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ABSTRACT 

 

At some huge earthquake, the foundation slab may be generated large local stress by large deformation in 

the out-of-plane direction with uplifts. But, for the out-of-plane shear force, there are few evaluation 

methods applied in practice that adopt non-linear analysis considering the areal development of 

plasticization area. 

Therefore, we carried out the out-of-plane stress analysis with non-linear model using shell 

elements and solid elements, and examined in detail about the spread of the out-of-plane stress in the 

foundation slab and its effect. 

 

1. INTRODUCTION 

In a seismic evaluation of the foundation slab for a M9 class earthquake, there is a possibility that a large 

stress will be generated locally due to the large deformation in the out-of-plane direction as the foundation 

slab uplifts. Therefore, it is important to accurately grasp the non-linear behaviour in order to make a highly 

accurate evaluation. 

Regarding the evaluation of stress generated in reinforced concrete members, abundant 

evaluation results of method considering non-linear characteristics both for the tensile force in the 

reinforcing bar and compressive force in the concrete are found the tensile force in the reinforcing bar and 

the compressive force in the concrete have abundant evaluation results of the method considering non-

linear characteristics.  

On the other hand, for the out-of-plane shear force, there are few evaluation methods applied in 

practice that adopt non-linear analysis considering the areal development of plasticization area. 

Therefore, we evaluate the stress of the foundation slab in the out-of-plane direction in detail by 

non-linear analysis using the solid elements. In addition, the out-of-plane shear resistance effect of the 

reinforcing bar is examined from the stress distribution for the out-of-plane shear force. 

 

2. EXAMINATION POLICY 

 

Figure 1 shows the study flow. First, the out-of-plane stress is evaluated for the entire foundation slab by 

non-linear analysis using the model of shell elements for the purpose of confirming the stress of the 

foundation slab when a huge seismic force acts, and identifying the location where local stress concentration 

in the out-of-plane direction occurs. 

 Next, the out-of-plane stress is evaluated by non-linear analysis using the model of solid elements 

for the area where local stress concentration occurs for the purpose of confirming the stress in detail. 

 Furthermore, regarding the out-of-plane shear force, the out-of-plane shear resistance effect of the 

reinforcing bar is examined from the stress distribution as the results of the analysis using the model of 

solid elements. 
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Figure 1. The study flow 

 

3.  EXAMINATION BY SHELL MODEL 

 

We evaluate the out-of-plane shear stress using the model of shell elements for the purpose of confirming 

the stress of an entire foundation slab. 

 

3.1 Analysis conditions 
 

The analysis model is the foundation slab supporting RCCV (Reinforced Concrete Containment Vessel), 

and the planar shape is 82m x 87m, and the thickness is 6.5m. The members supported by the foundation 

slab are modelled to take into account the load transfer from the superstructure. 

 Figure 2 shows the analysis model. About the FEM element used as the analysis model, the 

foundation slab are modelled as laminated shell elements, and the members supported by the foundation 

slab are modelled as shell elements with the beam element's at the top of them The laminated shell 

element is an element made of an anisotropic material that models the reinforcing bar layer. 
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(a) Elevation                                                               (b) Analysis model 

 

Figure 2. Analysis model using shell elements 

 

Figure 3 (a) shows the soil spring models and (b) shows the outline of the soil spring. Soil springs 

are located on the bottom and sides of the foundation slab discretely. Horizontal springs are set based on 

bottom and side horizontal springs, and vertical springs are set based on bottom and side rotation springs. 

The horizontal and vertical ground springs on the bottom of the foundation slab use GAP elements that 

transmit the load only during compression to be able to simulate the foundation uplifts when tensile force 

is generated. 

   
 

(a) Soil spring model                                    (b) Bottom and side ground springs 

 

Figure 3. Soil springs of the analysis model 

 

Table 1 shows the physical characteristics of the materials. For the Young's modulus of concrete, to account 

for actual stiffness of nuclear plants, the compressive strength of concrete by the compression experiment 

is adopted. 

 

Table 1: The physical characteristics of the materials 
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Figure 4 shows the material constitutive rule. The compression side of the concrete is set based on 

the CEB-FIP model code, and the tension side is set as the tensile softening curve after cracking occurs 

based on the formula by Izumo et al. (1987). Reinforcing bars have bilinear characteristics. 

 

  
 

(a) Concrete                                                    (b) Reinforcing bar 

 

Figure 4. The material stress-strain relationship 

 

 Seismic loads and other loads (e.g. dead loads, pressure loads), are applied appropriately to the 

analytical model. The three directional seismic load (the two horizontal directions and the vertical 

direction.) is applied. The force of the seismic force is equivalent to 2G horizontally and 1G vertically 

assuming a huge earthquake, and the combination coefficient method is used for the load combination. 

 

3.2 Evaluation conditions 
 

From the generated stress, we evaluate the out-of-plane shear forces. In Japanese standards, Equation (1) is 

commonly used as the allowable value for out-of-plane shear force, but the allowable value is different by 

the idea of the premium coefficient(α) that the shear span ratio depending on the presence or absence of 

shear reinforcement, as shown in Table 2. 

 

 𝑄𝐴 = 𝑏 ∙ 𝑗 ∙ {𝛼 ∙ 𝑓𝑠 + 0.5 ∙ 𝑓𝑡 ∙ (𝑝𝑤 − 0.002)} (1) 

 

𝑄𝐴 ：Allowable value of out-of-plane shear force [N] 

b ：Cross section width [mm] 

j ：Distance between stress centers in cross section, 7/8 times the effective depth of the 

section [mm] 

α ：Coefficient to account for shear-moment ratio effect 

  α =
4

𝑀/(𝑄∙𝑑)+1 
 

M：Bending moment [N・mm] 

Q：Shear force [N] 

d ：Effective depth [mm] 
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𝑓𝑠 ：The short-term allowable shear stress of concrete [N/mm2] 

𝑓𝑡 ：The short-term tensile stress of shear reinforcement [N/mm2] 

𝑝𝑤 ：Shear reinforcement ratio according to the following equation（0.002 or more） 

  𝑝𝑤 =
𝑎𝑤

𝑏∙𝑥
 

        𝑎𝑤：Cross-sectional area of shear reinforcement [mm2] 

x ：Shear reinforcement spacing [mm] 

 

Table 2: Treatment of the coefficient α 

 

(a) Codes for Nuclear Power Generation Facilities 

– Rules on Concrete Containment Vessels for 

Nuclear Power Plants - 

(b) AIJ Standard for Structural Calculation of 

Reinforced Concrete Structures for Nuclear Power 

Facilities 

When pw = 0, or pw ≠ 0 

and the tensile force is 2N/mm2 or more, 

 α is not considered. 

Always consider α regardless of pw 

 

3.3 Evaluation results 
 

Figure 5 shows a deformation diagram of the foundation slab by stress analysis. It can be confirmed that 

the uplifts from the ground occurs near the center of the foundation slab due to the action as large seismic 

load in the horizontal and vertical directions 

 
(a) Overall view                                                (b) Sectional view 

Figure 5. Deformation of the foundation slab (Deformation magnification: 100 times) 

 

Figure 6 shows the stress condition of out-of-plane shear force inside the RCCV. It can be 

confirmed that the stress is concentrated at the center of the slab and the connection part with the RCCV 

and RPV pedestal. It is considered that the cause is a large stress generated in the RCCV and RPV pedestals 

due to the seismic load, and a large deformation occurred at the center of the slab. Since we focus on out-

of-plane shear in this study, we skip the consideration of other stresses. 

 

 

 

 

 

 

 

BLACK Line：Befor Loading 

GREEN Line：After Loading 
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(a) Overall view                                                (b) Detail view 

 

Figure 6. Stress condition of out-of-plane shear force 

 

Figure 7 shows the out-of-plane shear stress ratio (generated value / allowable value) inside the 

RCCV, and Figure 8 shows the arrangement of shear reinforcements. In the Equation (1), when using a 

premium coefficient based on the shear span ratio accounting for the arrangement of shear reinforcements 

as shown in Table 2 (a), the allowable value is not satisfied in the area where the shear reinforcing bar is 

not arranged. On the other hand, in the case of the shear span ratio without accounting for the arrangement 

of the shear reinforcements as shown in Table 2 (b), the allowable value was satisfied in all area except 

only one mesh. From this result, it is necessary to confirm the effect of the shear reinforcing bar in the out-

of-plane shear stress. 

 
(a) Left: Case accounting for the arrangement of shear reinforcement 

(b) Right: Case without accounting for the arrangement of shear reinforcement 

 

Figure 7. Contour diagram of out-of-plane shear stress ratio 

 

 
Figure 8. Arrangement of shear reinforcement 
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0.139

3293
0.136

3294
0.136

3295
0.133

3296
0.13

3297
0.143

3298
0.175

3299
0.247

3300
0.286

3301
0.29

3302
0.338

3303
0.344

3304
0.357

3305
0.364

3306
0.312

3307
0.233

3308
0.179

3309
0.156

3310
0.185

3311
0.233

3312
0.165

3313
0.164

3314
0.237

3315
0.196

3316
0.187

3317
0.143

3318
0.204

3319
0.227

3320
0.381

3321
0.304

3322
0.275

3323
0.334

3324
0.269

3325
0.273

3326
0.26

3327
0.204

3328
0.183

3329
0.183

3330
0.214

3331
0.239

3332
0.268

3333
0.291

3334
0.278

3335
0.214

3336
0.204

3337
0.184

3338
0.139

3339
0.17

3340
0.252

3341
0.321

3342
0.364

3343
0.381

3344
0.243

3345
0.163

3346
0.258

3347
0.234

3348
0.263

3349
0.249

3350
0.253

3351
0.344

3352
0.301

3353
0.276

3354
0.164

3355
0.253

3356
0.205

3357
0.114

3358
0.117

3359
0.207

3360
0.323

3361
0.513

3362
0.505

3363
0.373

3364
0.349

3365
0.178

3366
0.177

3367
0.422

3368
0.501

3369
0.63

3370
0.543

3371
0.591

3372
0.529

3373
0.683

3374
0.58

3375
0.527

3376
0.457

3377
0.361

3378
0.31

3379
0.242

3380
0.243

3381
0.269

3382
0.25

3383
0.232

3384
0.233

3385
0.331

3386
0.319

3387
0.245

3388
0.268

3389
0.209

3390
0.445

3391
0.398

3392
0.446

3393
0.263394

0.278
3395
0.317

3396
0.397

3397
0.365

3398
0.458

3399
0.577

3400
0.223

3401
0.317

3402
0.278

3403
0.165

3404
0.114

3405
0.259

3406
0.1

3407
0.294

3408
0.384

3409
0.295

3410
0.243

3411
0.31

3412
0.478

3413
0.341

3414
0.26

3415
0.272

3416
0.212

3417
0.364

3418
0.407

3419
0.46

3420
0.51

3421
0.599

3422
0.572

3423
0.577 3424

0.579

3425
0.553

3426
0.55

3427
0.523

3428
0.495

3429
0.453

3430
0.417

3431
0.34

3432
0.313

3433
0.246

3434
0.207

3435
0.199

3436
0.158
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Output Set: Table Output

Criteria: MAX.abs Tau-y/Tau-a

最大値： 1.028  (要素 3023 )

  Ss2 裕度(τy/τy許) 【全要素X-Y座標系応力による】

(6ケース包絡) RC-N規準

1401
237.

1402
146.

1403
145.

1404
99.2

1405
89.8

1406
134.
1407
552.
1408
111.
1409
96.9
1410
123.
1411
340.
1412
257.
1413
188.

1414
138.

1415
76.
1416
90.3

1417
71.6

1418
90.6

1419
110.
1420
77.6
1421
92.1

1422
78.41423
202.
1424
416.

1425
68.5
1426
58.7
1427
80.5
1428
122.
1429
179.

1430
185.

1431
239.
1432
113.
1433
80.1
1434
58.9
1435
41.8

1436
69.9
1437
50.3
1438
78.5
1439
106.
1440
136.

1441
183.
1442
121.
1443
81.2
1444
55.7
1445
47.1

1446
63.3
1447
57.1

1448
61.
1449
85.6
1450
99.9

1451
130.
1452
113.
1453
77.6
1454
71.2

1455
47.3

1456
68.8
1457
49.2

1458
55.5
1459
75.4
1460
72.1

1461
58.9
1462
63.5
1463
81.6
1464
93.1
1465
369.
1466
96.5
1467
74.9

1468
68.8
1469
76.8

1470
200.
1471
79.
1472
65.4

1473
67.5

1474
148.

1475
63.9
1476
76.2

1477
85.7
1478
69.
1479
75.1
1480
86.2
1481
96.1
1482
180.
1483
104.
1484
84.6
1485
78.7
1486
189.
1487
156.

1488
97.7
1489
608.

1490
59.5
1491
59.4

1492
69.9
1493
69.2
1494
76.9
1495
86.5
1496
100.
1497
87.5
1498
80.3
1499
86.4
1500
74.4

1501
98.1

1502
53.5

1503
55.7
1504
70.2
1505
68.7
1506
72.2
1507
73.5
1508
76.5
1509
76.1

1510
66.2
1511
66.1

1512
57.5

1513
56.2
1514
57.5
1515
60.4

1516
251.

1517
214.

1518
152.

1519
147.

1520
83.7

1521
62.9

1522
72.5

1523
76.

1524
74.6

1525
74.5

1526
73.1
1527
72.6
1528
70.7
1529
70.8
1530
67.9
1531
85.6
1532
77.4
1533
280.
1534
390.
1535
88.3
1536
133.
1537
115.

31401
225.
31402
97.1
31403
80.1
31404
68.1
31405
84.8
31406
223.
31407
551.

31408
112.

31409
97.4

31410
107.

31411
113.

31412
121.

31413
160.31414

81.31415
91.2

31416
57.4
31417
58.4
31418

87.
31419
111.

31420
77.9

31421
76.3
31422
78.4

31423
96.8

31424
151.

31425
68.4
31426
58.8
31427
80.5
31428
122.
31429
177.

31430
160.

31431
108.
31432
100.
31433
79.5
31434
57.9
31435
41.7

31436
69.7
31437
49.9
31438
78.6
31439
97.4
31440
110.

31441
123.
31442
101.
31443
83.3
31444
56.5
31445
46.2

31446
63.

31447
52.8
31448
53.3
31449
74.1
31450
70.9

31451
130.
31452
101.
31453
67.1

31454
60.9
31455
49.1

31456
68.5

31457
47.2
31458
47.1
31459
67.4

31460
84.1
31461
63.6

31462
63.7
31463
88.4
31464
139.
31465
368.
31466
96.9
31467
74.8
31468
67.6

31469
76.7
31470
201.
31471
77.1

31472
56.

31473
70.7

31474
184.
31475
70.2

31476
85.3
31477
97.7
31478

71.
31479
82.1
31480
98.9
31481
104.
31482
186.
31483
104.
31484
85.2
31485
75.9
31486
188.

31487
155.
31488
97.5

31489
608.31490

65.8

31491
65.9
31492
73.9
31493
73.9
31494
81.4
31495
92.7
31496
103.
31497
87.9
31498
80.7
31499
86.4

31500
74.3
31501
97.9

31502
57.6
31503
59.6

31504
73.9
31505
72.2
31506
75.3
31507
75.7
31508
78.3
31509
76.7
31510
66.2

31511
65.9

31512
59.9
31513
57.9
31514
59.1

31515
61.3

31516
251.
31517
213.
31518
151.
31519
147.
31520
106.
31521

65.
31522
71.8
31523
75.6
31524
74.3
31525
74.3
31526

73.
31527
72.5

31528
70.6

31529
70.2

31530
63.4

31531
85.3

31532
79.

31533
280.

31534
407.

31535
93.7

31536
134.

31537
115.

2. 1. 0.8 0.6 0.4 0.2 0.

Output Set: Table Output
Criteria: ƒÃmax

X

Y

Z

3001
0.889

3002
0.874

3003
0.854

3004
0.838

3005
0.828

3006
0.822

3007
0.8163008

0.8083009
0.8043010

0.8053011
0.8143012
0.8263013

0.8353014
0.836

3015
0.834

3016
0.834

3017
0.844

3018
0.863

3019
0.882

3020
0.892

3021
0.939

3022
0.934

3023
1.028

3024
0.993

3025
0.949

3026
0.9153027

0.899
3028
0.802

3029
0.807

3030
0.817

3031
0.827

3032
0.835

3033
0.839

3034
0.847 3035

0.863
3036
0.883

3037
0.903

3038
0.919

3039
0.929

3040
0.936

3041
0.604

3042
0.556

3043
0.604

3044
0.666

3045
0.622

3046
0.664

3047
0.657

3048
0.618

3049
0.636

3050
0.6223051

0.596

3052
0.602

3053
0.575

3054
0.558

3055
0.55

3056
0.533

3057
0.529

3058
0.5243059

0.519

3060
0.521

3061
0.5213062

0.531

3063
0.52

3064
0.537

3065
0.54

3066
0.5243067

0.555
3068
0.571

3069
0.4763070

0.523
3071
0.512 3072

0.481
3073
0.53
3074
0.527 3075

0.485

3076
0.525

3077
0.511

3078
0.487

3079
0.523080

0.505

3081
0.493

3082
0.5083083

0.502

3084
0.505

3085
0.512

3086
0.514

3087
0.522

3088
0.526

3089
0.534

3090
0.536 3091

0.544

3092
0.557

3093
0.545

3094
0.565

3095
0.578

3096
0.549

3097
0.586

3098
0.598

3099
0.553

3100
0.603

3101
0.613

3102
0.695

3103
0.681

3104
0.642

3105
0.582

3106
0.552

3107
0.493

3108
0.422

3109
0.348

3110
0.284

3111
0.2363112

0.2113113
0.219

3114
0.249

3115
0.301

3116
0.38

3117
0.471

3118
0.535

3119
0.591

3120
0.565

3121
0.615

3122
0.588

3123
0.557

3124
0.517

3125
0.473

3126
0.396

3127
0.337

3128
0.302 3129

0.286 3130
0.276

3131
0.276

3132
0.285

3133
0.302

3134
0.322

3135
0.347

3136
0.386

3137
0.442

3138
0.495

3139
0.545

3140
0.586

3141
0.304

3142
0.305

3143
0.288

3144
0.257

3145
0.212

3146
0.136

3147
0.1

3148
0.106

3149
0.143

3150
0.165

3151
0.1713152

0.166
3153
0.232

3154
0.197

3155
0.329

3156
0.375

3157
0.258

3158
0.257

3159
0.314

3160
0.327

3161
0.217

3162
0.218

3163
0.193

3164
0.185

3165
0.177

3166
0.211

3167
0.138

3168
0.162

3169
0.205 3170

0.232
3171
0.243

3172
0.252

3173
0.228

3174
0.186

3175
0.194

3176
0.181

3177
0.144

3178
0.217

3179
0.254

3180
0.278

3181
0.452

3182
0.463

3183
0.439

3184
0.393

3185
0.346

3186
0.306

3187
0.223

3188
0.133

3189
0.063

3190
0.094

3191
0.0763192

0.137
3193
0.165

3194
0.155

3195
0.261

3196
0.216

3197
0.187

3198
0.275

3199
0.263

3200
0.213

3201
0.207

3202
0.188

3203
0.244

3204
0.304

3205
0.294

3206
0.233

3207
0.209

3208
0.152

3209
0.173 3210

0.257
3211
0.301

3212
0.303

3213
0.277

3214
0.224

3215
0.218

3216
0.206

3217
0.17

3218
0.254

3219
0.333

3220
0.402

3221
0.584

3222
0.612

3223
0.601

3224
0.572

3225
0.52

3226
0.469

3227
0.419

3228
0.462

3229
0.39

3230
0.361

3231
0.1283232

0.141

3233
0.39

3234
0.392

3235
0.321

3236
0.408

3237
0.393

3238
0.447

3239
0.44

3240
0.423

3241
0.528

3242
0.698

3243
0.594

3244
0.499

3245
0.512

3246
0.497

3247
0.269

3248
0.246

3249
0.192 3250

0.362
3251
0.45

3252
0.434

3253
0.372

3254
0.356

3255
0.37

3256
0.357

3257
0.267

3258
0.454

3259
0.529

3260
0.521

3261
0.315

3262
0.338

3263
0.353

3264
0.355

3265
0.339

3266
0.302

3267
0.322

3268
0.265

3269
0.259

3270
0.242

3271
0.1323272

0.11

3273
0.214

3274
0.279

3275
0.191

3276
0.269

3277
0.162

3278
0.205

3279
0.197

3280
0.223

3281
0.296

3282
0.232

3283
0.211

3284
0.272

3285
0.262

3286
0.226

3287
0.175

3288
0.17

3289
0.166 3290

0.163
3291
0.154

3292
0.139

3293
0.136

3294
0.136

3295
0.133

3296
0.13

3297
0.143

3298
0.175

3299
0.247

3300
0.286

3301
0.29

3302
0.338

3303
0.344

3304
0.357

3305
0.364

3306
0.312

3307
0.233

3308
0.179

3309
0.156

3310
0.185

3311
0.233

3312
0.165

3313
0.164

3314
0.237

3315
0.196

3316
0.187

3317
0.143

3318
0.204

3319
0.227

3320
0.381

3321
0.304

3322
0.275

3323
0.334

3324
0.269

3325
0.273

3326
0.26

3327
0.204

3328
0.183

3329
0.183

3330
0.214

3331
0.239

3332
0.268

3333
0.291

3334
0.278

3335
0.214

3336
0.204

3337
0.184

3338
0.139

3339
0.17

3340
0.252

3341
0.321

3342
0.364

3343
0.381

3344
0.243

3345
0.163

3346
0.258

3347
0.234

3348
0.263

3349
0.249

3350
0.253

3351
0.344

3352
0.301

3353
0.276

3354
0.164

3355
0.253

3356
0.205

3357
0.114

3358
0.117

3359
0.207

3360
0.323

3361
0.513

3362
0.505

3363
0.373

3364
0.349

3365
0.178

3366
0.177

3367
0.422

3368
0.501

3369
0.63

3370
0.543

3371
0.591

3372
0.529

3373
0.683

3374
0.58

3375
0.527

3376
0.457

3377
0.361

3378
0.31

3379
0.242

3380
0.243

3381
0.269

3382
0.25

3383
0.232

3384
0.233

3385
0.331

3386
0.319

3387
0.245

3388
0.268

3389
0.209

3390
0.445

3391
0.398

3392
0.446

3393
0.263394

0.278
3395
0.317

3396
0.397

3397
0.365

3398
0.458

3399
0.577

3400
0.223

3401
0.317

3402
0.278

3403
0.165

3404
0.114

3405
0.259

3406
0.1

3407
0.294

3408
0.384

3409
0.295

3410
0.243

3411
0.31

3412
0.478

3413
0.341

3414
0.26

3415
0.272

3416
0.212

3417
0.364

3418
0.407

3419
0.46

3420
0.51

3421
0.599

3422
0.572

3423
0.577 3424

0.579

3425
0.553

3426
0.55

3427
0.523

3428
0.495

3429
0.453

3430
0.417

3431
0.34

3432
0.313

3433
0.246

3434
0.207

3435
0.199

3436
0.158

2.

1.

0.8

0.6

0.4

0.2

0.

Output Set: Table Output

Criteria: MAX.abs Tau-y/Tau-a

X

Y

Z

V1

X

YZ

10000. 8000. 6000. 4000. 2000. 0. -2000. -4000. -6000. -8000. -10000.

V1

RCCV 

RPV pedestal 

RCCV 

RPV pedestal 

1401
237.

1402
146.

1403
145.

1404
99.2

1405
89.8

1406
134.
1407
552.
1408
111.
1409
96.9
1410
123.
1411
340.
1412
257.
1413
188.

1414
138.

1415
76.
1416
90.3

1417
71.6

1418
90.6

1419
110.
1420
77.6
1421
92.1

1422
78.41423
202.
1424
416.

1425
68.5
1426
58.7
1427
80.5
1428
122.
1429
179.

1430
185.

1431
239.
1432
113.
1433
80.1
1434
58.9
1435
41.8

1436
69.9
1437
50.3
1438
78.5
1439
106.
1440
136.

1441
183.
1442
121.
1443
81.2
1444
55.7
1445
47.1

1446
63.3
1447
57.1

1448
61.
1449
85.6
1450
99.9

1451
130.
1452
113.
1453
77.6
1454
71.2

1455
47.3

1456
68.8
1457
49.2

1458
55.5
1459
75.4
1460
72.1

1461
58.9
1462
63.5
1463
81.6
1464
93.1
1465
369.
1466
96.5
1467
74.9

1468
68.8
1469
76.8

1470
200.
1471
79.
1472
65.4

1473
67.5

1474
148.

1475
63.9
1476
76.2

1477
85.7
1478
69.
1479
75.1
1480
86.2
1481
96.1
1482
180.
1483
104.
1484
84.6
1485
78.7
1486
189.
1487
156.

1488
97.7
1489
608.

1490
59.5
1491
59.4

1492
69.9
1493
69.2
1494
76.9
1495
86.5
1496
100.
1497
87.5
1498
80.3
1499
86.4
1500
74.4

1501
98.1

1502
53.5

1503
55.7
1504
70.2
1505
68.7
1506
72.2
1507
73.5
1508
76.5
1509
76.1

1510
66.2
1511
66.1

1512
57.5

1513
56.2
1514
57.5
1515
60.4

1516
251.

1517
214.

1518
152.

1519
147.

1520
83.7

1521
62.9

1522
72.5

1523
76.

1524
74.6

1525
74.5

1526
73.1
1527
72.6
1528
70.7
1529
70.8
1530
67.9
1531
85.6
1532
77.4
1533
280.
1534
390.
1535
88.3
1536
133.
1537
115.

31401
225.
31402
97.1
31403
80.1
31404
68.1
31405
84.8
31406
223.
31407
551.

31408
112.

31409
97.4

31410
107.

31411
113.

31412
121.

31413
160.31414

81.31415
91.2

31416
57.4
31417
58.4
31418

87.
31419
111.

31420
77.9

31421
76.3
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In addition, for elements where stress concentration is observed, we will also consider a method of 

averaging stress in consideration of redistribution of stress to adjacent members. The averaging area is set 

as the member depth based on the experimental results of column and beam members regarding to load 

transmission in the thickness direction. 

For the inside of the RPV pedestal where a large out-of-plane shear force is generated, Figure 9 

shows the results when the generated stress can be averaged in the adjacent elements within the area of the 

slab thickness (6.5 m). It was confirmed that the out-of-plane shear stress degree satisfied the allowable 

value when the generated stress could be averaged by the slab thickness. From this result, it is necessary to 

confirm the validity of the range that the out-of-plane shear stress can be averaged.  

 

 

 
 

(a) Averaging area            (b) Average direction       (c) Contour diagram 

 

Figure 9. Results considering averaging of out-of-plane shear stress 

 

4.  EXAMINATION BY SOLID MODEL 

 

Based on the examination results using the shell model, the effect of shear reinforcement in out-of-plane 

shear stress evaluation and the validity of the range in which the generated stress can be averaged are 

confirmed by analysis using the model of solid elements that can be evaluated in detail in the through 

thickness direction. 

 

4.1 Analysis conditions 
 

The area of analysis model is the center of the slab (radius 20.5 m) where a large out-of-plane shear stress 

was generated in the analysis by the shell model. 

 Figure 10 shows the analysis model. The analysis model are composed of solid elements for 

concrete such as foundation slabs, embedded truss elements for reinforcing bars, and shell elements for 

steel plates. The aspect ratio of solid elements are basically less than 2.0. 
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Figure 10. Analysis model using solid elements 

 

 As for the boundary conditions, the bottom surface of the foundation slab is set in the same way as 

the shell model. Except for the bottom surface, the displacement of each nodal points obtained from the 

shell model is applied. 

 The material constitutive rule is set in the same way as the shell model, and the load applied to the 

analysis model is set to be the same as the shell model. 

 

4.2 Evaluation results 
 

Figure 11 shows a vector diagram of the principal stress. At the ultimate state of foundation shear 

failure, it is considered that the shear strength is related to the compression strut angle where the out-of-

plane shear cracks remarkably appear. By using the solid model, it was possible to confirm the stress 

transmission in the slab depth direction, and there is no tendency for stress to concentrate in the central part 

of the slab as seen at the shell model. It is considered that the presence of the main bar and the shear 

reinforcing bar suppresses the generation of local compressive stress due to the seismic load transmitted 

from with the angle of the upper structure supported by the slab. 

 In addition, the vector of the principal stress indicating the compression strut progresses from 30 ° 

to 40 °, and it is considered that the stress is carried in a wider range than the stress averaging range of 45 ° 

assumed in Figure 9. When out-of-plane shear failure occurs, the out-of-plane shear force is thought to be 

transmitted from the top to the bottom of the foundation slab via the top bar, shear reinforcement, and 

bottom bar at the angle of the compression strut. 

 Figure 12 shows the deformation contour diagram of the reinforcing bar located in the compression 

strut. The deformation of the reinforcing bar is about several hundred micro, it can be confirmed that it is 

not in a deformed state that causes shear failure. 

 Based on the above, local stress is dispersed in the upper and lower parts of the slab and stress 

concentration is suppressed due to the effect of the shear reinforcement, it is considered that the stress is 

levelled spreading the out-of-plane shear force in the thickness direction. Furthermore, even when a local 

concentrate load is applied, the stress may be averaged within the area of the slab thickness (area of 45 °). 
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(a) Overall view                                                 (b) Detail view 

 

Figure 11. Principal stress vector diagram (Deformation magnification: 100 times) 

 

 

        
 

(a) Top main bar (radial direction)                    (b) Bottom main bar (Y direction) 

 

 
(c) Shear reinforcement (inside RPV pedestal) 

 

Figure 12. Deformation contour diagram of reinforcing bars 
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CONCLUSION 

 

The stress of the out-of-plane direction is examined in detail by non-linear analysis using the model of shell 

elements and solid elements for foundation slabs under large seismic forces. 

 1) From analysis using the shell elements model, it was confirmed that the out-of-plane shear force 

tends to concentrate on the center of the foundation slab and a part of the connection with the RCCV and 

RPV pedestals due to the large deformation in the out-of-plane direction as the foundation slab uplifts, and 

the seismic force acting from the upper structure. 

 2) From analysis using the solid elements model, it was confirmed that the compression strut in the 

cross-sectional direction occurred at 30 ° to 40 °. Therefore, it is considered that the shear reinforcement 

has the effect of suppressing the development of local out-of-plane shear force, and that the generated stress 

can be averaged within the area of slab thickness (area of 45 °). 
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