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OVERVIEW

|
o Tests at SACLAY: Antecedents of the current study
o Fine-tuning predictive model

o Do current performance-based assessment or design methods
represent crytallized procedures?

o The issue of near- vs. far-field records
o Conclusions




|IAEA Co-ordinated Research Program: Safety
Significance of Near Field Earthquakes

Overall Objective;

The overall objective of the IAEA project was to assist
Member States in the evaluation or re-evaluation of seismic
hazard, the evaluation of the vulnerability of the facilities and the
Implementation of related upgrades/safety enhancements.

Specific Objective:

Focus on the assessment of the vulnerability of structures.
The specific objective of this CRP is for nuclear engineering to
adapt and to use for the evaluation of the seismic vulnerability of
nuclear facilities the best available engineering practices
appropriate to assess the effects of near field earthquakes.




Description of the Camus
specimen: 1/3 scale

Wall : Width = 1.70m
Thickness = 6.00 cm
Height: 0.90x5 + 0.6 m

Additional masses

View of the specimen

Footing:
Length = 2.10m Height = 0.60 m

/ / The experiment was carried

Table Motion Direction out in the laboratories of
Commissariat a 'Energie
Atomique (CEA) at Saclay.



Material and mass

description:

Concrete:

f.,.= 35 MPa

f. = 3.8 MPa

E = 30000 MPa

Reinforcement and mass

balance for one wall

Lateral
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Specimen instrumentation:

64 measurement channels were available during
each test but only the most important are described. The
Instrumentation was designed to yield information on the
motion of the shaking table and the global and local
behavior of the mock-up.
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Experimental Program-Table Input

Two types of input motions were used: The Nice signal (artificial motion),
representative of a far field motion, and the San Francisco signal (natural
ground motion) representative of a near field input

Test RUN 1@ [{| RUN 2@ ||| RUN 3@ RUN 4 (1) RUN 5@
Maximum
horizontal 0.25¢g 0.13¢g 1.119g 0.41g 0.72¢g
acceleration

1: Nice signal, @ : San Francisco signal
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What we have accomplished:

The benchmark analysis required :

bhwphE

Static pushover analyses
Modal and spectral analyses
Displacement based approach
Time history analyses
Japanese input motions




Targets in Global Modeling:

Calculation of the frequencies of the system
Non-linear response of the walls

Global parameters : Displacements, forces, moments and
accelerations

Localized damage, strains

Evaluation of approximate performance based methods
(Displacement-Based Approach)




Modeling objectives and techniques:

*Realistic material properties and boundary conditions
(from the experimental program and material tests)

*Table supporting system stiffness ( K =400 MN/m )
*Concrete tensile strength (s = 3.8 MPa)

Reinforcement smeared over the element volume

More refined mesh in the lower 3 levels




Numerical simulations of the tests were carried out
with ANSYS

*Two sets of models generated

3D model = 3464 elements and

/ 6047 nodes

2D model = 1966 elements anMv

3728 nodes ~



SOLID65 3-D Reinforced Concrete Element

=




Boundary conditions at the wall-table connection
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Modal responses due to different boundary

conditions

Boundary Conditions 1% Bending | 2™ Bending | 3@ Bending | 1 Vertical
y Mode (Hz) | Mode (Hz) | Mode (Hz) | Mode (Hz)
Support & Connection 5I
Elexibl 7.275 32.664 54.856 22.68
Fixed Support & Flexible | 5 o9 36.483 : 42.270
Connection
Flexible Support & Rigid | g g 33.095 57.405 22 872
Connection
Fixed Support & Rigid 8.868 38.609 : 43.397
Connection
Fixed Based Wall 9.190 39.991 - 44.704




Comparison of frequencies of 2D and 3D models:

Rank 1 2 3 4 5 6 7 8 9 10
3 Mz’gdg)' L1 7.274| 9.316] 13.69822.078| 31.061| 33.438| 50.340| 50.706| 52.975| 57.306
RN
8 S Model 2
T o) | 7275 2268% - |32.664 54.856

Mode 1: First in-plane bending
Mode 2: First out-of-plane

Mode 3: Torsion
Mode 4: Vertical

Mode 6: Second in-plane










Base Shear (kN)

Pushover Curve for One Wall
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Very satisfactory global results







Results of Time History Analysis

I I TInny™™¥__ RUN'3  RUN 4  RUNS
Top relative displacement (mm) 6.58 1.49 13.0 13.2 35.94
(7.0) (1.54) (13.2) (13.4) (43.3)
Top abs. horizontal acceleration 0.72 0.27 1.36 1.03 1.48
(9) (0.66) (0.28) (1.11) (0.93) (1.31)
Level 1 Bending moment (kN-m) 215.9 75.6 261.3 274.9 346.8
(211) (75.5) (280) (276) (345)
Level 1 Shear force (kN) 66.6 23.2 120.1 88.2 125.1
(65.9) (23.5) (106) (86.6) (111)
Level 1 Axial traction (kN) 44 4.2 125 70 150.9
(44.3) (0) (102) (50) (137)
Level 1 axial compression (kN) -34 -3.8 -165 -70 -179.4
(-36.5) (0) (-105) (-52) (-146)
Strain in the external R-bar, 0.1121 0.0275 6.91 3.82 22.3
Level 4 (* 10°) 0.1024 0.0328 2.31 2.69 6.46
Strain in the external R-bar, 0.846 0.0411 2.97 3.05 12.8
Level 3 (* 10°) 0.839 0.0482 1.22 1.45 7.6
Strain in the external R-bar, 1.53 0.102 2.08 2.05 11.68
Level 2 (* 10°) 1.43 0.0765 1.13 1.67 9.82
Strain in the external R-bar, 1.41 0.267 1.75 1.85 2.23
Level 1 (* 10°) 1.46 0.281 1.27 1.50 2.22




$ %

Crack pattern after Run 3

|
Run 3= Non-linearity introduced

Crack pattern before Run 3

Yielding of reinforcement occurred
at levels 2, 3 and 4. The trend is the
same as the experiments.




*From experimental results it seems that the most cr itical
section is Level 3.
*Reinforcement failed at the end of Run 5 at level 3.
|
RUN1 | RUN2 | RUN3 | RUN4 | RUN5
Level 4 (x10E-3) 0.1121 | 0.0328 | 6.91 3.82 22.3
0.21 0 8.0 5.18 10.4
Level 3 (x10E-3) 0.846 | 0.0482 | 2.97 3.05 12.8
2.23 0.14 5.05 25.4 25.3
Level 2 (x10E-3) —153 | 0102 | 208 | 205 | 11.68—
< 1.45 0.13 2.30 2.0 2.64
Level 1 (x10E-3) 1.46 0.281 75— I.85 2.23
1.62 0.25 2.24 2.26 2.85

tH !




Measurements were taken on the left wall (Strains after dead weight

only).
*Measured strains comply with the damage pattern on the left wall but

vl lilie daae lallergu e gt vl

Failure initiates (max. strains) not at construction joints but at the regions
where the ratio of longitudinal steel changes (~10 cm below story levels)

10.4

25.3 o5 3 22.3 Less than the

measured one

2.64 O O 12O
@ O

2.85

2.23




_Run4

Top Horizontal Displacement
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_Run4

Moment at Levell
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Top Vertical Acceleration _ Run4
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*Global computed results show perfect match with experimental ones

*The computed strains give the hints of damage observed on the right wall rather
than left wall. Unfortunately we have no measurements in hand from right wall.
Even photos of damaged regions could help.

*A local weakness bond slip, dlscrepancy in the used matenal propertles and

strength could have been caused these results.



In computations damage pattern was uniformly distri buted
between levels 2, 3 and 4.




Run 5

Top Horizontal Displacement_Run5
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Underestimating the damage (failure of reinforcement) at level 3 is
probably the reason for differences at the later phases in Runb.

It appears that unless the failure of reinforcement at level 3 is modeled the
experimental max displacement (43.3 mm) can not be estimated.




Pushover Curve for One Wall
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Displacement




Vertical Strain




Vertical Stress




& ( )

Procedures Investigated:

1)- Equivalent SDOF model
-force deformation relation defined by pushover
curve.

2)- Capacity Spectrum Method (CSM)
-based on equivalent linearization
Currently defined in: ATC 40 (1996) and FEMA 440
(2004)

3)- Displacement Coefficient Method (DCM)
-FEMA 273 and FEMA 356 (2000)




Ground motions used in the analyses

No. Earthquake Date Station Soil type Mv (En?) (En?) (||;|n[1)) R.?;Séd (cpn?/?) (fﬁ/\é)

1 Runl - synthetic - - - - - FFE 236.4 15.45

2 Runl - synthetic, scaled to 0.1g - - - - - FFE 98.1 6.42

3 Runl - synthetic, scaled to 0.2g - - - - - FFE 296. 12.84

4 Runl - synthetic, scaled to 0.3g - - - - - FFE 394. 19.26

5 Runl - synthetic, scaled to 0.4g - - - - - FFE 392. 25.68

6 Runl - synthetic, scaled to 0.5g - - - - - FFE 890. 32.1

7 Run2 (San Francisco), U.S.A 22-Mar-.57 Golden Gate Park, comp 100 Rock (Chert) 5.3 8 11.5 15.2 NFE 126 5.97
8 Run2 (San Francisco) 22-Mar-.57 Golden Gate Park, c100scaled to 0.2g Rock (Chert) - 8 11.5 15.2 NFE 196.2 9.3
9 Run2 (San Francisco) 22-Mar-.57 Golden Gate Park, c100scaled to 0.3g Rock (Chert) - 8 11.5 15.2 NFE 294.3 13.95
10 Run2 (San Francisco) 22-Mar-.57 Golden Gate Park, c100scaled to 0.4g Rock (Chert) - 8 11.5 15.2 NFE 392.4 18.6
11 Run2 (San Francisco) 22-Mar-.57 Golden Gate Park, c100scaled to 0.5g Rock (Chert) - 8 11.5 15.2 NFE 490.5 23.25
12 Run2 (San Francisco) 22-Mar-.57 Golden Gate Park, c100scaled to 0.6g Rock (Chert) - 8 11.5 15.2 NFE 588.6 27.91
13 Run3 (San Francisco.), U.S.A 22-Mar-.57 Golden Gate Park, c190scaled to 1.11g Rock (Chert) - 8 11.5 15.2 NFE 1080.8 31.66
14 Run4 - synthetic Rock - - - - FFE 401.9 41.07
15 Bingdl, Turkey 01-May-2003 Mins.of Settl.and Pub.Mk&BIdg. NS comp. NEHRP B 6.4 9 12 - NFE 534.6 686.
16 ChiChi, Taiwan 20-Sep-1999 CHYO074 NS comp. Rock 7.8 - - - FFE 155 23.58
17 Compano Lucano, Italy 23-Nov-1980 Sturno EW comp. ociR 6.87 14 32 - FFE 316.8 54.66
18 Compano Lucano, Italy 23-Nov-1980 Sturno NS comp. ockR 6.87 14 32 - FFE 212.2 33.53
19 Coyote Lake, U.S.A 06-Aug-1979 Gilroy # 6, c320 USGS (B) 5.7 3.1 9.7 13.6 NFE 314.6 21.91
20 CR2_10R - USEE synthetic database Hard Rock 7 - 169 FFE 259.2 20.25
21  Friuli, Italy 06-May-1976  Tolmezzo, Diga Ambiest&\Ecomp. Rock 6.3 - 27 - NFE 310 32.63
22  Friuli, Italy 06-May-1976  Tolmezzo, Diga Ambiest&SNomp. Rock 6.3 - 27 - NFE 350.3 20.62
23 Ito-Oki, Japan 09-Jul-1989 Shiofuzaki EW comp Rock 5.3 - 3 - NFE 189.2 25.37
24  Ito-Oki, Japan 09-Jul-1989 Shiofuzaki EW comp, eddly factor 2 Rock 5.3 - 3 - NFE 378.4 50.73
25 Ito-Oki, Japan 09-Jul-1989 Shiofuzaki EW comp, eddly factor 2.5 Rock 5.3 - 3 - NFE 473 63.42
26 Ito-Oki, Japan 09-Jul-1989 Shiofuzaki EW comp, eddly factor 3 Rock 53 - 3 - NFE 567.6 70.1
27 Kocaeli, Turkey 17-Aug-1999 Izmit EW comp. Rock 7.4 - 11 NFE 222.7 54.28
28 Lazio Abruzzo, Italy 07-May-1984  Scafa NS comp. Roc 5.7 - 60 - FFE 129.2 9.73




Ground motions used in the analyses

No. Earthquake Date Station Soil type My (E'r?) (EI‘EI)) (Er% R.?;;Zd (Erﬁ/g) (l(::)r(i/\g)

29 Lazio Abruzzo, ltaly 07-May-1984  Scafa EW comp. ckRo 5.7 - 60 - FFE 123.3 7.27
30 Lazio Abruzzo, ltaly 07-May-1984  Scafa NS compaled to 2PGA Rock 5.7 - 60 - FFE 258.4 19.47
31 Lazio Abruzzo, Italy 07-May-1984  Scafa EW compalsd to 2PGA Rock 5.7 - 60 - FFE 246.6 14.55
32 Loma Prieta, U.S.A 18-Oct-1989 Gilroy — Gav. College Geol. Bldg., €0 Dep. over Sandstone 7 3 28.7 33.7 NFE 349.1 29.21
33 Loma Prieta, U.S.A 18-Oct-1989 Gilroy — Gav. College Geol. Bldg., c90 Dep. over Sandstone 7 3 28.7 33.7 NFE 310.1 22.99
34 Loma Prieta, U.S.A 18-Oct-1989 Gil. Arr. # 1, Gavil. Coll., c© Rock 7 2.8 284 - NFE 426.6 31.91
35 Loma Prieta, U.S.A 18-Oct-1989 Gil. Arr. # 1, Gavil. Coll., c90 Rock 7 2.8 28.4 - NFE 433.6 33.84
36 Montenegro 15-Apr-1979 Herceg Novi EW comp. Rock 7.04 29 65 - FFE 251 12.88
37 Montenegro 15-Apr-1979 Herceg Novi NS comp. Rock .047 29 65 - FFE 220 13.85
38 Morgan Hill, U.S.A 24-Apr-1984 Gilroy # 6, c90 USGS (B) 6.1 6.1 35.9 - NFE 280.4 36.59
39 Morgan Hill, U.S.A 24-Apr-1984 Gilroy # 6, cO USGS (B) 6.1 6.1 35.9 - NFE 214.8 11.26
40 MYGO011, Japan 26-Jul-2003 MYGO011 NS comp. Rock 6.2 - 32 - FFE 324.1 8.37

41 Northridge, U.S.A 17-Jan-1994 St.Mon. City Hall Gr., c9%scaled by factor 0.75 Alluvium 6.7 274 225 295 NFE 649.4 30.99
42 Northridge, U.S.A 17-Jan-1994 St.Mon.City Hall Gr., c90scaled by factor 0.5  Alluvium 6.7 27.4 225 295 NFE 432.6 20.66
43 Northridge, U.S.A 17-Jan-1994 Mt. Wilson Caltech Seismic St., c360 Granitic Rock 6.7 36.7 44.6 - FFE 228.5 7.58
44 Northridge, U.S.A 17-Jan-1994 Mt. Wil. Cal.S.St., c36Dscaled by factor 2 Granitic Rock 6.7 36.7 44.6 - FFE 457 15.16
45 Northridge, U.S.A 17-Jan-1994 L.A. City Terrace, c180 Sedimentary Rock 6.7 35.8 38.3 - FFE 311.1 14.02
46 Parkfield, U.S.A 28-Jun-1966 Cholame Shan., California Ar.# 5, c355 USGS (C) 6.1 7.1 36.8 - NFE 347.8 23.23
47 Sierra Madre, U.S.A 28-Jun-1966 Mt. Wilson Calt&gismic Station Granitic Rock 5.8 9.9 6.4 - NFE 296 7.53

48 Tabas, Iran 16-Sep-1978 Tabas, scaled by fa@tor Stiff Soil 6.5 3 52 - NFE 459.4 57.1
49 Tottoriken , Japan 06-Oct-2000 Gashyo Dam EW comp Rock 6.6 - 3 - NFE 531.6 50.57
50 Tottoriken, Japan 06-Oct-2000 Gashyo Dam EW canaled by factor 0.5 Rock 6.6 - 3 - NFE 265.8 a5.2
51 Tottoriken, Japan 06-Oct-2000 Gashyo Dam EW caopled by factor 0.75 Rock 6.6 - 3 - NFE 398.7 937.
52 Umbro Marchigianio, Italy 26-Sep-1997 Nocera UmBK& comp. Rock 5.9 4 11 - NFE 754.42 29.86
53 Whittier Narrows, U.S.A 01-Oct-1987 LA, Griffith BaObser., scaled by factor 2 Rock 6.1 219 2156 2 FFE 267.6 15.17
54  Whittier Narrows, U.S.A 01-Oct-1987 Tarzana, Cedar Hill Nurs., e@caled by 0.5 USGS (B) 6.1 41.1 43.4 - FFE 198.7 9.61
55 Whittier Narrows, U.S.A 01-Oct-1987 Tarzana, Cedar Hill Nursery, €0 USGS (B) 6.1 41.1 43.4 - FFE 397.5 19.22




Static Analyses

Pushover curve compared with dynamic analysis resul ts
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SDOF analyses
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Capacity Spectrum Method (CSM)

CSM of ATC 40
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* + +

CSM of FEMA 440 For m< 4.0:
b.. = A(m-1)?+B(m-1)°%+ b,

® NFE

T, =|G(m-1)% +H (m-1)® +1]T,

o * For 4.0 £ m£6.5:

Top displacment CSM FEMA-440 (mm)
[5=Y
(63}

S by =C+D(11-1)+ b,
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Top displacement nonlinear time history analysis (mm) Teff —_ [I + J (n -1) +:I]T0




CSM used with Substitute Damping ( Gulkan and S6zen,

1974)

The main reason in
underestimating -global
deformation is due to
unrealistic reduction in the

seismic demand. It arises from
the inflated damping that takes

Into account hysteretic

behavior at constant amplitude.

b, = 0021+10(-1 Jm)

Top displacement CSM ATC 40 (mm)

CSM used with substitute damping formulation
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Oscillator response at constant amplitude (FEMA 440)




Nonlinear response is transient, and that is the
principal reason why linearizing nonlinear
phenomena works (most of the time)




Top displacement SDOF (mm)
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Displacement Coefficient Method (DCM) — FEMA 356

Top displacements obtained from DCM for NF and FF events.
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Summary

Comparison of Displacements

Elastic range Inelastic range Overall

FFE NFE Al FFE NFE All FFE NFE Al
Mean 0.85 1.01 0.93 0.50 0.70 0.61 0.57 0.75 0.67
CSMATC40 St. Deviation 009 039 027 011 044 034 011 043 033
CSM substitute Mean 086 112 099 069 09 085 072 099 0.87
damping St. Deviation 012 039 027 014 054 042 013 051 0.39
CSM Mean 099 127 113 060 073 068 068 082 0.76
FEMA 440 St. Deviation 0.10 0.54 0.37 0.16 0.43 0.34 0.15 0.44 0.34
73/ Mean 1.05 1.97 151  0.90 1.12 1.02  0.93 1.26 1.11
FEMA273I356 ot Deviaton 037 116 081 050 074 064 046 080  0.67
Mean 1.09 0.97 1.03 0.59 0.72 0.66 0.69 0.76 0.73
SDOF St. Deviation 022 019 019 018 047 038 018 044 035
_ Mean 0.97 0.98 0.98 0.81 0.74 0.77 0.84 0.78 0.81
Linear MDOF St. Deviation 0.39 0.15 0.28 0.38 0.58 0.50 0.37 0.53 0.46

Number of ground motions S S) 10 19 26 45 24 31 55




Summary

Comparison of Base Shear Forces

Elastic range Inelastic range Overall
FFE NFE All FFE NFE All FFE NFE All
CSM ATC40 Mean 0.95 1.08 1.01 0.74 0.79 0.77 0.78 0.84 0.81
St. Deviation 0.07 0.15 0.11 0.18 0.30 0.25 0.16 0.28 0.23
CSM substitute  Mean 0.99 1.14 1.07 0.82 0.90 0.87 0.86 0.94 0.90
damping St. Deviation 0.10 0.18 0.14 0.11 0.34 0.26 0.10 0.31 0.24
CSM FEMA Mean 1.15 1.29 1.22 0.93 0.92 0.92 0.97 0.98 0.98
440 St. Deviation 0.07 0.26 0.18 0.17 0.39 0.31 0.15 0.36 0.29
FEMA 273/356 Mean 1.66 2.44 2.05 1.58 2.09 1.87 1.59 2.14 1.90
St. Deviation 0.64 0.74 0.65 0.74 0.83 0.78 0.70 0.81 0.76
SDOF Mean 1.28 1.13 1.21 0.93 0.86 0.89 1.01 0.90 0.95
St. Deviation 0.10 0.17 0.13 0.18 0.40 0.32 0.17 0.37 0.30
Linear_ MDOF Mean 1.62 1.33 1.48 1.61 1.58 1.59 1.61 1.54 1.5
St. Deviation 0.56 0.45 0.48 0.65 0.64 0.63 0.62 0.60 0.61
Number of ground motions S S 10 19 26 45 24 31 55
% #-



Conclusions

*Nonlinear time-history analysis of reinforced concrete walls with FEM
gives accurate global results.

*Boundary conditions and table flexibility must be modeled well. Does
this imply SSI considerations?

*Pre-loading history of the mock-up must be considered.
*Discrepancies in the approximate methods arising both from the
application of method and from the characteristics of specific ground

motion are the matters that must be considered.

sLocal results such as strains are hard to predict.




Conclusions

*The results obtained from nonlinear response history analyses indicate
that stiff structures respond to near and far field records on firm solls in
similar manner.

*Equivalent SDOF systems are not adequate in representing the actual
performance with significant nonlinearity even for systems where elastic
response is dominated by the first mode. Procedures such as DCM in
FEMA 273 that use coefficients derived from the SDOF analyses must be
re-examined before extrapolating their applicability in general.




Conclusions

DCM of FEMA-273 yielded the most satisfactory results (best
correlation of mean response but substantial scatter). The least
satisfactory predictions were obtained from the CSM in ATC-40,
the major reason being the over estimation of the viscous
damping leading to severely underestimated displacements. A
significant improvement leading to more accurate predictions of
the response was achieved when the substitute damping was
Incorporated into the CSM, although it appears that even
smaller damping should be invoked for better prediction.




