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ABSTRACT :

Reinforced concrete buildings exhibiting 3D (i.e. torsion) and non-linear effects are a main concern in the
field of earthquake research and regulation. In the last decade, several reinforced concrete specimens
have been tested under seismic excitations in order to study the seismic behaviour of shear walls, but
without significant 3D effects.

In order to assess the capability of structures exhibiting 3D effects to withstand earthquake loads as well as
seismic loads induced to their equipments, a reduced scaled (1/4™) model of a 3 stories reinforced
concrete structure with 3D effects was tested between June and September 2008 as part of the SMART
project on AZALEE shaking table (EMSI Laboratory — CEA Saclay — France).

The aim of this project is (1) to compare and validate approaches used for the dynamic responses
evaluation of RC structures subjected to earthquakes and exhibiting both 3D (torsion) and non-linear
behaviours, (2) to evaluate loads induced to internal equipments, (3) to quantify margins in design
methodologies and (4) to carry out realistic methods to quantify variability in order to produce fragility
curves.

This paper presents the first part of the ‘SMART’ project, which consists in a blind predictive benchmark,
with more than 40 registered teams worldwide.

The modelling of the structure has been conducted based on conventional data. The seismic input motions
selected consist in design spectra and a set of bi-axial (real and synthetic) horizontal accelerograms
(corresponding to the same sequence to be tested during the experimental phase). The objectives are (1)
to evaluate conventional design methods for structural dynamic response and floor response spectra
calculations and (2) to compare best-estimate methods for structural dynamic response and floor response
spectra evaluation including various practices, depending on participant’s own experiences.

This phase was followed, since June 2008, by a test campaign at low seismic level (3 real bi-axial
accelerograms sets — pga = 0.05g) and 10 identical synthetic accelerograms sets with increasing pga
(ranging from 0.1 to 1g).

Blind predictive benchmark, Reinforced concrete uditire, Drsion

KEYWORDS: experimental test, Numerical analyses



th
The 14 World Conference on Earthquake Engineering
October 12-17, 2008, Beijing, China

1. GENERAL PRESENTATION

In order to assess the seismic tri-dimensionalctffesuch as torsion and nbmear response of reinforced conc
structures, a reduced scaled model (scale df) b#ia typical electrical nuclear reinforced corterbuilding istestec
since Jne 2008 on AZALEE shaking table at CommissariatEadrgie Atomique (CEA Saclay, France). This -
supported by CEA and Electricité de France (EDB)part of the “SMART2008” project (Seismic design ¢
best-estimate Methods Assessment for Reinforcedretibuildings subjected to Torsion and non-lirefgects).

The first part of the project is a blind predictiofh the structure behaviour under different seistomdings. It i
presented as a contest, opened to teams from dlodgimg structurakngineering as well as the academic and res
community, worldwide. This blinghredictive benchmark should allow us to compare \@lilate approaches used
the dynamic responses evaluation of reinforced redacstructures subjected to earthquake and eixiglbbth 3D anc
non-linear behaviours. The main objectives of tiedipredictive benchmark are to:

0 Assess different conventional design methods eicsiral dynamic analyses, including floor resposgectr:

evaluation,

o Compare best-estimate methods for structural dynaesponse and floor response spectra evaluation.
Each participant has completed a predefined Exeechfailable on the CEA-SMART websit€his article presents t
main results based on the study of the participantputs, especially the ones from the conventianalyses.

1.1. Participants’ presentation

43 international teams registered to participatinéoSMART 2008 benchmark and 33 sent their resultisie time to t
taken into account in this paper. The participazame from 20 different countries worldwide and wegually
representatives of the three main types of thé engineering professional activities (Figure 1).

33%
B Nuclear-Energy corporations

O Research Facilities

O Industrials

33%

Figure 1: Participants nationality and field of activities

2. SMART PROJECT PRESENTATION

The 1/4" scaled model to be studied is a trapezoidal, thresy reinforced concrete structure (Figure R)is
representative of a typical, simplified half paftam electrical nuclear building. It is composediuke wallsforming ¢
U shape. Two of those walls have openings. Thesveait! slab are 10 cm thick.

The wall's foundations are made of a continuousfoeced concrete footing, lying on a 2 cm high ktgate. The
reinforcement steel bars are welded to this stiedépThe reinforced concrete column is dilg anchored on a ste
plate. The steel plates are bolted on AZALEE shakitble.

The bare structure weight about 11T. Additionatiog are placed on each slab in order to reprakenteal loading
of the referential structure. The total weighttud SMART specimen is therefore of about 46 T.
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'''''''''' Figure 2: Plan view and elevations of the SMART2008 specimen

The specimen has been designed according té-ridvech nuclear methods, with a peak ground acdieréor the
response spectrum anchored at 0.2 g. This seisaulirlg corresponds to a Safe Shutdown Earthquak€)(® a low tc
medium seismic area (equivalent to a magnitude®nih a distance of ~10km).

The specimen will be tested for 13 sets of bi-akializontal accelerograms on AZALEE shaking takil€CBA (@ €
degrees of freedom shaking table, plate : 6m xg@yload : 100 Tons).

2.1. Analyses to be performed by the participants

Four types of analyses were required at this sthtjee blind predictive benchmark:

- Astatic analysis to verify the static behavioutlu# structure under self weight and horizontatésy

- A modal analysis to check the Eigen values,

- A conventional analysis in order to assess des@jsnsc methods. Each participant had todimt this
analysis according to his/her own standard proeed@rresponse spectra, corresponding to thg, S&
different damping values as well as a set of twalsstics horizontal accelerograms (derived fromdésigr
spectrum SSE at 5% damping) were provided to thicjpants,

- A best-estimate analysis, in order to compare theselts to the experimental on€&sr this analysis, the :
sets of accelerograms, which were going to be tegusuccessivelyo the shaking table during t
experimental phase were provided to the particgant

2.2. Input data available

In order to perform the different analyses requiestth participant had access to the following tirjata:

- The geometrical description of the structure: (fmork, reinforcement drawings, anchorage description

- The expected material properties (mechanical cheriatics according to Eurocode 2),

- The additional loadings description, applied orheslab,

- The scaling factors applied to the specimen (lendjthension, time, mass ...),

- The seismic inputs (response spectra for diffedatping values and 13 sets of adial horizonte

accelerograms).

The input data mentioneabove is the one generally assumed and availdhileeapreliminary design stage of
construction.

No experimental test was perfagthduring the blind predictive benchmark as theispen was being built and finisk
by January 17, 2008. The tests on concrete cykngere available end of July 2008.
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3. PARTICIPANTS’' HYPOTHESES

This section will present the main hypotheses usedhe participants. This section égtremely important to bet
understand the differences in the participantspoist

3.1. Softwares and computational models

A variety of numerical software (16) has been useperform the different analyses required (FiggxreThe two mai
computational codes used are SAP2000 and ABAQUSdtir the conventional and the best-estimate agslys
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Figure 3: Softwares used by the participants

Even if different codes have been used to perfdrendifferent analyses, are than 93% of the participants used
same model for the conventional and the best-esdiarzalyses. In fact, five main types of modelsehaeen identified:

- Type 1: Shell/lbeam/solid: the walls are generalydelled using shell elements, whereas the beamshand
columns are modelled using shell, fibre or bearmelds and the foundations are defined by solid efts)

- Type 2: Shellffibre: the walls and the foundatians modelled using shell elements, whereas the bealthe
columns are modelled using shell, fibre or bearmelds,

- Type 3: Solid: only solid elements are used,

- Type 4: Shell: only shell elements are used,

- Type 5: Lumped mass: the specimen is modelled wstwnbination of sticks and punctual masses,

- Type 6: Shell/frame + smgs: the model is defined using shell elementd beam elements. In order
account for the nonlinearity of the model, the wglnd foundations) are modelled using springsritical
areas in the height of thé floor.

More than 75% of the partgants modelled their walls with shell elementsevdas more than 62% used solid elen
for modelling the foundations. Only one team usesnaplified model for the conventional model speeifly. There
was no surprise at this stage.

3.2. Young modulus

A value of concrete Young Modulus, according to Bigrocode 2, was prescribed in the benchmark spetifns
(Reinforced concrete C30/37 — E = 32,000 MA&)% of the participants used directly this val@enerally, th
participants used the same value for the convedltiand best-estimate analyses (FigureNg).explanation could |
given for the choice of some of the participantsige higher value than 32000 MPa. However, it laroon practice i
some engineering companies to use reduced (upddhalf) thevalues of Young modulus to take into account
concrete degradation (cf. ASCE 43-05 recommendpation
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Figure 4: Young modulus used by the participants

3.3. Damping ratio

The damping value to be used in a structural arsalyslways a difficult parameter to evaluate, and depende typ
of analysis performed. In general, each countryidding code specifies a set of values for conwaral analyse
depending on the field of activities (i.e. civiljelear ...). For exampleniFrance, it is a conventional practice to us
reinforced concrete structures 7% in the nuclearentional design and 4 to 5% in the civil engiimggone.In order tc
better understand each participant’'s own conveatiorethod, it was decided not to impose a vétuehis benchmark
phase. Figure 5 presents the dampialgies used in this blind predictive benchmark,doth the conventional and
best-estimate analyses. It can be observed th&i%helamping value is chosen the most. Moredesver dampin:
values are generally chosen when performing nasfitime-history analyses.
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Figure 5: Damping ratio depending on the type of analyses
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3.4. Conclusion

Just based on the analysis of the main hypotheads by all the padipants, it is obvious that there should be a
variability in the results of the conventional apelstestimate analyses. The outputs investigation isgmted in th
following paragraphs, for the conventional analyddewever, it appears clear at this stage that sguidance is
missing in our actual building codes regardingpamticular the damping valueshe concrete Young modulus and
definition of simple models (to avoid, for convemtal analyses, to develop too complex ones), sihewidien most ¢
the national codes already take into account méfgrent structure behaviours in the prescribedigal

4. BLIND PREDICTIVE BENCHMARK'S OUTPUTS

In this section, the main outputs of the blind jctdde benchmark are going to be presented.

4.1.Modal analyses

The 5 first Eigen-frequencies have been computedday participant, considering the specimen fixeldage Due t
some hypotheses’ discrepancy, outputs’ variabwgs expected. This variability is higher for thgthest modgcf.
Tablel). However the mode shapes are generallgahee for all participants: [mode 1flexural mode mainly alor
X-X, mode 2 - flexural mode mainly along y-y andde@® — torsional mode. Figure 6 presents the Brfimmlal shapesf
the structure computed with CAST3M.

Table 1 : 5 first frequencies

Mode number Mean Value Minimal Value Maximal Value Standard Deviatiof
1 9.11 7.24 14.72 1.17
2 16.36 12.31 28.57 2.72
3 31.45 25.39 39.69 2.69
4 33.60 26.85 47.72 3.57
5 36.36 27.44 62.25 7.43

CAST3M

2" Mode 3“ Mode

Figure 6: 3 first Eigen modes

4.2.Conventional analyses

Three main types of conventional analyses wereopedd by the participants: the spectral analys8%of4thelineau
time-history analyses (17%) and the non-linear thistory analyses (35%) (cf. Figure. ¥Yhen performing spect
analyses, the SRSS combination was generally peefén order to combine the horizonsaismic directions. For t
time-history analyses, the 2 accelerograms werkeapip each horizontal direction simultaneously.
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Figure 7: Type of analyses and direction’s combinations

The resultant forces and moments were computeldeaténtre of mass of the specimen atttigeof the foundation
level. Figure 8 presents the outputs for the twdzioatal resultant forces. The discrepancy obsecagdbe explained |
the different type®f analyses, seismic combinations as well as maht@operties and damping values used. All t
parameters results in a high variability in thetijpgrants’ outputs. Nlote that the most extreme results can genera
explained due to some unit errors and misunderstgrbtween internal forces and resultant forces.]
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Figure 8: Horizontal resultant forces

The relative displacement and absolute accelerateye required at 7 specified locations on eadh slgure 9 preser
those outputs at roof level in the X-X direction.
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Figure 9: Maximum relative displacements and absolute acceleration at roof level along x-x
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One more time, the high variability of the reswitas surprising but expected due to the disparitth@participants
hypotheses. It is however important to note thatdpecimen is quite rigid and the maximum displaggmarequite
small (in the millimetre rangeps for the acceleration, a simple analogy withgutar structure will lead to a maximi
acceleration at roof level of 4 times the nominadederation, which is equivalent &oout 1g. All the results presen
above are in the right range. Moreover, itngportant to notice that conventional methods areegdly associated wi
national codes with specific induced margins.

The last investigation presented in this articlé @oncern the floor response spectagure 10 presents the enveloj
the floor response spectra at roof level for th& dnd Y-Y directions. It can be observed that many paricip used
enlarged band to derive their conventional flo@panse spectra. This seems to be a common raespecially in tt
energy/ nuclear field. However, no trend could béreéd based on those outputs.

Building Floor response spectra
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Figure 10: Floor response spectra at roof level

5. CONCLUSIONS

Due to the diversity of the participants and ofithactice, it appears there is a huge variabilitythe participant:
hypotheses (types of model, material propertiesypiiag values, concrete density and mass modetiypgsof analyse
performed, seismic combinations)..Even ifall the participants anticipated the same globabb®ur of the structure, ith
did not allow us to define real trends in the p#pints’ outputsThe variability and specially the fact that all tiesults ar
so scattered should lead us to investigate debpesubjectwithout forgetting that each national code hasaball approac
not presented in this benchmark and of course amjgtalculations’ design rules.

Today, the computational tools are more and moveepil, which allow us to model more complex bebay. There i
a need, therefore, to better understand and qyah&funcertainties in the input parameters, ireotd better apprehe
the structure’s capacity under seismic loadingss $hould lead us to provide some guidelines fbfieltl of acivities
related to civil engineering, regarding:
- Guidelines to develop simplified models for convemal analyses,
- Guidelines for the damping values to use accortlirte type of analyses ,
- Some guidelines or recommendations, such as ASAEAB ader to better understand the valu
concreteYoung modulus to use and for which purpose. Somewould be done in order to ident
how to degrade this value based on the structarabge’s evolution.

Our future work is to launch the next two phaseswfSMART project:
Phase 1b: Blind predictive benchmaillhe modelling of the structure will be based on ieasitu material data al
known seismic inputs. Those results will be finatigmpared to test results at various levels ofnsieigexcitaton
(including “under-design” and high “over-design¥éds). This phase will end in December 2008.
Phase 2: Variability guantification and fragilitgssessmenDue to high cost and large amount of time needed$ess
variability based on experimental@paches, this phase will essentially be numeritasts results from phase 1 may
used for post-adjustments of models. The objectiveshe following :

* Quantify variability in the seismic responseloéd structure and identify contribution coming fromcertainties in
input parameters and random variables,

* Investigate and compare different methods fagifity curves elaboration.




