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EXECUTIVE SUMMARY

After the Niigataken-chuetsu-oki earthquake (NCQ#),16 July 2007 that affected the Tokyo
Electric Power Company (TEPCO) Kashiwazaki-Kariwvachdar Power Station (NPS) with a
magnitude of 6.6, a benchmark on the seismic behawaf NPP has been organized by IAEA, in
the framework of the Working Area 2 (WA2) of thetdmational Atomic Energy Agency —
Extra Budgetary Programme (IAEA-EBO) on SeismiceBabf Existing Nuclear Power Plants.

The report contains the contribution of ITER-Comngalthe benchmark, with specific reference
to the activities requested in TaskStructural benchmark.

Analyses have been developed to study the soibresy) using ground motion records provided
by Tokyo Electric Power Company (TEPCO). Responsectsa have been evaluated at free
surface and at specific depths using aftershock mmaih shock data. Maximum spectral
accelerations of about 4.8 g have been calculatedglthe main shock.

A 3D finite element model has been developed aed ts evaluate the displacements and forces
at specific points of the reactor building (RBustuure.

Stick models derived from the data in the GuidaBoeEument have been also developed to
check the 3D model.

Preliminary analyses have been performed applyiegical and horizontal acceleration as
requested for the benchmark. A modal analysis bas blso performed on the FE models.

In Subtask 1.2 of the benchmark, the main shogkorese of the structure has been evaluated,
with the two hypotheses of fixed base and with swilcture interaction, taking into account the

nonlinear behaviour of the structure. The obtairesililts have been compared to the recorded
data during the NCOE earthquake.

The soil structure interaction phenomena have besanted in the model by means of spring and
dashpots applied underneath the basemat.

Last subtask of the benchmark was devoted to maagsessment. The objectives of this
assessment and main problems encountered aresigdusthe last paragraphs of the report.

The structural behaviour has been studied applyimgeasing acceleration time-histories,
defined by IAEA Secretariat.

The response has been evaluated taking into actbemnonlinear behaviour of the structure.
With respect of the SSI approach used in the $ustasks of the benchmark, margin assessment
has been conducted using an improved SSI model.

As general consideration, the general objectiva dfargin Assessment, as referred to the RB
seismic response, can be seen from two perspsctiv
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A. Assess margin with respect to ultimate status ofsRBcture. That is the increase in the
seismic demand causing the ultimate status of tBesRucture, either collapse or
extensive cracking with loss of containment.

B. Assess margin with respect to the loss of the “NMBpPacity to bring and maintain the
NPP (reactor core and spent fuel) in a safe stafinss loss is logically linked with the
systems and equipment needed to ensure the thieesafiety functions caused by
interaction of the RB structure with systems andigment. In fact even if the structural
limit state of the RB is not attained, the disptaeats and/or accelerations can cause the
loss of capacity of systems and components needdating and maintain the NPP in
safe status”. This second aspect (perspectiv@)ked with activity of Task 2 of the
Benchmark.

We think that margins have to be evaluated accgrttiis last approach (B).

To do that, it is necessary to develop (and ingast) the needed assessment about the interfaces
between structures and systems/equipment to igiethigf margins with respect to loss of NPP
system capacity to “ bring and maintain the NPR safe status”.

However, in this study, the focus was maintainedttos structural behaviour of the Reactor
Building.

In this framework, the assessment of margins redquihe identification of the “ultimate”
earthquake that the structure can sustain, to lepaced with the NCOE earthquake that
effectively strikes the NPP.

Main lessons learned from the benchmark can be suined as follows:

 The soil structure interaction is a key problem time assessment of margins
characterizing the seismic response of the strecaitrleast in cases with soil properties
comparable to those at KK site.

» Collapse of soil-foundation system, in the sensexafessive displacements, seems to
anticipate extensive structural damage.

» Activities are deemed necessary in defining stadwlfor the evaluation of NPP
structures under beyond design basis seismic motion

* While suitable procedures have been included ires@ohd standard for ordinary
buildings and bridges (in beyond design scenartbs)ge is the need to extend these
approaches to NPP structures, that are uniqueifioress, strength, behaviour and
required performance.
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1. INTRODUCTION

After the Niigataken-Chuetsu-Oki Earthquake (NCQ#),16 July 2007 that affected the Tokyo
Electric Power Company (TEPCO) Kashiwazaki-Kariwvachar Power Station (NPS) with a
magnitude of 6.6, a benchmark on the seismic behawaf NPP has been organized by IAEA, in
the framework of the Working Area 2 (WA2) of thetdmational Atomic Energy Agency —
Extra Budgetary Programme (IAEA-EBP) on Seismie8abf Existing Nuclear Power Plants.
The large amount of observations and data collegtedite and the significant instrumentation
which measured acceleration at different locationsoil and in structures (both inputs and
outputs), raised the idea of organizing a benchrmarkeismic behavior in the framework of the
WA?2 of the IAEA-EBP.

The benchmark, was defined at the beginning of 2@@8expert meeting, held in May 2008,
elaborated the main characteristics of the IAEA-BB&shiwazaki-Kariwa Research Initiative
for Seismic Margin Assessment (KARISMA).

The first Organizing Committee (OC) meeting of KERISMA Benchmark was held in Vienna
on January 19-20, 2009 in order to confirm theeotiye of the benchmark and review
availability and completeness of data package (ohgsvand input signals) provided by TEPCO.

Although it appears that the earthquake of 16 2007 significantly exceeded the level of the
seismic input taken into account in the designhef plant, the installation behaved in a safe
manner, during and after the earthquake.

In particular, the automatic shutdown of the reectof Units 3, 4 and 7, which were at full
power, and of the reactor of Unit 2, which washa start up state, were performed successfully.
According to review findings from IAEA, this is grably due to the conservatisms introduced at
different stages of the design process, the seddllesign safety margins". The combined
effects of these conservatisms were apparentlyicgerit to compensate the severity of the
occurred earthquake with respect to the design SSE.

The major objectives of the benchmark are:

1. To understand what happened to soil and structiuesg the July 2007 earthquake;

2. Understanding of margins: quantifying what happleoth in soil and in structure when
the input is increased;

3. Calibration of different simulation methodologies fsoil, structures and soil-structure
interaction;

4. Identification of main parameters influencing tesponse;

10
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5. Consideration of the effect of differential movertebeneath buildings;

6. Understanding of equipment behaviour for some sateequipment and approaches to
margin evaluation

The general project concerns both structure bendharad equipment benchmark. In particular,
the following tasks and sub-tasks have been planned

Table 1.1 — KARISMA benchmark structure

TASK SUBTASK SUB-SUBTAKS
TASK 1 Subtask1.1 Subtask 1.1.1
Structural Construction and Static and modal analysis of the fixed
Benchmark validation of thel base model under vertical and horizontal
soil and structuresforces
models

Subtask 1.1.2
Soil Column analyses

Subtask 1.1.3
Analysis of the complete model

Subtask 1.2 Subtask 1.2.1 | Conventional  basi¢
Main shock| Transfer of| design study
response spectra analysis

Best estimate study

Subtask 1.2.2
Analysis of the main shock

Subtask 1.3

Margins assessment
TASK 2 Subtask 2.1
Equipment Piping System
Benchmark

Subtask 2.2

Sloshing of the fuel pool

Subtask 2.3
Atmospheric tanks buckling

11
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2. DESCRIPTION OF NUMERICAL MODELS

2.1 Objective and main assumptions

The Reactor Building of Unit 7 is a very complexdalarge structure. The overall building
dimensions in plan are 59.6 m by 56.6 m. Thghteof the building, from the bottom of the
base mat to the top of the roof, is 63.4 m.

The structure is typically made by reinforced cetemnwalls and slabs. In the interior part of the
structure some reinforced concrete columns areeptesonnected by reinforced concrete beams.
The floor slabs are supported by the walls andthemn-beam system.

Some steel beams are also present in the strudtymeally at the higher levels. The roof
composite structure is made of steel trusses withnaected reinforced concrete plate.

All detailed information have been collected in tGelidance Document (Ref. [1]).
In Figure 2.1 and Figure 2.2 the cross sectiontb@building along XZ and YZ are shown.

A generic floor plan is reported in  Figure 2.3.
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Figure 2.1 — Cross Section XZ (Ref. [1])
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Figure 2.2 — Cross Section YZ (Ref. [1]))

Figure 2.3 — Floor plan:*1Floor (Ref. [1]))

The general objective of the benchmark is the etedo of the seismic response of the structure
during the NCOE Earthquake, taking into accoumltsgoucture interaction. The final aim is to
evaluate effective safety margins of such strustumecase of a seismic input higher than the

design basis earthquake.
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This kind of analyses requires an evaluation ofiibleaviour of the structure beyond the elastic
limit. Then, for the subsequent phases of the stadywon linear analysis of the structure is

planned, to evaluate the damage progression isttheture under increasing load.

In dynamic analyses this subject is still more clax@nd onerous.

In any case, the evaluation of the damage due ismgeloads, and the consequent residual
safety level of the structure, requires a detaitextiel; at first onset of inelastic behaviour, the

damage process usually affects specific and ddtpéets of the structure that the analyst has to
identify and control.

Due to this, a too coarse model of the structuretsadequate to evaluate the initial stage of the
damage and its progression.

On the contrary, a detailed representation of thecwire implies large Finite Element Models
(FEM), with hundreds of thousand Degree Of Free@@OF).

For the KARISMA project, it was then decided to éiep a detailed Finite Element Model. The
reinforced concrete structures have been model#aguw3D brick elements. Truss and shell
elements have been also used to model the roadtsteu This model has been checked against
the stick model described in the Guidance Docurteenalidate its behaviour.

The non linear analyses performed to evaluate éspanse of the structure during the Main

Shock and the margin assessment studies requidgibadl models.

In particular, a non linear dynamic analysis on ghebal Finite Model described above is very

time consuming; moreover, in margin assessmentatiahs several acceleration time histories
analyses shall be performed. Due to this, simplifreodels have been constructed to perform the
non linear dynamic analyses, obtained performindirat push-over analyses on the global

model and then identifying the characteristics gqpiiealent non-linear single degree of freedom

model representing the elevation structure.

2.2Numerical modelling: Structure, Soil, Soil-Structure

As anticipated in the introduction, specific stidibave been conducted to support the
construction of the global model. Main resultsledde studies are summarized in the following.

2.2.1 Development of Reactor Pressure Vessel (RPV) foodkel

The geometrical and mechanical parameters of then8Bh of the RPV, inserted in the global
model, have been identified by comparative analgsesiucted on a stick model of the RPV
structure, as described in the guidance documerftigure 2.4 the stick model is shown. The
frequencies obtained from the stick model of theseéhave been used to backfit the parameters
of the brick model, just reproducing the main vila frequency and the total mass.

In the Figure 2.5 the section obtained in the Glabaplane is shown. Each element is repeated

84 times in a circumference around the verticas axto create an axis-symmetric component.
For the wall of the RPV a thickness of 17 cm hesrbused with an inner diameter of 6,8 m.
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Vessel and pedestal stick model
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Figure 2.4 — Stick model of the vessel

Spring Constants

K1 =3.23 E+04 t/m (50-36)

K2 = 6.29 B+@m (46-38)

K3 = 1.72 E+07 t/m (48-23)
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Figure 2.5 — Cross section of the 3D model of thesel
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The comparative analyses conducted on the stickehrat on the isolated 3D brick model of

the RPV are summarized in the following tables. frequencies and modal participation factors

calculated on the stick model are reported:

Table 2.2 — RPV stick model

Stick Model Geometry and Mass Properties

A Mass Center of gravit Rotational Inertia

Direction (Kstlm) 7 (mg)] Y (Kstlm3)

X 2.024E+03 1.288E+01 4.0261E+05

Y 2.024E+03 1.288E+01 4.0261E+05

z 2.024E+03 1.288E+01

Frequencies
Mode Number Circular Freq. Frequency Period
(rad / sec) (cycles / sec) (sec)

1 0.8688E+02 0.1383E+02 0.7232E-01

2 0.8688E+02 0.1383E+02 0.7232E-01

3 0.2204E+03 0.3508E+02 0.2851E-01

4 0.2204E+03 0.3508E+02 0.2851E-01

5 0.2970E+03 0.4727E+02 0.2116E-01

Modal Participation Factors and Modal Masses
N’\Sr%dbzr X direction Y direction ) Z direction) Mass X Mass Y Mass Z
1 0.2249E+02 -0.2249E+02 -0.8678E-16 505,8 505,8
2 0.2249E+02 0.2249E+02 0.8737E-16 505,8 505,8
3 0.1429E+02 0.2690E+02 0.1005E-14 204,2 723,6
4 0.2690E+02 -0.1429E+02 -0.5278E-15 723,6 204,2
5 0.8556E-11 0.1454E-11 -0.3862E+0 0,1492
Total 1939,4

The frequencies and modal participation factorsudated on the 3D brick model are reported
in the table below.

Table 2.3 — Vessel 3D model

Brick Model Geometry and Mass properties

Direction Mags Center of gravity Rotationezﬂ Ir;ertia
(KNs“/m) Z(m) (KNs“/m®)
X 2.024E+03 1.288E+01 4.1339E+05
Y 2.024E+03 1.288E+01 4.1339E+05
z 2.024E+03 1.288E+01 .9976E+04
Frequencies
Mode Number Circular Freq. Frequency Period
(rad / sec) (cycles / sec) (sec)
1 0.8401E+02 0.1337E+02 0.7479E-01
2 0.8401E+02 0.1337E+02 0.7479E-01
3 0.1709E+03 0.2720E+02 0.3676E-01
4 0.1709E+03 0.2720E+02 0.3676E-01
5 0.1906E+03 0.3033E+02 0.3297E-01
6 0.1938E+03 0.3085E+02 0.3242E-01
7 0.1938E+03 0.3085E+02 0.3242E-01
8 0.2130E+03 0.3389E+02 0.2950E-01
9 0.2130E+03 0.3389E+02 0.2950E-01
10 0.2902E+03 0.4619E+02 0.2165E-01
11 0.3027E+03 0.4817E+02 0.2076E-01
12 0.3027E+03 0.4817E+02 0.2076E-01
13 0.3085E+03 0.4910E+02 0.2037E-01
14 0.3085E+03 0.4910E+02 0.2037E-01
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Modal Participation Factors and Modal Masses

Mode Frequency X direction Y direction Z direction Mass X Mass Y Mass Z
Number (cycles / sec) (KNs*/m)*“2 (KNs*/m)*“2 (KNs’/m)*2 (KNs*/m) (KNs*/m) (KNs*/m)
1 13,37 0.2037E+01 0.2694E+02 -0.5027E-09 4,166 725,8
2 13,37 0.2694E+02 -0.2037E+01 0.3304E-09 725,8 4,166
3 27,20 -0.1072E-09 0.2722E-10 -0.3198E-10
4 27,20 0.1278E-09 -0.5543E-11 -0.2233E-10
5 30,33 0.2703E-06 0.2644E-06 0.5107E-08
6 30,85 0.3486E-09 0.2724E-09 -0.1366E-09
7 30,85 0.1217E-09 -0.2555E-10 -0.5097E-09
8 33,89 -0.1216E-10 0.1017E-11 -0.9606E-11
9 33,89 0.2370E-11 -0.4922E-11 0.1037E-11
10 46,19 -0.1350E-07 0.9150E-08 0.3649E+02
11 48,17 -0.3476E-08 -0.3539E-08 -0.2946E-10 1331
12 48,17 -0.3532E-08 -0.4121E-08 0.5139E-13
13 49,10 0.1725E+02 0.1547E+02 0.1153E-06 297,6 239,3
14 49,10 -0.1546E+02 0.1726E+02 0.4183E-05 239,0 297,9
Total 1267 1267 1331

Using the 3D model, just the first frequency of 8tek model can be reproduced with a quite
good approximation (modes 1 and 2 at 13,37 Hz t@drmepared with 13,83 Hz of the stick
model). In the brick model the second relevant roation to the participating mass in fact
comes from the modes 13 and 14 at 49,10 Hz.

This has been considered acceptable accordingetoale of the RPV model in the overall
behaviour of the building. Anyway, the availabléommation about vessel were not so detailed
and not referred to operating conditions. .

2.2.2 Stick model of the global building

A stick model of the building has been studiedist, to estimate the global forces of the
problem and to have a preliminary evaluation ofdiseamic characteristics of the structure.

The model has been developed using the data @uidance Document [1].
In the following figures and tables are summaritieel input data and the results obtained in
terms of frequency, separately for the two modebtus YZ and XZ directions.

Some comments about the results are common torbotiels, in view of the comparison with
the complete 3D model of the reactor building.

In the range 0-20 Hz the stick models exhibit dhlypodes and the cumulated participating mass
ratio is about 85% . The greater part of thisoraigiven by the first mode (73% in YZ dir., 75%
in XZ). The 29 mode gives another 6%, other modes are almosigitgg|
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Figure 2.6 — Stick model of the R/B in YZ plane

Table 2.4 — Stick model in YZ plane

N° Weight Mass Height Roglnenia Rot Inertia NSec Shgar cross- | Geom. Moment Ne | weight | Mass Height Rog Inertia | Rot Inertia NSec She_ar cross-
weight lo mass lo sectional area Inertia | weight lo | mass lo sectional area
(kN) | (kNmis2)l  (m) | (x10°kNm2) | (kNm3/s2) (m) (m*) S| N) [ (Nm/s2)|  (m)  |(x10° kNm2) (KNm3/s2) (m?)
1 39760 4053 49.7 71 723751 11| 93200 9501 317 33 336391
9 41 13700 15 119.6
2 80820 8239 38.2 413 4209990 12| 158100 | 16116 235 379 3863405
8 83 51100 14 113
3 86110 8778 317 483 4923547 13| 104900 | 10693 181 311 3170234
7 188 70600 13 137.6
4 86400 8807 235 299 3047910 14| 203200 | 20714 12.3 417 4250765
6 1325 69000 12 139.2
5 56460 5755 18.1 202 2059123 15| 126500 | 12895 4.8 395 4026504
5 149.4 84700 11 132.4
6 82650 8425 123 295 3007136 16 | 139500 | 14220 -1.7 377 3843017
4 180.5 105000 10 186.4
7 81700 8328 48 302 3078491
3 183.2 112800
8 82900 8451 -1.7 304 3098879
2 2235 119000
9 349200 35596 -8.2 964 9826707
1 33734 900600
10 0 0 -137 0 0
TotW 1771400
TotM 180571 L
Totlo | 53465851

Material Properties have been assumed as:

Young's modulus Ec = 3.13E+07 (kN/m2)
Shear modulus of elasticity G = 1.31E+07 (kN/m2)
Poisson’s ratio =0.20

The main results are provided in the Table hereviel
18
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Model Control Data

Direction Mais Center of gravity Rotation:;tl Ir;ertia
(KNs“/m) Z(m) (KNs“/m®)
X 180571 - -
Y - - 53465851
z 0 11.68 -
Frequencies
Mode Circular Freq. Frequency Period
Number (rad / sec) (cycles / sec) (sec)

1 29.15 4.6393 0.2155

2 65.586 10.438 0.0958

3 72.955 11.611 0.0861

4 103.65 16.496 0.0606

5 119.09 18.954 0.0528

6 154.17 24.537 0.0408

7 166.07 26.431 0.0378

8 200.19 31.861 0.0314

9 206.27 32.828 0.0305

10 224.45 35.722 0.0280

11 242.79 38.641 0.0259

12 251.03 39.952 0.0250

13 293.89 46.774 0.0214

14 302.11 48.083 0.0208

15 312.37 49.716 0.0201

16 329.91 52.508 0.0190

17 338.42 53.861 0.0186

18 352.91 56.167 0.0178

19 423.62 67.422 0.0148

20 498.49 79.336 0.0126

Rev 02 - 31.10.2012

Lo

Mode 1

Mode 2

]

Mode 3

Figure 2.7 — Stick model: Modal shapes of the R/B'Z direction
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Table 2.6 — Stick model in YZ plane: Modal Partatipn Factors and Modal Masses

Mode
Number

UX
(KN-s2)

oY
(KN-s2)

Uz
(KN-s2)

RX

(KN-m-s2) | (KN-m-s2) | (KN-m-s2)

RY

RZ

ModalMass
(KN-m-s2)

ModalStiff
(KN-m)
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Table 2.7 — Stick model in YZ plane: Modal Partatipg Mass Ratios

Mode
Number

UXx

(Unitless)

SumUX
(Unitless)

(Unitless)

RY

SumRY
(Unitless)

1

0.54496(

0.544960

0.751240

0.751240

0.161260

0.706220

0.062270

0.813520

0.01836(

0.724580

0.004800

0.818320

0.00290(

0.727490

0.027470Q

0.845790
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Figure 2.8 — Stick model of the R/B in XZ plane

Table 2.8 — Stick model in XZ plane

Young’s modulus
Shear modulus of elasticity G = 1.31E+07 (kN/m2)
Poisson’s ratio
Rotational spring

=0.20

Ec = 3.13E+07 (kN/m2)

K= 2.14E+10 (kNm/rad)

Ne Weight Mass Rot_ Inertia | Rot Inertia Nsec She_ar cross- | Geom. Moment Ne | weight Mass Rot_ Inertia | Rot Inertia Nsec She_ar cross- | Geom. Moment
weight lo mass lo sectional area Inertia | weight lo | mass lo sectional area Inertia |
(x10°

- (kN) (kNm/s2)] (x10° kNm2)| (kNm3/s2) (m%) (m*) kN) | (kNm/s2)]  kNm2) | (kNm3/s2) (m%) (m*
1 39760 4053 148 1508665
2 80820 8239 301 3068298 9 54.7 30000
3 91310 9308 305 3109072 8 122.9 62600 11 88000 8970 273 2782875
4 68600 6993 281 2864424 7 172.7 87900 12 | 175900 | 17931 484 4933741 15 219 6700
5 51200 5219 215 2191641 6 131.8 81900 13 | 110160 | 11229 347 3537207 14 222.8 23300
6 80110 8166 327 3333333 5 166.7 92800 14 | 205740 | 20972 462 4709480 13 207.4 23100
7 78200 7971 323 3292559 4 179.3 114600 15 | 130000 | 13252 441 4495413 12 152.1 23400
8 80800 8236 331 3374108 3 2115 124000 16 | 141600 | 14434 418 4260958 11 180.1 21200
9 349200 35596 1060 10805301 2 259.5 131000 10 164.4 23800
10 0 0 0 0 1 33734 998600

Tot P 1771400

Tot M 180571

Tot lo 58267074

The main results obtained with the stick modeXihplane are provided in the following Table.

Table 2.9 — Stick model XZ plane: results
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N Mass Center of gravit Rotational Inertia
Direction (KNsZ/m) 7 (mg)] y (KNsZ/m3)
X - - 58267074
Y 180571 - -
YA 0 11.68 -

Frequencies

Mode | Circular Freq. | Frequency Period
Number | (rad/sec) | (cycles/sec) (sec)
1 31.37 4.993 | 0.200279
2 68.66 10.928 | 0.091506
3 79.90 12.716 | 0.078642
4 104.77 16.675 | 0.059971
5 119.79 19.065 | 0.052452
6 134.62 21.426 | 0.046672
7 157.47 25.062 | 0.039901
8 185.49 29.522 | 0.033873
9 209.27 33.307 | 0.030024
10 216.71 34.491 | 0.028993
11 224.09 35.665 | 0.028039
12 270.16 42.997 | 0.023258
13 279.87 44.542 | 0.022451
14 285.85 45.494 | 0.021981
15 319.96 50.924 | 0.019637
16 330.06 52.53 | 0.019037
17 378.17 60.188 | 0.016614
18 392.61 62.486 | 0.016004
19 499.14 79.441 | 0.012588
20 503.72 80.169 | 0.012474
Mode 1 Mode 2 Mode 3

Figure 2.9 — Stick model: Modal shapes of the R/BZ direction
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Table 2.10 — Stick model in XZ direction: Modal ®apation Factors and Modal Masses

Mode uXx uy uz RX RY Rz ModalMass | ModalStiff
Number | (KN-s2) | (KN-s2) | (KN-s2) | (KN-m-s2) | (KN-m-s2) | (KN-m-s2) | (KN-m-s2) (KN-m)
1 0| 316.86 0| -9604.32 0 0 1 984
2 0| 172.23 0| 292558 0 0 1 4715
3 0| -11.83 0 -652.68 0 0 1 6383
4 0| 5154 0 1716.62 0 0 1 10977
5 0| 40.36 0| -1631.44 0 0 1 14349
6 0| 65.13 0 174.36 0 0 1 18124
7 0| 64.63 0 1017.45 0 0 1 24797
8 0| -6143 0 95.13 0 0 1 34408
9 0| 18.38 0 1470.67 0 0 1 43795
10 0| -16.89 0 -980.00 0 0 1 46965
11 0| -53.67 0 -38.79 0 0 1 50216
12 0 -2.92 0 356.15 0 0 1 72984
13 0| -20.82 0 -704.79 0 0 1 78325
14 0 3.17 0 -908.80 0 0 1 81708
15 0| 49.72 0 291.33 0 0 1 102377
16 0| -21.62 0 -211.76 0 0 1 108937
17 0 -4.62 0 -19.05 0 0 1 143016
18 0 0.66 0| -1015.15 0 0 1 154142
19 0]-138.87 0 -562.82 0 0 1 249144
20 0| 8591 0 1432.10 0 0 1 253731

Table 2.11 — Stick model in XZ direction: Modal #a@pating Mass Ratios

Mode uy SumuyY RX SumRX
Number | (Unitless) | (Unitless) | (Unitless) | (Unitless)
1 0.556010 | 0.556010 | 0.736900 0.7369
2 0.164280 | 0.720290 | 0.068380 0.8053
3 0.000770| 0.721070 | 0.003400 0.8087
4 0.014710 | 0.735780 | 0.023540 0.8322
5 0.009020 | 0.744800 | 0.021260 0.8535
6 0.023490 | 0.768290 | 0.000240 0.8537
7 0.023140 | 0.791420 | 0.008270 0.862
8 0.020900 | 0.812320 | 0.000072 0.8621
9 0.001870 | 0.814190 | 0.017280 0.8793
10 0.001580 | 0.815770 | 0.007670 0.887
11 0.015950 | 0.831720 | 0.000012 0.887
12 0.000047 | 0.831770 | 0.001010 0.888
13 0.002400 | 0.834170 | 0.003970 0.892
14 0.000056 | 0.834230 | 0.006600 0.8986
15 0.013690 | 0.847920 | 0.000680 0.8993
16 0.002590 | 0.850510 | 0.000360 0.8996
17 0.000120 | 0.850630 | 0.000003 0.8997
18 0.000002 | 0.850630 | 0.008230 0.9079
19 0.106800 | 0.957430 | 0.002530 0.9104
20 0.040870 | 0.998300 | 0.016380 0.9268
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2.2.3 Global Finite Elements Model of the Reactor Bunggi

A general view of the used Finite Element Modeki®wn in Figure 2.10, Figure 2.11 and
Figure 2.12.

The model has been constructed using 8-nodedddd slements for reinforced concrete
structures and 3D truss elements have been adtupteddel the steel roof .

A total number of 57316 finite elements have beeadu with a number of nodes equal to
74780, for a total number of Degree OF Freedom (D&gfaal to 216168.

In detail 55594 Solid 3D elements, 978 QUAD eleteef69 Truss 3D elements and 75 Mass
1D elements have been used.

The thickness of the wall and columns and beamegmons have been defined according to the
information provided in the Guidance Document.

Reinforced concrete walls have been modelled u3idgelements through the thickness and 3
elements along the height. Reinforced concreteneolbhave 4 elements in the cross sections and
3 elements along the height.

As previously described, the global Finite Elemeatdel include a rough representation of the
vessel, using also in this case 3D brick elememits, the aim to reproduce the influence of this
structure on the global behaviour of the buildiRgygre 2.13).

Figure 2.10 — General view of the F.E.model
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Figure 2.12 — Cross section YZ of the F.E.modetHuauit the vessel)

Figure 2.13 — Cross section YZ of the F.E.modethhe rough model of the vessel)
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A detailed modelling of the roof has been impleradrih the global Finite Element model of the
building.

The steel truss beams, in both X and Y directibasge been represented using 3D truss
elements, connected to an upper concrete slabaieduvith membrane elements. A particular
of the roof structure is shown in Figure 2.14.

Figure 2.14 — Particular of the roof model

Additional masses have been included by means oMH3S elements. In some cases, 2D
QUAD elements, with no bending and membrane stndave been used to take into account
live, pipe and equipments loads as described iagoaph 2.3.

224 Simplified Finite Elements Model of the Dynami@ksis of Reactor Building

During Phase Il of the Benchmark, time historylgses in non linear field are requested, to
evaluate the acceleration and displacement timerigs at selected points of the structure
during the main shock as indicated in Ref 1.

To perform these analyses a simplified approacle lh@en identified, based on ref. [9] and [10]
At first a non linear pushover analysis has beemdaoted on the global non linear model,
applying the first and second modal shapes, inraalselect the characteristics of a Non-linear
Single Degree Of Freedom representing the stre@hove the foundation basemat.

This model have been used to identify a FEM remtasg the structure, taking into account the
Solil Structure Interaction.

Below the basemat, springs and dashpots with elguivproperties have been used.

The linear behaviour of the springs has been @kblr using a methodology explained later, to
reproduce the global impedance of the foundatiooudigned in the previous paragraph.

The simplified model is shown in Figure 2.15 witeaaa general theoretical sketch of the model.
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Figure 2.15 — Simplified Model for Non linear TH Algses

The material characteristics Ke and Me have beeatuated using the results of push-over
analyses conducted on the global FE Model, in @aer using the force-displacement curves in
X and Y directions obtained applying the X and Yegivectors respectively.

The equivalent stiffness of the spring can be atelliby means of the following relationship:
K" = l-‘n Z?;nlnero nodi S:; = l-‘n Vbase
where:

s, = vector of modal inertia force distribution, fitle mode "n".
I'n = partecipating factor of mode "n"
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Vase= Shear force at the base of the structure, diukasummation of the modal inertia force
distribution of the "n" mode.

Knowing K the equivalent mass can be evaluated by:

K
* __
M = —

wn
wherew, circular frequency of model "n"

With pushover analyses thep) value was calculated due to increasing displacémen
distribution, corresponding to the X and Y eigengecA maximum value (capacity value) has
been selected and this value has been assumed »aswuma force that the spring of the
equivalent SDF element can sustain.

2.3 Material properties

Material properties were taken from the Guidanceuaent.
For the first phase of the benchmark, all stru¢tonaterials have been assumed linearly elastic.

For concrete elements have been assumed the fotjovailues:
mass density = 2.4 t/m3;

Young Modulus = 31.300 MPa

Poisson’s ratio = 0.2

For steel structures:

Mass density = 7.8 t/m3

Young Modulus = 205.000 MPa
Poisson’s ratio = 0.3

The analyses requested in the Sub Task 1.1.1 temsithe application to the model of vertical
and horizontal acceleration equal to 1 g.
Moreover, a modal analysis of the structure wasestgd.

In order to perform this kind of analyses, all liy@pes and equipments loads acting on the
structure have to be inserted in the model in tefmmass: this action has been simulated by the
modification of the density of some floors struetsir

Moreover, 1D mass elements have been used to mpéeific concentrated loads (masses).

With this approach, a further material identificatiwas necessary to fit the global mass of the
building provided in Guidance Document and usetheanalyses separately conducted in the
stick model of the building.

To improve the correspondence between the totad wfahe 3D model and the stick model,

a 10% increase of reinforced concrete density le@s ladopted for walls, in order to take into

account the presence of non structural elementkerbuilding and reinforcing steel bars, not

directly included in the model.
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2.4 Soil description

24.1 Soil column analyses

In Sub-task 1.1.2 — Soil column analysésD equivalent-linear model of layered soils hagsrb
used to evaluate the earthquake site responseyekeld soil column with plane-parallel strata
characterized by a shear wave velocity profileapQ0 metres depth has been considered.

With specific reference to the Guidance Documdrd,Wnit 5 vertical array displays a sequence
of silty clays (Late Pleistocene Yasuda formatiabput 30 metres thick), followed by a
mudstone (Plio-Pleistocene Nishiyama formation)ingyin turn above Mio-Pliocene Shiiya
formation (geologic substratum as well as engimgebiedrock with Vs>700 m/s). Each stratum,
beyond shear wave velocity value, is characterizgdinit weight, Poisson's ratio and shear
modulus reduction curve along with damping curve &sction of shear strain.

The soil column has been finely discretized allgyvihe resolution of frequencies up to 50 Hz.
The Vs profile has been checked both via the pgkihthe recorded signals and via the Fourier
transfer functions between two successive in-helensometers.

Strain dependant soil characteristics have beem @iecked via a soil system identification
procedure using earthquake records from aftershiadke down hole array.

Strain dependant soil characteristics have beerlemgnted according to the provided soil
modulus and damping curves. Adjustments have beg@tored to both curves and initial
damping in order to match at the best the recositgthls.

Almost all the site response is concentrated aveémed by the first 30 metres (Yasuda stratum
and the interface with the Nishiyama stratum).

In particular the first 10 metres (with an estindaglhear wave velocity of 160 m/s) deserves to
be better characterized since it influences themat the signal coming up from the substratum
with the target motion recorded at the free surfaoatrol point 5-G1).

Preliminarily, the top-10m of the soil column se&mprovide a better response when divided
into a top-3m looser layer and a second-7m hardger] in order to increase the seismic
impedance ration and to make the computed moticth@rfree surface more consistent with the
recorded one.

In sub-task 1.2 Main Shock response a linear timity analysis was required; two boundary
conditions have to be considered:

1. fixed base
2. with soil structure interaction

For task 1.2, a spring-dashpots system has beehumkerneath the basemat. The procedures
used to calibrate the finite elements characteras® outlined in paragraph 3.1.3.
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Figure 2.16 — Soil Vs profile

2472 Finite Elements Model for Soil Structure Interaatio

In Phase Il of the Benchmark, an improvementhaf $oil Structure Interaction approach has
been taken into account.

The SSI analysis has been developed using a 3Ddom&in model of a soil island including
the reactor building, studied with the ADINA finisdement program.

The model size is 300x300 m in plan (about fiveesnthe size of the reactor building) and 167
m in depth, down to the assumed bedrock in theresgonse analysis.

The soil island model is strictly linear. It hagtimain purpose of propagating the motion to the
building foundation taking into account both kindimand inertial interaction.

The first step of the analysis is the development he calibration of a 3D model that yields

approximately the same free field response of bdréquency domain analysis developed for
the benchmark with an equivalent linear approa¢tAlSE or EERA).

The size of the finite elements has been chosemdan mind the objective to keep the
computational burden within a reasonable limit emdescribe adequately the spectral content of
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the motion at the building foundation at the expddrequencies of the nonlinear stick models
with base springs (about 1Hz). The element sizegalbe vertical direction is not larger th#8,
wherel is the wavelength corresponding to the maximumueacy f of interestA( = Vs/ f
where Vs shear waves velocity )

The smallest elements are required at the uppear liavel, where the backfill shear wave
velocity is lower.

The size of the element in plan is of about 3 nthat boundary of the building area and is
increasing toward the boundary of the soil islafds choice allows a numerical attenuation of
the waves due to the soil-structure interactioweitang outside from the building-soil interface..
The finite element model of the SSI system is showfigure 2.17.

PZ=0P

Figure 2.17 — Soil Structure Interaction Model

The soil properties used in the time domain modelthose obtained by iteration in the 1D
equivalent linear model. The damping model is déife, because in the time domain analysis
Rayleigh damping has to be used, while constantehstsc damping is used in the equivalent
linear model. The damping matrix C is assumed topkmportional to mass matrix M and
stiffness matrix K according to the equation

C =aM+pK

The Rayleigh damping coefficients have been evatlitd match the iterated damping values in
the frequency range of interest, as shown in theré below.
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Time step, even for implicit integration schemesJimited due to the fact that the smallest
period of vibration needs to be represented bgast!10 points.
Hence the time step limitation can be formulatedfadi®ws (v is the highest volume wave
velocity.)

Dt<=he /v
Wherehe is the element size.

Boundary condition of the 3D model

A Lysmer-Kuhlemeyer viscous boundary has been asé¢lde base of the model. The nodes on
the lateral surfaces of the model have been consttdo have equal horizontal displacements at
same level and zero vertical displacements. Thism@ary condition is aimed to reproduce the
free-field displacements and has been checkedaMt® model as discussed in the following.

1D model

A 1D model has been developed to calibrate the moihmeters and check the validity of the
ADINA time domain analysis against the 1D soil msge analysis developed by IAEA
consultants for the benchmark.

The discretization in the vertical direction of thB model is the same used in the 3D model to
check the response in the relevant frequency rartgee 1D model has only one brick element in
plan with 1Im x 1 m sides. Only the X displacemeegrée of freedom has been used in the
analysis. The Lysmer-Kuhlemeyer viscous boundasylieen included at the model base.

The time domain analysis has some limitations enftequency range, mainly due to the size of
the finite elements in the vertical direction ar@hgequent minimum wavelength than can be
described in the model. This kind of limitation da®ot exist in the equivalent linear frequency
domain analysis, because an exact solution of thee\propagation equation is used.

The comparison of the response has been made autfaze level (+12) and at the base raft
elevation (-13.7).

In the following Figure 2.18 the response specbtioed by the 1D time domain analysis are
compared with those obtained by IAEA consultantse &nalysis have been developed with two
approaches:
» use of a Lysmer-Kuhlemeyer viscous boundary andtigpzen as boundary force at the
viscous boundary (curve adina_force)

» use of a Lysmer-Kuhlemeyer viscous boundary andtiggven as inertia forces on the
soil column (curve adina_inert)

As a comparison also the analysis without viscoosindary has been developed (curve
adina_rig)

It can been seen that the spectral content inadhger around 1 Hz is quite similar, with the

obvious exception of the case without the visdomsndary. A good agreement is obtained up to
3-5 Hz.
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Figure 2.18 — Comparison 1D model Vs IAEA groundioma Basemat

response spectra at free surface
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Figure 2.19 — Comparison 1D model Vs IAEA groundiom free surface
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3-D model
The soil volume around the building together whk appropriate boundary condition (periodic
constraints on the lateral surface and Lysmer-Kubklger boundary at the bottom) represents the
free field conditions for the seismic motion propign and provides the elastic stiffness for the
interaction motion. To capture the nonlinear bebawvat the interface between the building and
the surrounding soil the contact has been mode&li¢ll elasto-plastic, compression only truss
elements.
The main properties of the truss elements are:
» Side elements: compression only, yield limit copewling to the horizontal passive
pressure in the soil (depth dependent).
* Bottom elements: compression only, yield limit esponding to a vertical pressure
equal to 1600 KPa.
Both set of elements has a very high elastic st#) because the elastic deformation is provided
by the surrounding soil.
Some views of the block representing the building #¢he interface are shown in the figures
below.

Figure 2.20 — 3D model
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Key steps in the analysis:

The first step is a static analysis under grawagds. This step is also necessary to give thaliniti
compressive stress to the gaps.

It must be remembered that the dynamic model hsdampers as boundary condition and is
free as a rigid body under static loads.

To avoid numerical problems the static reactionthatbottom of the model determined with a
static, fixed base analysis have been applied uliequm with the gravity loads. Spring
elements with a negligible stiffness (10000 kN/rayé been added in X,Y and Z direction at the
four corners of the bottom surface of the modebravide a numerical constraint against rigid
body modes.

2.5Boundary conditions

In the first phase of the analyses the buildinglhesen fixed at the bottom of the basemat. All the
model has been develop using elements with onlglatements degrees of freedom. Shell
elements have been used only with membrane belraBome additional constraints have been
used for the roof trusses where rod elements, auiihl stiffness only, cannot develop global

stiffness along the out of the truss-plane directio

In the second and third phases of the benchmaikstsocture interaction effects have been

taken into account. At first, a simplified modeltlwisprings and dashpots has been used. The
final analyses have been conducted using a modelandirect representation of the soll.

2.6 Computer codes and methods used

The 3D model of the building has been developedgufie COSMOS/M ver. 2.5 Finite element
code. Stick model and the preliminary model of Wessel has been developed using SAP-IV
Finite element code.

The soil column analyses have been performed USEIRA computer program (release 2000)
based on the core of Shake91l.

The nonlinear analysis and the final time historemlyses have been conducted using the
ADINA Code, ver.8.8.
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3. MAIN RESULTS OF PERFORMED ANALYSES

3.1Task 1.1 Construction and validation of the soil ad structure models

3.1.1 Task 1.1.1 Static and model analysis of the fixeskbmodel

The preliminary validation of the global structunabdel has been based on the check of the total
weight of the structure.

Partial checks have been conducted during the dewent of the finite element model of the
roof, due to its detail in the description of thdividual truss members.

The deformed shape of the building due to the e&@rtoad analysis performed on the fixed base
model is shown Figure 3.21.

The maximum vertical displacement is recorded atcéntre of the roof and is equal to about 17
mm.

In Figure 3.22 and Figure 3.23, the contour plothef minimum principal stresses is reported at
two different levels.
Higher values can be identified at the base ofithernal columns, where the compressive
strength reaches about 6. MPa. The maximum compeessength at the base of the walls is
about 3.1-3.2 MPa.

The global vertical reaction is equal to 1941 MNitWrespect to the origin of the adopted
coordinate system, positioned at the centre oRBEV, a bending moment about the x axis has
been estimated, equal to 1882, due to the factttigabrigin of the coordinate system does not
correspond to the centre of the basemat.

g
P

o

Figure 3.21 — Vertical loads — deformed shape
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Figure 3.22 — Vertical loads — Principal minimumress of the walls at the top of the basem
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Figure 3.23 — Vertical loads — Principal minimumess al el. 12.3 m
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The results of the analyses performed under hawtoacceleration applied in X and Y
directions are summarized in the following figaire

Figure 3.24 shows the deformed shape of the steiclue to the 1 g horizontal acceleration in X
direction. Figure 3.25 and Figure 3.26 give evaenf the stress state (minimum principal
stress).

The maximum horizontal displacement is about 20 ahnoof level.

The horizontal reaction force in X direction is ab4942 MN and the bending moment about Y
axis is 42860 MNm.

l'lll ||||:| |I|I|
i

Figure 3.24 — Horizontal acceleration X — Defornsedpe

39



IAEA-EBP-SS-WA2- KARISMA-SP-010
Rev 02 - 31.10.2012

Princ_3

2438.30
449,320
-15593.7

—-3E42.7
-3637.7
=7746.7
-97393.7
-11245.

—-13834.

Figure 3.25 — Horizontal acceleration X — Principahimum stresses (KN/m2)
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Figure 3.26 — Horizontal acceleration X — Principahimum stresses (KN/m2) — External wall
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The corresponding situation is shown in the subsegfigures for Y-direction acceleration..

The deformed shape is shown in Figure 3.27 andttiess state is illustrated in Figure 3.28 and
Figure 3.29. The maximum horizontal displacement direction is equal to about 17 mm, also
in this case at roof level.

The horizontal reaction force in Y direction is afito 1942 MN and the bending moment about
the X axis is equal to 42883 MNm.

Figure 3.27 — Horizontal acceleration Y — Defornsédpe
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Figure 3.28 — Horizontal acceleration Y — Principahimum stress (KN/m2)
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Figure 3.29 — Horizontal acceleration Y — Principahimum stress (KN/m2) — External wall
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With respect to modal analysis, it is worth notthgt the 3D detailed model of the structure that
has been developed with the aim to describe thérmaam behaviour in the subsequent phases of
the benchmark exhibits a large number of local rmad¢h small participating mass.

The first modal analysis was run according theimiebry request of 30 frequencies in the
template. Only about 60% of the total mass of thecture is included in the participating mass
of these 30 frequencies and the maximum frequarsdyded is only about 12 Hz.

The modal analysis was gradually extended up tofréQuencies, but the cumulative
participating mass increases only up to about 6T#e maximum frequency increased to 16 Hz.
A further analysis up to 100 modes, not reported tfee sake of brevity, yielded a total
participating mass ratio equal to 70% with a frewuyeup to about 19 Hz.

The model frequencies are reported in the Tabl2. I'he participating mass results are shown
in the Table 3.13 and in Figure 3.30.

Table 3.12 — Modal frequencies

FREQUENCY FREQUENCY FREQUENCY PERI OD
NUVBER ( RAD/ SEC) ( CYCLES/ SEC) ( SECONDS)
1 0.2815663E+02  0.4481266E+01 0.2231512E+00
2 0.2997848E+02  0.4771223E+01 0. 2095899E+00
3 0.3073151E+02  0.4891071E+01 0.2044542E+00
4 0.3846955E+02  0.6122618E+01 0. 1633288E+00
5 0.4657942E+02  0.7413344E+01 0. 1348919E+00
6 0.4700788E+02 0. 7481536E+01 0. 1336624E+00
7 0.4902949E+02 0. 7803285E+01 0. 1281512E+00
8 0.5107569E+02  0.8128948E+01 0.1230171E+00
9 0.5148829E+02  0.8194616E+01 0. 1220313E+00
10 0.5373101E+02 0. 8551555E+01 0. 1169378E+00
11 0.5601818E+02  0.8915571E+01 0. 1121633E+00
12 0.5643411E+02  0.8981767E+01 0.1113367E+00
13 0.5984792E+02  0.9525093E+01 0. 1049859E+00
14 0.6017195E+02  0.9576663E+01 0. 1044205E+00
15 0.6034984E+02  0.9604975E+01 0. 1041127E+00
16 0.6267881E+02  0.9975641E+01 0. 1002442E+00
17 0.6424532E+02 0. 1022496E+02 0. 9779990E- 01
18 0.6650184E+02  0.1058410E+02 0.9448138E- 01
19 0.6676174E+02  0.1062546E+02 0.9411357E-01
20 0.6825461E+02  0.1086306E+02 0.9205511E- 01
21 0.6896601E+02  0.1097628E+02 0.9110554E- 01
22 0.6906739E+02  0.1099242E+02 0.9097180E- 01
23 0.7030675E+02  0.1118967E+02 0.8936817E- 01
24 0.7285912E+02  0.1159589E+02 0.8623746E- 01
25 0.7328338E+02  0.1166341E+02 0.8573821E-01
26 0.7361894E+02  0.1171682E+02 0.8534741E- 01
27 0.7412959E+02  0.1179809E+02 0. 8475948E- 01
28 0.7457598E+02  0.1186914E+02 0.8425214E-01
29 0.7561910E+02  0.1203515E+02 0.8308993E- 01
30 0.7642072E+02  0.1216273E+02 0.8221835E- 01
31 0.7704593E+02  0.1226224E+02 0.8155117E-01
32 0.7883980E+02  0.1254774E+02 0.7969561E- 01
33 0.8115174E+02  0.1291570E+02 0.7742515E- 01
34 0.8156709E+02  0.1298180E+02 0.7703089E- 01
35 0.8502360E+02  0.1353193E+02 0.7389931E- 01
36 0.8647162E+02  0.1376239E+02 0.7266182E- 01
37 0.8788635E+02  0.1398755E+02 0.7149217E-01
38 0.8803384E+02  0.1401102E+02 0.7137239E- 01
39 0.8834454E+02  0.1406047E+02 0.7112138E-01
40 0.8904510E+02  0.1417197E+02 0.7056183E- 01
41 0.8927718E+02  0.1420890E+02 0.7037841E- 01
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42 0. 9120644E+02 0. 1451596E+02 0. 6888971E-01
43 0.9216180E+02 0. 1466801E+02 0. 6817560E-01
44 0. 9286560E+02 0. 1478002E+02 0. 6765891E-01
45 0. 9327841E+02 0. 1484572E+02 0. 6735948E-01
46 0. 9357684E+02 0. 1489322E+02 0. 6714466E-01
47 0. 9537332E+02 0. 1517914E+02 0. 6587991E-01
48 0. 9681548E+02 0. 1540866E+02 0. 6489856E-01
49 0. 9705919E+02 0. 1544745E+02 0. 6473561E-01
50 0. 9764704E+02 0. 1554101E+02 0. 6434589E-01
51 0. 9788600E+02 0. 1557904E+02 0. 6418881E-01
52 0. 9815895E+02 0. 1562248E+02 0. 6401031E-01
53 0. 9837438E+02 0. 1565677E+02 0. 6387014E-01
54 0. 9854193E+02 0. 1568344E+02 0. 6376154E-01
55 0. 1000186E+03 0. 1591845E+02 0. 6282019E-01
56 0. 1005318E+03 0. 1600014E+02 0. 6249946E-01
57 0. 1006203E+03 0. 1601422E+02 0. 6244452E-01
58 0. 1008685E+03 0. 1605372E+02 0. 6229086E-01
59 0. 1009395E+03 0. 1606502E+02 0. 6224705E-01
60 0. 1016645E+03 0. 1618041E+02 0. 6180314E-01
Table 3.13 — Modal masses
MODE | Mx My Mz Cum. Mx | Cum. My | Cum. Mz
1 0.538 | 2.19E-08 | 8.16E-07 0.538 | 2.19E-08 | 8.16E-07
2| 1.00E-09 0.557 | 5.33E-05 0.538 0.557 | 5.41E-05
3] 2.41E-04 | 3.63E-05 | 5.39E-03 0.539 0.557 | 5.44E-03
4|1.33E-06 | 2.94E-03 | 6.55E-06 0.539 0.56 | 5.45E-03
5]2.19E-03| 2.76E-05 | 1.79E-05 0.541 0.56 | 5.46E-03
6|4.16E-06 | 1.82E-04 | 9.17E-04 0.541 0.56 | 6.38E-03
711.28E-11| 3.19E-02 | 7.46E-05 0.541 0.592 | 6.46E-03
8]1.70E-02 | 2.83E-05 | 3.63E-03 0.558 0.592 | 1.01E-02
9| 7.30E-03 | 1.24E-04 | 1.10E-05 0.565 0.592 | 1.01E-02
10 | 3.33E-04 | 8.42E-05 0.129 0.565 0.592 0.139
11 | 3.59E-07 | 2.64E-04 | 6.17E-05 0.565 0.593 0.139
12| 2.15E-02 | 7.41E-07 | 6.69E-05 0.587 0.593 0.139
13| 1.51E-03 | 8.02E-05 | 3.46E-03 0.588 0.593 0.143
14| 2.08E-05 | 2.70E-03 | 7.95E-05 0.588 0.595 0.143
15| 6.72E-06 | 3.53E-06 | 4.52E-05 0.588 0.595 0.143
16 | 1.30E-03 | 5.42E-06 | 1.20E-02 0.59 0.595 0.155
17| 1.52E-04 | 7.53E-05 | 4.65E-04 0.59 0.595 0.155
18 | 1.02E-02 | 5.48E-03 | 5.57E-04 0.6 0.601 0.156
19| 4.18E-03 | 1.49E-02 | 1.17E-04 0.604 0.616 0.156
20| 2.48E-03 | 1.60E-04 | 2.01E-05 0.607 0.616 0.156
21| 4.16E-05 | 8.48E-06 | 1.34E-02 0.607 0.616 0.17
22| 1.58E-07 | 6.35E-08 | 7.98E-06 0.607 0.616 0.17
23| 6.80E-07 | 2.25E-07 | 2.79E-04 0.607 0.616 0.17
24| 2.51E-05 | 5.10E-04 0.303 0.607 0.617 0.473
25| 2.49E-03 | 1.29E-05 | 4.03E-03 0.609 0.617 0.477
26 | 1.43E-04 | 1.58E-05 | 1.63E-03 0.61 0.617 0.479
27| 7.22E-05|1.73E-03 | 6.97E-04 0.61 0.618 0.48
28| 6.24E-05 | 6.65E-08 | 9.47E-06 0.61 0.618 0.48
29 | 8.54E-03 | 5.01E-05 | 3.94E-04 0.618 0.618 0.48
30| 8.63E-05 | 5.07E-03 | 1.39E-03 0.618 0.623 0.481
31| 1.65E-02 | 1.52E-04 | 2.68E-05 0.635 0.624 0.481
32| 7.61E-05| 1.91E-03 | 2.45E-03 0.635 0.625 0.484
33| 4.08E-03 | 4.83E-06 | 2.47E-05 0.639 0.625 0.484
34| 1.78E-04 | 5.89E-08 | 3.87E-09 0.639 0.625 0.484
35 | 2.24E-05 | 6.64E-04 | 3.80E-06 0.639 0.626 0.484
36 | 6.94E-04 | 1.48E-03 | 3.13E-03 0.64 0.628 0.487
37| 1.01E-03 | 2.48E-06 | 5.69E-04 0.641 0.628 0.488
38| 1.15E-03 | 4.46E-06 | 7.05E-03 0.642 0.628 0.495
39| 2.38E-03 | 4.20E-04 | 3.50E-03 0.644 0.628 0.498
40 | 9.30E-03 | 2.88E-04 | 1.17E-03 0.654 0.628 0.499
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41 | 8.43E-03 | 1.63E-04 | 4.23E-06 0.662 0.629 0.499
42 | 2.14E-04 | 1.34E-02 | 1.30E-03 0.662 0.642 0.501
43 | 4.28E-03 | 1.87E-04 | 1.33E-06 0.667 0.642 0.501
44 1 9.33E-05 | 1.73E-07 | 2.99E-03 0.667 0.642 0.504

45| 4.01E-06 | 8.33E-03 | 1.11E-02 0.667 0.65 0.515
46 | 4.06E-07 | 1.56E-06 | 5.29E-06 0.667 0.65 0.515
47| 1.02E-04 | 5.79E-06 | 7.85E-07 0.667 0.65 0.515

48 | 8.66E-06 | 1.37E-03 | 5.93E-04 0.667 0.652 0.515
49 | 4.64E-05 | 1.83E-06 | 2.75E-03 0.667 0.652 0.518
50 | 2.35E-05 | 4.99E-07 | 6.85E-04 0.667 0.652 0.519
51| 7.61E-04 | 3.58E-05 | 2.82E-04 0.668 0.652 0.519
52 | 6.66E-07 | 4.50E-04 | 7.94E-03 0.668 0.652 0.527
53 | 9.66E-05 | 1.15E-05 | 3.65E-04 0.668 0.652 0.527
54 | 7.36E-08 | 2.20E-05 | 9.10E-04 0.668 0.652 0.528

55| 2.40E-06 | 4.31E-03 | 1.29E-03 0.668 0.657 0.53
56 | 5.13E-08 | 2.54E-04 | 5.02E-05 0.668 0.657 0.53
57 | 8.81E-07 | 9.06E-03 | 2.01E-06 0.668 0.666 0.53
58 | 1.10E-04 | 1.04E-05 | 9.18E-05 0.668 0.666 0.53

59 | 4.89E-08 | 5.61E-04 | 1.79E-03 0.668 0.666 0.531
60| 7.14E-06 | 1.41E-03 | 3.83E-04 0.668 0.668 0.532

Cumulative participating mass
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Figure 3.30 — Cumulative distribution of pappiaiing modal mass

As could be anticipated, the need of a detailedefielement model to study the nonlinear
behaviour in the subsequent phases conflicts grigth that of capturing the high frequency
response for the design of subsystems.
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Figure 3.31 — Modal analysis- First mode (4.48 Hz)

e
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Figure 3.32 — Modal analysis- Second mode (4.77 Hz)
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3.1.2 Task 1.1.2 Soil column analyses

The soil column analyses have been conducted ferafitershock | (16 july, 15:37), the
aftershock Il (16 july, 17:42) and for the mairosk.

The response spectra evaluated at different daptieisoil are reported in the following figures

The main shock is characterized by a maximum ac@@ equal to 1.13 g (Y direction), while
the maximum acceleration values for the aftersh@ck lower.

The spectral values evaluated for the main shoek/ary high, reaching approximately 3.1 g in
X direction, for a frequency of about 4.5-5.0 Hzdaa pick of 4.8 g in Y direction around a
frequency of about 3.0 -4.0 Hz.

ACCELERATION SPECTRUM AT 5 % DAMPING, X DIRECTION - AFTERSHOCK |

IABSOLUTE—ACCELERATION (g‘

FREQUENCY (Hz) |

Figure 3.33 — Aftershock I: response spectrumrgafion
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IABSOLUTE—ACCELERATION (g‘

ACCELERATION SPECTRUM AT 5 % DAMPING, Y DIRECTION - AFTERSHOCK |

Figure 3.34 — Aftershock I: response spectrumrgation

I ABSOLUTE-ACCELERATION (¢
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ACCELERATION SPECTRUM AT 5 % DAMPING, X DIRECTION - AFTERSHOCK Il

Figure 3.35 — Aftershock II: response spectrumrgation
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ACCELERATION SPECTRUM AT 5 % DAMPING, Y DIRECTION - AFTERSHOCK Il

IABSOLUTE—ACCELERATION (¢

Figure 3.36 — Aftershock II: response spectrumrgation

ACCELERATION SPECTRUM AT 5 % DAMPING, X DIRECTION - MAINSHOCK

IABSOLUTE—ACCELERATION (¢

20 30 40 50 60 70 80 90 100

Figure 3.37 — Main shock: response spectrum Xtioe
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ACCELERATION SPECTRUM AT 5 %DAMPING, Y DIRECTION - MAINSHOCK

I ABSOLUTE-ACCELERATION (¢

Figure 3.38 — Main shock: response spectrum Yctioe

3.1.3 Task 1.1.3 Analysis of the complete model

General description of the soil-structure finiteraent model

The approach used for the soil structure interactinalysis was selected on the basis of the
information provided in the Guidance document.

A key aspect is the consideration of the embednimtause the Guidance Document in chapter
3 states that “Due to the procedure used for coctsbn, it can be considered that there is no
backfill around the R/B.”

Therefore, even if this is a rather strong assumnpthe foundation was considered shallow.

The R/B basemat reaches the Nishiyama stratunmidriayer the shear wave velocity increases
from 490 m/s at the top to about 600m/s at theobnttA stiffer soil is then found with shear
Wave velocity increasing up to 850 m/s at a dep#bout 170m below the basemat.

The 5.5 m thick basemat can be considered as ©gidhe global stiffness can be evaluated
using the formulas for rigid foundations as repditgy Mylonakis et. al. 2003) [4], summarized
in Figure 3.39

These formulas are valid for an homogeneous halfespwhile the soil profile at the site shows

an increment in soil stiffness with depth. In thealaation of the soil stiffness the possible
reduction of the linear equivalent soil modulus bagn considered checking the result of the
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25 meters) behaves essentially linear even duhegrain shock.
So the shear moduli were assumed equal to thethaim yalues.
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Table 2-1. Dynamic stiffness and dashpot coefficients for arbitrary shaped foundations on homogeneous halfspace surface.

Dynamlec Stiffness J = K k(o)

Radiation Dashpot

Static Stiffness K Dynamic Stiffness Coefficient
Vibration Mode P = Coeﬂ'i(c!ent ¢
(foundation-soil contact surface area = Ay (G
= : t eneral Shapes
with equivalent rectangle 21.x2B; L>B)' L=0 (General Shape; 0 <ay<2) o
_ 26L C:=(p Vg Ap)E
- _N{U.73+1‘541075] = ky (%, v, ) 'z .l-’ La Apl Cz
Vertical, z e ‘Ao K, = 4808 ’I “e;"hs | 4 0 T =G (%, &)
with y = 30 PR e plotted in Graph ¢
- C = (ﬂ V5 Ag} E
Honzoptal._y K= 26L(p 2.5 ,0%) Ky 9GB ky = ky(‘k , o) E: . E,(% ' au)y
(lateral direction) o= L plotted in Graph b omadin Graphid
Horizontal, x
(longitudinal Ke= Ky - 55—~ GL{1 - §) Ke= Ky kem 1 Cr = p Vs Ay
direction)
=758 (£)°% (24 +054) Cox = (p Via loe) T
Rocking, rx b= et Can S ' — 045G E° - L
(around x axis) | With kx = area moment of inertia of foundation - K = =525 ka=1-0208 G = Cn (3 1 &)
- soll contact surface around x axis plotted in Graph e
v<045:
, Ky = 75 b7 [3(5)°"] ky = 1- 0304 Coy (o Vig o) By
Rocking, ry Ko = Kne Ty =Tylh, a)
(around y axis) | with &, = area moment of inertia of foundation - 4 _ .
- soil contact surface around y axis v=05: o plotted in Graph f
ky =1 - 0.25 a0 ()™
Ki=GI™[4+1101-2)"] Ci=p Vs )T,
Torsional With Ji = e + Iy = polar moment of inertia of Ki=83GB’ ke=1-0142 G =g, a)
foundation - soil contact surface plotted in Graph g

t Note that as L/B — = (strip footing) the theoretical values of K; and K; — 0; values computed from the two given formulas correspond to footing of L/B = 20

fa=w0B/V,

Figure 3.39 — Foundation stiffness evaluation

The variation of the shear modulus with depth wa®anted for using the technique reported in
Werkle 1986 [5].

The variation of the shear modulus with depth given by

G(Z) G

o

(1 + a%/R)

Where Go is the shear modulus at the surface, Pthmelation radius and the gradient with

depth.

The procedure for the evaluation of the equivasérgar modulus is shortly reviewed in Figure

3.40
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Figure 3.40 — Evaluation of the equivalent sheadutus (Ref. [5])

For each foundation degree of freedom an equivahemiulus given by the equation

G = G,( 1+ ad )
can be determined. The equivalent modulus is themodulus evaluated at a representative

depth Z =(R
Then with respect to the homogeneous halfspacstiffireess is increased by a factor (3.

The equivalent modulus is plotted versus the gradidor different values of the Poisson
coefficient in figure 2. The trends for the horitalrand torsional stiffness are not influenced by
the Poisson coefficient.

With this approximation the increase in the equemaimodulus can be represented with a
maximum error equal to 12%. In most cases the dynbahaviour of the soil can be estimated
only with some approximation so the simplificatiomolved in this procedure is acceptable.

The variation of the shear modulus is detailethetable below. The shear modulus profile
shows a sharp increment in the gradient with tlangh in the geological formation. It was
decided to make reference to the gradient in tiselyer, that has the greatest influence in the
results. In Table 3.14 below the following data smenmarized:

Z : the depth below the basemat (m)

ZIr _the relative depth, w/r to an equivalent Isifle equal to 29 m
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Vs : the shear wave velocity (m/s)

G the shear modulus (kN/sgm)

G/Go the increment in modulus w/r to the surface
a : the gradient of the modulus in the layer

ZIr

Table 3.14 — Soil shear modulus profile

VS G G/Go a

0 0 490 4.322E+05 1
70 2.410442 600 6.480E+051.4993750.207172

average

140 4.820884 850 1.301E+063.0091630.626353

0.416762

The equivalent modulus for each degree of freedbtheorigid foundation is reported in

Table 3.15 — Equivalent Soil shear moduli for tifeecent dof’s

G(dof) incrementadim. repr.

Depth

Geq(uz) 5.217E+05 1.207 1
Geq(ux) 4.769E+05 1.104 0.5
Geq(rot) 4.680E+05 1.083 0.4
Geq(tors) 4.501E+05 1.041 0.2

Given these values for the equivalent modulus tbkeaj stiffnesses according to the above
mentioned equations are:

Summary of stiffnesses

Kx
Ky
Kz
Krx
Kry
Krz

7.767E+07
7.804E+07
1.146E+08
7.175E+10
6.894E+10
9.210E+10

KN/m
kKN/m
KN/m
kNm/rad
kNm/rad
kNm/rad

The foundation stiffness is accounted for in the 8nite element model using a set of lumped
spring located under the basemat in 16 nodes, wiboation has been selected to approximate
the stiffness in all DOF’s.

The spring elements used in the model are onlgkational. The values of the springs have been
computed from the translational global stiffneseath direction. The rotational stiffnesses are
reproduced by the eccentricity in the location g translational springs. The resulting global
rotational spring stiffnesses are evaluated below.

Vertical global stiffness 1.146E+08
no. of vertical springs 16
stiffness of each spring 7.163E+06
horizontal global stiffness in x 7.767E+Q7
no. of horizontal springs 16
stiffness of each spring 4.854E+06
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horizontal global stiffness in 'y 7.804E+07
no. of vertical springs 16
no. of horizontal springs 4.878E+06
Rocking and torsion
coordinates of nodes
node weight X y KX Ky Kz
228 1 26.6 27.6 5.456E+095.068E+09 7.149E+09
242 1 24.2333 27.6 5.456E+094.206E+096.562E+09
373 1 26.6 24.933 4.453E+095.068E+09 6.469E+09
394 1 24.233324.933 4.453E+094.206E+095.882E+09
32708 1 -26.6  27.6 5.456E+095.068E+09 7.149E+09
32722 1 -24.2333 27.6 5.456E+094.206E+09 6.562E+09
32847 1 -26.6 24.933 4.453E+095.068E+09 6.469E+09
32868 1 -24.2333 24.933 4.453E+094.206E+09 5.882E+09
1943 1 24.2333 -25.6 4.694E+094.206E+09 6.046E+09
1923 1 26.6 -28.6 5.859E+095.068E+097.422E+09
1922 1 26.6 -25.6 4.694E+095.068E+096.633E+09
1944 1 24.2333 -28.6 5.859E+094.206E+09 6.835E+09
34361 1 -26.6 -28.6 5.859E+095.068E+097.422E+09
34382 1 -24.2333 -28.6 5.859E+094.206E+09 6.835E+09
34360 1 -26.6 -25.6 4.694E+095.068E+096.633E+09
34381 1 -24.2333 -25.6 4.694E+094.206E+09 6.046E+09
total 16 8.185E+107.420E+101.060E+11
analytical 7.175E+106.894E+109.210E+10
error 1.407E-01 7.629E-02 1.508E-01

As can be seen the resulting rotational stiffnesgsesbetween 7% and 15% greater than the
analytical ones for a shallow foundation. This tesan also reduce the strong approximation
made in neglecting the contribution of the embednt@the stiffness.

The modal analysis of the structure including S8ldgd the following frequencies

FREQUENCY FREQUENCY FREQUENCY PERI OD
NUVBER ( RAD/ SEC) ( CYCLES/ SEC) ( SECONDS)
1 0.1201935E+02  0.1912940E+01 0.5227557E+00
2 0.1234382E+02  0.1964580E+01 0. 5090148E+00
3 0.1757045E+02  0.2796424E+01 0. 3575996E+00
4 0.2373923E+02  0.3778216E+01 0. 2646752E+00
5 0.2777596E+02 0. 4420682E+01 0. 2262094E+00
6 0.2780270E+02  0.4424937E+01 0. 2259919E+00
7 0.3077883E+02  0.4898604E+01 0. 2041398E+00
8 0.3851897E+02  0.6130484E+01 0. 1631192E+00
9 0.4695536E+02  0.7473177E+01 0. 1338119E+00
10 0.4880487E+02  0.7767535E+01 0. 1287410E+00
11 0.4959531E+02  0.7893338E+01 0. 1266891E+00
12 0.5114100E+02  0.8139343E+01 0. 1228600E+00
13 0.5434287E+02  0.8648936E+01 0. 1156212E+00
14 0.5600011E+02  0.8912695E+01 0. 1121995E+00
15 0.5641753E+02  0.8979128E+01 0. 1113694E+00
16 0.5750395E+02  0.9152038E+01 0. 1092653E+00
17 0.5925056E+02  0.9430019E+01 0. 1060443E+00
18 0.5929122E+02  0.9436490E+01 0. 1059716E+00
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19 0. 6045189E+02 0.9621217E+01 0. 1039370E+00
20 0. 6110902E+02 0.9725802E+01 0. 1028193E+00
21 0. 6214705E+02 0.9891010E+01 0.1011019E+00
22 0. 6336993E+02 0. 1008564E+02 0. 9915089E-01
23 0. 6571962E+02 0. 1045960E+02 0. 9560593E-01
24 0. 6678683E+02 0. 1062945E+02 0. 9407821E-01
25 0. 6899025E+02 0. 1098014E+02 0.9107353E-01
26 0. 6900632E+02 0. 1098270E+02 0. 9105232E-01
27 0. 6920729E+02 0.1101468E+02 0.9078791E-01
28 0. 6975278E+02 0.1110150E+02 0.9007792E-01
29 0. 7030991E+02 0.1119017E+02 0. 8936416E-01
30 0. 7168907E+02 0. 1140967E+02 0. 8764496E-01

As can be seen the fundamental frequencies in ¥a&hd Y directions are significantly lower
than in the fixed base case. The first and secoodiemshown in Figure 3.41 and Figure 3.42 are
about 1.9 Hz versus the 4.5 Hz of the fixed basdeho

Modal mass participation is summarized in the taielew.

| NDI VI DUAL MODAL MASS

CUMULATI VE EFFECTI VE MASS

TOTAL MASS TOTAL MASS

MODE VK %% Me Cum MK Cum Wy Cum M
No. .- .- e
MASS MASS MASS MASS MASS MASS

1 0.790 0. 123E- 05 0. 821E- 07 0.790 0.123E-05 0. 821E-07

2 0. 141E- 05 0.798 0.571E-03 0.790 0.798 0. 572E-03
3 0. 120E- 06 0. 737E-03 0. 970 0.790 0.799 0.971
4 0. 933E- 04 0. 703E- 05 0. 584E- 08 0.790 0.799 0.971
5 0. 260E- 02 0. 195 0. 108E-03 0.793 0.993 0.971
6 0. 203 0. 248E-02 0. 780E- 06 0. 996 0. 996 0.971
7 0. 781E- 05 0. 985E- 06 0. 785E- 04 0. 996 0. 996 0.971
8 0. 207E- 07 0. 308E-03 0. 513E- 06 0. 996 0. 996 0.971
9 0. 164E- 08 0. 340E- 06 0. 302E- 03 0. 996 0. 996 0.971
10 0. 243E- 09 0. 168E-03 0. 130E- 04 0. 996 0. 996 0.971
11 0. 634E- 05 0. 523E- 06 0. 118E-04 0. 996 0. 996 0.971
12 0. 496E- 07 0. 333E- 05 0. 224E-02 0. 996 0. 996 0.973
13 0. 539E- 06 0. 913E- 04 0.217E-01 0. 996 0. 996 0. 995
14 0. 538E- 06 0. 759E- 06 0. 538E- 06 0. 996 0. 996 0. 995
15 0. 961E- 04 0. 127E- 07 0. 662E-03 0. 996 0. 996 0. 996
16 0. 113E-02 0. 182E- 06 0. 189E- 08 0. 997 0. 996 0. 996
17 0. 209E- 03 0. 214E- 06 0. 172E-04 0.998 0. 996 0. 996
18 0. 206E- 05 0. 206E- 08 0. 320E- 05 0.998 0. 996 0. 996
19 0. 770E- 07 0. 337E-03 0. 147E- 04 0.998 0. 997 0. 996
20 0. 194E- 04 0. 865E- 07 0. 483E- 07 0.998 0. 997 0. 996
21 0. 106E- 04 0. 645E- 06 0. 156E- 05 0. 998 0. 997 0. 996
22 0. 204E- 04 0. 553E- 06 0. 295E- 04 0. 998 0. 997 0. 996
23 0. 180E- 08 0. 260E- 06 0. 107E- 06 0.998 0. 997 0. 996
24 0. 441E- 10 0. 180E-02 0. 248E- 03 0.998 0. 999 0. 996
25 0. 192E- 05 0. 526E- 04 0. 182E- 04 0.998 0. 999 0. 996
26 0. 241E- 04 0. 466E- 05 0. 560E- 05 0.998 0. 999 0. 996
27 0. 220E- 06 0. 612E- 06 0. 722E- 04 0.998 0. 999 0. 996
28 0. 487E- 04 0. 552E- 07 0. 128E- 05 0.998 0. 999 0. 996
29 0. 245E- 07 0. 845E- 07 0. 983E- 06 0.998 0. 999 0. 996
30 0. 180E- 03 0. 659E- 09 0. 225E- 05 0.998 0. 999 0. 996

In the first 6 modes almost the total mass of thécture is captured in the x and y direction and
97% of the total in z direction.
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F_Mode=1 1.81234 Hz

Figure 3.41 — Modal analysis with SSI- First motl®{ Hz)

F_Mode=2 1.96458 Hz

Figure 3.42 — Modal analysis with SSI - Second m(dde6 Hz)
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3.2Task 1.2 NCOE Response

3.2.1 Reference Analysis of the Soil-Structure Model

3.2.1.1. Modal analysis of the soil-structure model

In task 1.2 the evaluation of the Response of thectsire during NCOE earthquake has to be
evaluated.

At first, a modal analysis taking into account 8@l effects have been performed.

The Solil Structure Interaction has been considbyesheans of a series of springs and dashpots
applied underneath the foundation. The methodolspd to evaluate the springs and dashpots
characteristics has been previously outlined.

Updated values have been calculated for the sphbelgsv the foundation slab.

Kinematic interaction effects are treated by frempyedependent ratios of the Fourier amplitudes
(transfer functions) of foundation input motion NFlto free-field motion. The formulation in
Stewart, Comartin and Moehle “Implementation of [ructure Interaction Models in
Performance Based Design Procedures” (Proceedifgbhiod UIJNR Workshop on Soil-
Structure Interaction, 2004) has been used botth®oembedment effect and the ground motion
incoherency.

The embedment effect has been considered as #remeé approach. Only the averaging effect
on the translation component has been considereel.b@se rotation effect has been neglected
because the high frequency content of the inputanas quite low and this effect is important
only in the high frequency range.

Base slab averaging effects have been subsequecitiged and the corresponding results have
been considered as Best estimate results and eégarhext paragraph.
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In the following Table 3.16 the results obtainedthe first modes vibrations have been
reported.

Table 3.16 — Modal analysis result fo SSI model

Al Freg ey, nocH nasses patidpetionfatas

| Moot ticitirgrassraicd " PRICHRINgaES

Cnpirg reics
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Some pictures of the mode shapes are reporte@ ifollowing figures.

HODE 1. F 2058
TIME 0.000

Figure 3.43 — Modal analysis with SSI- First moa€98 Hz)

58



IAEA-EBP-SS-WA2- KARISMA-SP-010
Rev 02 - 31.10.2012

Figure 3.44 — Modal analysis with SSI - Second m@d&53 Hz)

3.2.1.2. Frequency domain/Time domain analysib@kbil-structure model

Using the global finite model described in the poeg paragraph, a direct time history analysis
has been conducted applying the NCOE main shockdsc

The acceleration time-histories at engineering dadroutcrop level (- 155 m TMSL) of the
NCOE mainshock, have been convolved through thiecetumn beneath the RB/7 changing
iteratively the soil properties which resulted tehbve, at the basemat level, as elastic, with a
restrained soil stiffness reduction (G/Go > 0.9 damping (in the order of 3-5%).

The acceleration and displacement time historiee baen evaluated in several points of the
structures, in particular the response has bednated in points at'3Basemat level (FP2_3B)
and at %' Floor Level (FP2_3F) where records collected dythe NCOE event are available.

The comparison between calculated and recordedHisteries shows some differences in high
frequency range (>2 Hz) that are discusses in panegraph.

3.2.2 Best estimate analysis of the soil-structure model

Due to the differences among recorded and calaitates histories previously mentioned, an
improvement of the soil structure interaction mdagd been attempted. In particular the base
averaging effects have been included in evaludtiegpring stiffness.

The results have been reported in Figure 3.45-&are 3.46 below.
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The comparison among the recorded data and thgtimahlesults evidenced that the analyses
overestimates the response for frequencies higlaer3-5 Hz. In the best estimate analysis the
response seams closer to the records; anywayiffaeedce is still evident.

The reasons of these results are not easily idapigf Looking to the Fourier Transform of the
input motion applied to the models, it seems thabigh frequency content is in the input motion
itself as evidenced in the following graph, sodhnalytical response seems to be directly
correlated to the input strong motion.

In any case, the recorded data are not charaaldmzéhe mentioned high frequency content.
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3.3Task 1.3 Margin Assessment

The outcome of the Subtask 1.3 is to assess marfjms general objective, as referred to
the RB seismic response, can be seen from tvgpeetives:

C. Assess margin with respect to ultimate status®fdructure. That is the increase in the
seismic demand causing the ultimate status of tBesRucture, either collapse or
extensive cracking with loss of containment.

D. Assess margin with respect to the loss of the “NR@Pacity to bring and maintain the
NPP (reactor core and spent fuel) in a safe stalinis loss is logically linked with the
systems and equipment needed to ensure the thage safety functions caused by
interaction of the RB structure with systems andigment. In fact even if the structural
limit state of the RB is not attained, the displaeats and/or accelerations can cause the
loss of capacity of systems and components needé&dring and maintain the NPP in
safe status”. This second aspect (perspectivelinked with activity of Task 2 of the
Benchmark.

We think that margins have to be evaluated accgrttiis last approach (B).

To do that, it is necessary to develop (and ingast) the needed assessment about the
interfaces between structures and systems/equipimétentify the margins with respect to loss
of NPP system capacity to “ bring and maintain HfeP in a safe status”.

Criticalities of interfaces between RB structures and NPP systems/components:

1. Interface between RB structure response and stability of pressure vessel (potential loss of cooling
function)

2. Interface between RB structure response and loss of suppression function of the wet-well (potential
loss of containment function)

3. Interface between RB roof structure and stability of the RB crane (possible failure and impact on the
floor covering the SF pool)

4. Interface between RB structure response and insertion of shutdown rods (potential loss of reactivity
control function)

5. Interface between RB structure response and spent fuel pool (loss of cooling function and sub
criticality)

6. Interface between RB structure response and reactor containment internal liner at penetrations points
(loss of containment function)

7. Interface between RB structure response and other buildings interconnected through piping (Turbine
Building and Auxiliary Building)

8. Interface between RB structure response and anchors/ supports stiffness of piping and mechanical
components (loss of safety functions)

9. Interface between RB structure response and anchorages of electrical cabinets, local instrumentation,
including sensors and associated electronics (loss of safety functions)

The assessment of margins requires the identibicatif the “ultimate” earthquake that the
structure can sustain, to be compared with the NE@Ehquake that effectively strikes the NPP.
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The IAEA Secretariat requires to express this nmargi terms of NCOE.

Several analyses have been performed to developVirgin Assessment. In general, the

approach used consisted in a first pushover armalyseevaluate the Performance Points
according to ATC 40 and to identify the parametdra Single DOF model to be used in a non
linear time history analysis for several input roo8. Four events have been considered,
according to the indication of IAEA Secretariatemtified as NCOE1, NCOE2, NCOE4 and

NCOES6, corresponding respectively to NCOE man sheént and to higher events with

increasing strong motion, obtained altering themsiiock at the bedrock by factors respectively
equal to two, four and six.

To evaluate the response of the structure for asing levels of ground motion, a non linear

model of the structure is required.

The global finite element model used for the fpisaises of the project is very detailed and a non
linear time history analysis on that model is reatdible.

Duo to this a simplified approach has been usesedaon the use of a simplified non linear

model of the structure, that takes into accouny tim first two modes of vibration.

In particular, push-over analyses have been coedum the 3D model applying a displacement
distribution according to the first and the seceigknvectors, in order to identify an equivalent

non linear single degree of freedom representatitke mode.

The aim of the procedure is the identification oF.&.. model like the one sketched in the

following figure.

Ke

BAsemat (_( } \ NN\

7

The parameter Ke, Me and h have be identified bgma®f a push-over analysis using the
corresponding eigenvectors, according to the metloggt outlined in paragraph 2.2.4

The force-displacement curves obtained in x addgction are shown in the following figures,
where it has been also reported the linear eles@tionship.
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Push-over analysis - First eigenvector Dir X
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Using these data, a non linear model has been atsgand direct integration analyses have
been conducted applying the NCOE_1, NCOE_2 , NCOEadd NCOE_6.
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A first series of analyses has been conducted usiatgrial properties defined separately by
each participant. In this series, ITER-Consult gsed have been conducted neglecting the soil
around the embedded part of the structure, basdteoadvice in the Guidance Document that
“Due to the procedure used for construction, it che considered that there is no backfill
around the R/B.(Chapter3, soil properties).

The finite element model is shown in figure, whenelerneath the basemat springs and dashpots
elements according to the procedure used in theque phases of the project have been
inserted. In this case the springs are elastoiphlagth gaps to simulate the possible uplift oftpar
of the basemat.

A TIME 0.0 1600 7
A
|
N
A

A second series have of analyses has been pedarsieg material properties provided by the
Secretariat. In this second series, ITER-Consudtyses take into account the soil backfill and a
more detailed representation of the Soil Struchoteraction phenomena has been used as
described in paragraph 2.4.1. The first seriemnalyses yield to the conclusion that the effect of
the backfill shall be taken into account to gegalistic estimate of the response. The problem is
that very few data are available about this soil.

In the following the results of the two series nalyses have been presented. The first series of
analyses have been identified as Reference Analygle the second series results have been
identified as Best Estimated Analyses.

3.3.1 Pushover Analysis and ATC 40 approach

Push-over analyses of the general 3D Finite ElerModel have been conducted applying a
uniform distribution of horizontal accelerationsw@ set of boundary conditions have been

considered. At first a fixed base structure modet bheen used. Subsequently soil structure
Interaction effects have been taken into accouesuRs obtained in the Reference Analyses are
shown in Figure 3.47 and Figure 3.48.

In the figures the force-displacement curves hasen shown, for x and y direction and for

fixed base and spring-based models.
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In the graphs, the response at point CP2, at eébevaiMSL +23.5, have been reported. Forces
are in KN.

The curves for the SSI model show a limit in theizemtal force that the system can sustain.
The force-displacement curves are controlled bydisplacement and non linear behaviour of
the soil (yielding and uplift).

For the fixed base model, the curve express thelinear behaviour of the structure, with
respect to the top of the basemat.

The analyses, in this case, are more difficult @meé consuming. At the maximum displacement
values, the structure is cracked is an extensiwe Whe steel rebars, however, are still in the
elastic range.

Fixed base model - Push-Over analysis - Dir. X Fixed base model - Push-QOver analysis dir y
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Figure 3.47 — Push Over Analyses results: Fixed basdel
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Figure 3.48 — Push Over Analyses results: deforbase model

The evaluation of the performance points requelstetthe IAEA Secretariat has been developed
using the approach of ATC 40.

In this approach, you have to compare the Respdpsetrum and the Capacity Spetrum, both of
them expressed in terms of Acceleration-DisplacérResponse Spectra (ADRS).
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The evaluation of the performance points is of sewpproximated, but the methodology can be
used to have a first estimate of the responseeoétitucture subject to an earthquake.

In this case, the results obtained with the appnatéd procedure have been compared to the
results obtained by a step-by-step nonlinear calicurs.

The figures show the comparison between Capacdylemand, in terms of ADRS Spectra, for
all the examined cases.

In the following tables, the performance pointsleated using the ATC 40 method have been
listed. Note that for the strongest earthquakewsja$ not possible to identify the performance
point, because the demand curve is larger than ctygacity curve for the considered

displacement range.
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Figure 3.49 — Response Spectrum and the Capacdiistispn (ADRS): NCOE 1

67



IAEA-EBP-SS-WA2- KARISMA-SP-010

Rev 02 - 31.10.2012

Table 3.17- Performance points: NCOE 1

Displacement Force
m KN
Fixed base X direction 0.012 1.93e6
Fixed base Y direction 0.014 2.44e6
Deformed base X direction 0.038 0.75e6
Deformed base Y direction 0.056 1.21e6
) ?
s /) S - - —
p // é ——25% : /\//¥ — ‘(,,7 ——25%
L//iz 7 — Serie6 /\ /7/  Serie6
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Figure 3.50 — Response Spectrum and the Capacdiistispn (ADRS): NCOE 2
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Table 3.18- Performance points: NCOE 2

Displacement Force

m KN
Fixed base X direction ? ?
Fixed base Y direction ? ?
Deformed base X direction 0.10 1.19e6
Deformed base Y direction 0.10 1.39e6
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Figure 3.51 — Response Spectrum and the Capadistispn (ADRS): NCOE 4
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Table 3.19- Performance points: NCOE 4
Displacement Force
m KN
Fixed base X direction ? ?
Fixed base Y direction ? ?
Deformed base X direction ? ?
Deformed base Y direction ? ?
ADRS Spectrum ADRS Spectrum
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Figure 3.52 — Response Spectrum and the Capacdistispn (ADRS): NCOE 6
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3.20- Performance points: NCOE 6

Displacement Force

m KN
Fixed base X direction ? ?
Fixed base Y direction ? ?
Deformed base X direction ? ?
Deformed base Y direction ? ?

In the second series of analyses, updated materigerties have been used. However, with
respect to the values previously used, the newegadwe very similar so the results obtained in
the pushover analyses with fixed base do not chaegemuch with respect to the Reference
Analyses. On the contrary, some differences irptigh over curve for the deformed base
situation have been gathered, taking into accdwnptesence of the backfill stratum of soil and
the more refined solil structure interaction model.
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Figure 3.53 — Push Over Analyses results: deforbase model (Best Estimated Analyses)

3.3.2 Dynamic Response Analysis

3.3.2.1. Reference Analysis of the Soil-Structuoeléil

For the Reference Analyses, the same model intemtlat the Phase Il of the projects has been
used. As input, the Time Histories provided by IABA-13.7 have been used in the analyses.

The results are summarised, in terms of Responsetiddor the two reference point
BP1(Bottom basemat) and FP2 (third floor), in Fegg8.54 and Figure 3.55.
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Figure 3.54 — Reference Analyses: BP1 Results
Reference Anal. FP2 - dir X Reference Anal. FP2 - dir Y
25.000 30.000
20.000 | 25000
20.000 +
——NCOE1
. 15.000 ——NCOEL = NCOE?
2 ——NCoE2 % 15.000 —
8 NCOE4 S J NCOE4
© 4
10.000 \/ NCOES 10000 g, NCOE6
TN P
5.000 AT 5.000 1 o~ 9‘#
™ N
0000 \\ 0.000 : Dy
) ' 0.01 0.10 1.00 10.00
0.01 0.10 1.00 10.00

Figure 3.55 — Reference Analyses: FP2 Results

3.3.2.2. Best Estimate Analysis of the Soil-Stneciliodel

To improve the approximation of the analyses, tbié &ructure Interaction approach has been
improved, using the methodology and the modelsipusly outlined.

Using this approach, the spectral acceleratiomanerally lower. The results are summarised in
Figure 3.56 and Figure 3.57, in terms of Respopseifa.
To be noted that the values obtained for NCOE®#em lower then the corresponding values
obtained for NCOE4. There is a saturation of tlspoase for increasing level of earthquake.
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Figure 3.56 — Best Estimated Analyses: BP1 Results

72




IAEA-EBP-SS-WA2- KARISMA-SP-010
Rev 02 - 31.10.2012

Best Est. FP2 Dir X
30.000
25.000
20000 ——NCOEL
= ——NCOE2
& 15.000
g NCOE4
10.000 \/A NCOE6
[ |
5.000 -| A
HNU
— N
0.000 t |
0.01 0.10 1.00 10.00
sec

35.000

Best Est. FP2 Dir Y

30.000 -

25.000

5 20000

s
< 15.000

—— NCOEL
—— NCOE2
" NCOE4

10.000

5.000

_ A
—

0.000
0.01

0.10 1.00 10.00

Figure 3.57 — Best Estimated Analyses: FP2 Results

In Figure 3.58 and Figure 3.59 some comparisemegported, for NCOE1 earthquake.
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Figure 3.58 — Comparison Reference - Best Estimnatalyses: BP1 Results
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Figure 3.59 — Comparison Reference - Best Estimatedyses: FP2 Results

It is interesting to make a further comparison agithre best estimate results at FP2 point for
NCOE1 and the Response Spectra evaluate for tbedest signal at the same point during the
main shock( Figure 3.60 ).

This comparison can be also studied looking ateékalts obtained in phase Il analyses (Figure

3.46).
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Figure 3.60 — Comparison Best Estimated AnalysdsRetorded signal: FP2 Results

Another interesting comparison can be performedrentibe Response spectra evaluated on the
Best Estimated results at BP1 (bottom of the baesna the Response Spectra evaluated for
the input signal provided by IAEA at the same eleva(-13.7).

It is evident that the frequency content of theutngignal is transferred to the bottom of the
structure and this can be a justification of thecrBpancies founded among recorded and
calculated values at high frequency content.
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Figure 3.61 — Response spectra at the bottom digbemat

3.3.2.3. Results of Margin Assessment.

The major problem to solve in margin assessmenhés identification of this “ultimate”
earthquake, to which correspond a Ultimate Limét&tof the structure, taking into account the
safety functions of the building and the systent @mponent present inside.
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It is not just a structural problem, but this exaion implies the study of the response of all the
systems and components and how this response saffextfunctionality and the safety of the
plant under the earthquake.

Traditionally, the seismic analysis of nucleaustures have been conducted with respect of two
level of earthquake: the OBE and SSE. After the @BEplant must not loose its functionality.
In case of SSE, a safe shutdown process hasgaféy conducted to bring the plant in a safety
status.

In margin assessment, we have to look for a “@tet earthquake that is supposed to be larger
than the SSE; in case of this event, what shoalthe response of the structure (and its systems
and components ...)?

Considering the need to guarantee a safe shutdbdhre plant, the Ultimate Limit State of the
structure that can be still considered allowalsea ['state” in which the structure does not loose
its functions (equipment support, containment,..nd the systems and equipment are still able
to assure their safety functions. In this respécshould be emphasized that after a strong
earthquake the integrity of the containment stmgcttan mitigate the internal accident due to a
failure of equipment and systems, affecting thepwral evolution of the NPP response. Also
this aspect could be significant in Margin Assessine

However, in a general margins assessment, therpaafece of SSC’s of the plant has to be
verified through the respect of specific technregjuirements.

Some of these can be summarized as:

The global structure does not have to collapse;

The structure has to maintain the containment fanctin this respect the cracks in
reinforced concrete walls should not reach excessmues that can cause stress/strain
concentration in the steel liner and penetratiantl) loss of their capacity to avoid releases
of fluids in the environment;

— The support systems of equipment have to mainkesm function, without collapse, In this
respect, the accelerations experienced by the sigipave to be lower than specific ultimate
values, in dependence of the support and of thpastgrl equipment. Moreover, the relative
displacements among support points have to be dilstgwith the capacity of the structure-
equipment complex;

— The accelerations experienced by the equipment riapoto safety have to be lower than
specific ultimate values;

Local collapse of internal structures that can @ffeSSC’s important to safety have to be
excluded

For the KARISMA benchmark, some simplified assuon have been made.

In particular, only the following aspects have beemsidered to evaluate the Ultimate Limit
State of the Reactor Building:
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Global collapse of the structure

Residual displacements at foundation level andr theiolution with increasing
earthquake severity. We considered that displacemarger than specific values are not
compatible to guarantee the functionality of builglicoupling with external structures
and equipment;

Control point (CP2 — TMSL +23.5) relative displacats, with respect to the rigid body
configuration. This parameter can be considerednditator of the general damage
distribution in the structure (earthquake demand);.

Absolute peak accelerations at reference floor #rar evolution with increasing
earthquake severity. Peak accelerations largergspaaific values are not compatible for
equipment functionality;

Localized collapses of internal structures thataffects SSC’s important to safety.

Taking into account the previously mentioned regmients and the results obtained in Reference
Analyses, the following table summarizes the resolbtained against the four earthquakes

considered:
Table 3.21- Performance factors for increasinghgaeke severity
NCOE1 NCOE2 NCOE4 NCOEG6
CAV= 2000 m/s CAV= 3500 m/s CAV= 5000 m/s CAV= 5500 m/s
Global collapse to be excluded to be excluded to be excluded bed@xcluded

of the structure

Residual vertical =1 cm ~4 cm ~19 cm ~ 42 cm
displacements at
foundation level

Relative max = 0.5 cm ~1.cm ~2.8cm ~4.5cm
displacement of
control point

Peak

acceleration at
reference floor

Cracks

distribution

Localized No evidence. No evidence. No evidence. No evidence.
collapses of Analysis of| Analysis of| Analysis of| Analysis of
internal detailed situations detailed detailed detailed
structures situations situations situations
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In Figure 3.62 the evolution of the residual vetidisplacement at foundation level is reported
versus increasing severity of motion, express by CAumulative Absolute Velocity evaluated
for the four earthquakes, in x and y directions.

Residual vertical displacement at the base

0
-0.05 2;0\‘!@00 5000

§_, _b_z \ —o— Seriel
% -0.25
5

\ —— Serie2

CAV

Figure 3.62 — Residual vertical displacement Vs QRéference Analyses)

The analysis of the graphs shows a steep chanttpe igiobal response of the structure for CAV
values higher than 5000 m/s.

It is not easy to say if this changing precludestounacceptable situation (the Ultimate Limit
State previously mentioned...)

More detailed information are necessary to sup@ojudgment. With the available information
and the results obtained in the performed analysespnly possible a general discussion of the
response of the structure that seems to evidemcigical situation for CAV values higher than
5000 m/s.. At the same time, local collapses tdrival structures cannot be excluded also for
less severe earthquake.

However, with the aim to contribute to the discassiwe evidence a possible critical situation
for earthquakes characterized by CAV values largean 5000 m/s. Moreover, in
correspondence of this, some of the requiremeritged in the previous table seam to reach
very high values, as for example the absolute acatbn at reference floor.

In best estimate analysis, some different resulis abtained, with displacement and
accelerations generally higher than the previowssoiio understand these aspects you have to
take into account that previous results have batlated with different material characteristics
(higher tensile stress of concrete) and backfiluence. Results are resumed in the following
table.
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Table 3.22 — Performance factors for increasinthgaeke severity (Best Estimated Analyses)

NCOE1 NCOE2 NCOE4 NCOE®6
CAV= 2000 m/s CAV= 3500 m/s CAV= 5000 m/s CAV= 5500 m/s

Global collapse |to be excluded to be excluded to be excluded bedexcluded
of the structure
Residual vertical| ~ 0 cm ~0cm ~0cm ~0 cm
displacements at
foundation level

Max horizontal | =12 cm ~25cm ~50 cm ~50 cm
displacement
Max horizontal | =10 cm ~20cm ~50cm ~57cm

displacement

Relative max ~0.6 cm ~1.5cm ~ 3.6 cm ~2.5cm
displacement of
control point
(with respect to
rigid body
motion)

Peak ~254¢ ~512¢g ~10.3¢g ~86¢
acceleration at
reference floor

Localized No evidence. No evidence. No evidence. No evidence.
collapses of Analysis of Analysis of Analysis of Analysis of
internal detailed detailed detailed detailed
structures situations situations situations situations

To be noted that residual vertical displacement® mot been evidenced during Best Estimate
Analyses, because the plastic limit of the soiirgys has been calibrated to avoid residual
vertical displacements under the event NCOE_ 1 faistaattempt to back-analyse field
evidence.

4. DISCUSSIONS

Discuss the results (including quantification deet of SSI, matching of borehole acceleration cta) ‘

Linear method for the analysis and design weredotery robust. The linear part of the
benchmark yielded a narrow range of results foistadc and modal analyses. Also the
comparison between the stick models and the d€t8 finite element model developed for the
benchmark gave good results. The comparison denabesthat the old design was reliable, in
spite of the simplification of the dynamic behaviofi the buildings.

The overall response results seem strongly affdayetie soil structure interaction. In general
the analysis results were higher than the measesgbnse.

Among the factors that seemed to contribute tolilgber response obtained by the numerical
simulations, markedly in the high frequency range have identified:
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- the kinematic interaction between the reactoldng and the surrounding soil, given the deep
embedment;

- seismic motion incoherency along the foundationatcounted for by the kind of analyses
developed

- highly nonlinear behaviour of the backfill, noelivcaptured by equivalent linear approaches,
including the separation from the walls and mawlpartial uplift.

Anyway all these factors contribute to the confickeve have in the conventional approach to
the design procedure used up to date, that seeavetestimate the field response (conservative
design).

Progress of the benchmark (what were the maincdities? Did you need to modify your model durimg task and
why? etc,)

The margins to be assessed should be definednigaauway by the steering committee as
guantifiable engineering quantities, because thi@lusgructural criteria employed in linear
structural analyses (for example stresses or sestiength) cannot be easily extended in the
nonlinear range and are meaningless for the syatehtomponents checks.

What were the main uncertainties and their conttitruto results? ‘

Main uncertainties were found in the Soil structimteraction analyses in the nonlinear range,
due to the need of take into account soil foundayielding and uplift.

While the structure’s data were quite completelfyjngel for the benchmark scope of the work,
soil properties were only defined by equivaleneééinproperties. Given the high level of the
input to be used for the analyses and the consétpet of strain induced in the solil it seems
that this approach cannot give adequate results.

Collapse of soil-foundation system, in the sensexggssive displacements, seems to anticipate
extensive structural damage. In these sense thgyopfathe results is strongly affected by the
quality of the soil properties and of the modellofgoundation behaviour in the nonlinear
range. In these sense the contribution to resgitii® high.

‘ Comments and suggestions for the next phases ‘

Next phases could be focused on the assessmdrd séismic margins of the entire facility
(NPP) with respect to the loss of the “NPP capeid bring and maintain the NPP (reactor core
and spent fuel) in a safe status”. This would ireganalysis of interfaces between structures an
systems in order to determine critical conditiofisaing the capability to ensure the required
safety functions at NPP level.

5. CONCLUDING REMARKS ON THE BENCHMARK
5.1 Main difficulties encountered and their resolution

The “Margin Assessment” requires a careful defomtof the required performance. Limits for
the functionality of different SSC shall be definaderms of quantifiable engineering quantities,
in a way similar to Limit States in structural emggring. Because of the inherent oversizing and
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conservatism in the structural design it seemsttieste limits are mainly related to system and
components, so the problem cannot be confinedeimgllm of structures.

This kind of difficulty cannot be resolved withihe scope of the structural part of the
benchmark.

5.2Main lessons learned from the benchmark

Solil structure interaction is a key problem in #ssessment of margins, at least in cases with soil
properties comparable to those at KK site. Whigegtiucture’s data were quite completely
defined for the benchmark scope of the work, sapprties were only defined by equivalent
linear properties. Given the high level of the infmbe used for the analyses and the consequent
level of strain induced in the soil it seems tlég pproach cannot give adequate result.
Collapse of soil-foundation system, in the sensexatssive displacements, seems to anticipate
extensive structural damage.

There is space for a lot of work in defining standi@r the evaluation of NPP structures under
beyond design base seismic motion. While suitafequlures have been included in codes and
standard for ordinary buildings and bridges, theithe need to extend these approaches to NPP
structures, which are unique for stiffness, strepgehaviour and required performance.

5.3Suggestion on improving future benchmarks

The margins to be assessed should be definednigaauway by the steering committee as
quantifiable engineering quantities.

Some directions of the benchmark, mainly thosdedlto the assessment of margins, were
defined only during the work. At that moment mosthe data were already defined and there
was a lack of information to describe the nonlinesinaviour of the soil, which was identified as
one of the key factors in the response under fagél Iseismic motions.

Also the nonlinear analysis of NPP structure isgtahdard in the industry and it seems that an
effort in defining standard procedures for thisckof evaluation is needed.

The required results were really a plenty of nurelzerd it was not completely clear to the
participants the intended use of many of them.

A more detailed explanation of these aspects andaa narrower set of results could improve
the level of participation.
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