

In addition, the stabilization diagram can be utedefine the probability density of structural
resonance. The Probability Density Function (PB#yld be built by means of a Gaussian base
according to Eq. (3) wherefand Q,a represent the minimum and maximum order of the SSI
model and Nis the number of identified main frequencies.

h=0Omin k=1

pH=K > iexp{ e j

where,

+0 Omax Nf _ 2 1 (3)
K={J' D> Dex —%]df}

—oh=0min k=1 h
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Figure 10. SSI analysis, stabilization diagram BBdF for sea storm 2011/12/19.
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Figure 11. SSI analysis, earthquake 2012/05/Fgure 12. SSI analysis, sea storm 2011/12/19,
mode at 1.15 Hz.

mode at 1.11 Hz.
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Figure 9 and 10 is an example of the stabilizatimgram and the PDF of structural resonance.

Once the eigenfrequencies were estimated in Talhe3,corresponding mode shapes are
retrieved by means of the Singular Value DecommositThe estimated mode shapes are
reported in Figure 11 and 12, for the earthquake@f2/05/20 and for the sea storm of
2011/12/19.

6 CONCLUSIONS

The comparison of monitored data and computed aaten data, maximum acceleration of
0.02g (same order of magnitude of OBE design s@®nand computed acceleration data has
confirmed the coherence of experimental data witsigh data. The values of amplification at
top of the GBS are lower and therefore the seisoaids applied to LNG tanks and main topside
structures during these events are less stresgee@tisuring safer conditions.

The frequencies, computed also during the sea st@inow a natural vibration frequency in the
N-S direction, lower than computed for the FE modaling the design. The monitored
behavior should reduce the seismic static loadsstnedses of the GBS concrete structure and
also in the more stiff topside and sidewall struesu Otherwise the presence of a lower natural
period of the GBS could activate some stress aioglibns of supported structures with a
natural period near to that of the GBS.

Future developments will be the validation and eftabon of environmental data and the
structural monitoring system in an organic mannéictv will check the structural response
under wave, wind and seismic actions. The responder significant actions, wave and seismic
events, are useful to compare the structural respaiith the effect level under actions assumed
in the design phase.

The results of the monitoring system are a valutadméfor evaluation of the structural response
during the life of the GBS terminal and offer sugpo the risk based inspections.
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