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Model Geometry and Initial Conditions

« Model 3 includes concrete, all tendons, rebar, and liner. Shear
reinforcement not included, since structure wall represented by
shell elements.

— Concrete modeled with 4-node shell elements
— Rebar with embedded subelements
— tendons with two-node beam elements

— liner with 4-node shell elements, overlain onto same nodes as
concrete shell nodes, but offset by appropriate eccentricity

« Representation of losses by FE Model’s simulation of friction

» Every tendon was modeled, and each tendon had a “jacking
element” protruding from the tendon end zone
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Model 4 Overview
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eshed Concrete Vessel with Various
Section Assignments
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EH Thickness Assigned to Center of Each Element. Air-Lock Similar

m Bottom of Vessel to Basemat Elements
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% Model 4 Problem Definition

Case 1 — Saturated Steam

« Considers monotonically increasing pressure and
temperature based on pseudo-time history of 1:4 Scale
PCCV Model SFMT pressurization rate (5 psi/min)
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Predefined Temperature Case 1

Temperature solution varies linearly through thickness of PCCV wall
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Case 1 - Pressure vs. Temperature
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Thermal Gradients for Saturated Steam
Condition (Case 1)
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« Concrete was simulated using ABAQUS concrete
“Damaged Plasticity” constitutive model that
utilizes a smeared-cracking formulation in
tension and a compressive plasticity theory

 Steel elements were simulated using ABAQUS
“Standard Plasticity”

» Stress-strain curves consist of effective stress
(Mises) and effective strain

Material Modeling
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%mplementing Temperature Dependent

Property Degradation

e concrete and steel material strengths degrade with temp

* In the last 10 years, the effect of temperature on strength
IS better known (especially for concrete)

« Material stress-strain curves defined and implemented for
fully-coupled temperature degradation - adopted based
on the 2005 Euro-code
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oncrete Degradation Properties at Elevated
Temperatures per Eurocode

Concrete Siliceous aggregates Calcareous aggregates
temp.& fen ! fu Eatp Eeuts feol fa Ee1a Foart.
['C] [ [l [] [] [] []

1 2 3 4 5 6 7

20 1,00 0,0025 0,0200 1,00 0,0025 0,0200
100 1,00 0,0040 0,0225 1,00 0,0040 0,0225
200 0,95 0,0055 0,0250 0,97 0,0055 0,0250
300 0,85 0,0070 0,0275 0,91 0,0070 0,0275
400 0.75 0.0100 0,0300 0.85 0.0100 0.,0300
500 0,60 0,0150 0,0325 0,74 0,0150 0,0325
600 0,45 0,0250 0,0350 0,60 0,0250 0,0350
700 0,30 0,0250 0,0375 0,43 0,0250 0,0375
800 0,15 0,0250 0,0400 0,27 0,0250 0,0400
800 0,08 0,0250 0,0425 0,15 0,0250 0,0425
1000 0,04 0,0250 0,0450 0,06 0,0250 0,0450
1100 0.01 0.0250 0.0475 0.02 0.,0250 0.0475
1200 0,00 0,00
) MOFFATT & NICHOL
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Concrete Compressive Stress-Strain Curves

Concrete Compressive Strength at Elevated

Temperatures
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Concrete Tensile Stress-Strain Curves

Concrete Tensile Strength at Elevated Temperatures
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Steel Degradation Properties at Elevated

Temperatures per Eurocode

Reduction factors at temperature (), relative to the value of £, or E,
at 20°C
Steel Reduction factor Reduction factor Reduction factor
Temperature (relative to f}) (relative to f,) (relative to E.)
for effective yield for proportional limit | for the slope of the
o, strength linear elastic range
ko = folf; koo = Loolf: keo = E o/,
20°C 1,000 1,000 1,000
100°C 1,000 1,000 1,000
200°C 1,000 0,807 0,900
300°C 1,000 0,613 0,800
400°C 1,000 0,420 0,700
500°C 0,780 0,360 0,600
600°C 0,470 0,180 0,310
700°C 0,230 0,075 0,130
800°C 0,110 0,050 0,090
900°C 0,060 0,0375 0,0675
1000°C 0,040 0,0250 0,0450
1100°C 0,020 0,0125 0,0225
1200°C 0,000 0,0000 0,0000
NOTE: For intermediate values of the steel temperature, linear interpolation may
be used.
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Liner Stress-strain curves

Figure 3-12: Liner Stress-Strain Curves at Elevated

Temperatures
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Analysis Results

Required Output/Results for Model 4:

1.
2.
3.

Description of Failure Prediction Model or Criteria
Geometric Modeling, and Model Description

Subset of response information defined by “55 standard output
locations” of 1:4 Scale PCCV round-robin;

Contour Plot of Peak Strains in Liner During LST at pressure
milestones: P = 0 (prestress applied); 1 x P4; 1.5 Py, 2 Py; 2.5 Py;
3 Py; 3.3P,; 3.4 Pg; Ultimate Pressure

Average Strains over 450.45 mm Regions as shown in Figure
11, locations 3, 4, 5, but with similar locations adjacent to other
penetrations, plotted vs. Pressure. (The intent is for these
strains to be over a standardized gage length, which is defined
by the spacing between liner anchors.)
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#direct comparison amongst participants,

SO r I Ing Excel)

* Liner Strain Magnitudes (Hoop Direction) at Locations Indicated in
Figure 11 (of SPE problem statement), versus pressure

* Tendon stress distribution at P = 0 (prestress applied); 1 x Pg; 1.5
Py 2Py 25Py; 3Py 3.3Py; 3.4 Pg; Ultimate Pressure for

— Hoop Tendons # H35, H53, H68
— Vertical Tendon # V37 and V46

— Plots of response versus pressure for Standard Output
Locations:

« 1-15 (displacements)
« 22-29 (rebar strains)
« 36-42 (liner strains)
* 48-55 (tendon strains and stresses)
(see Table 4-1 in NUREG/CR-6809 for locations of SOL’s)
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odel 4 Results by Pressure Milestones at
6.2 m

Case 1 Results by Pressure Milestones at 6.2 m

Milestone Pressure (MPa) x Pd
Zero Concrete Hoop Stress (at 07 azimuth) 075 200
Concrete Hoop Cracking Occurs (at 0° azimuth) 0 &0 2 04
Tendon A Reachapprox.1% Strain (at 07

azimuth) 1.23 3.13
Tendon B Reachapprox.1% Strain (at 07

azimuth) 1.18 3.00

Case 2 Results by Pressure Milestones at 6.2 m

Milestone Pressure (MPa) x Pd
Zero Concrete Hoop Stress (at 07 azimuth) 074 1 89
Concrete Hoop Cracking Occurs (at 0° azimuth) 077 1 95
Tendon A Reachapprox.1% Strain (at 07

azimuth) 1.20 3.06
Tendon B Reachapprox.1% Strain (at 07

azimuth) 1.24 3.16
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Case 1 Deformed Shape after Tendon
Anchorage. Deformation Scale x 500
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} Case 1 Deformed Shape at 3.6 x Pd.

Deformation Scale x 20
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Step: Pressure _Temp_5
¥ncremen t  42: Step Time = 0.3274

Deformed Var: U Deformation Scale Factor: +2.000e+01
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aSe 1 Animation of a “Plan-View” Slice at a
Model Elevation of 4.68m
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Case 1 Max Principal Strain in Liner at
2.0 x Pd

E, Max. In-Plane Principal E, Max. In-Plane Principal
Multiple section points Multiple section points
(Avg: 75%0) (Avg: 75%)
0.0064 0.0064
0.0055 0.0055
0,0050 0.0050
0.0046 0.0046
0.0041 0.0041
0.0036 0.0036
0.0031 0.0031
0.0027 0.0027
0.0022 0.0022
0.0017 0.0017
0.0012 0.0012
0.0008 0.0008
0.0003 0.0003
-0.0002 -0.0002
Y
Y
I Step: Pressure_Temp_4
gtep: Pressure_Temp_4 z Increment 10: Step Time = 0,1683
crement 10! Step Time = 0.1683 Primary Var: E, Max. In-Plane Principal
Primary Var: E, Max. In-Plane Principal Deformed Var: U Deformation Scale Factor: +1.0000e+00

Deformed Var: U Deformation Scale Factor: +1.0000e+00
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2.5 x Pd

Case 1 Max Principal Strain in Liner at

E, Max. In-Plane Principal
Multiple section points
(Avg: 75%0)

0.0084

0.0055

0.0050

0.0046

0.0041

0.0036

0.00321

0.0027 !

0.0022 T

0.0017 T !

0.0012 i

0.0008

0.0003

-0.0002

Y

T

Y

I Step: Pressure_Temp_>5
¥ncrement 6! Step Time = 5.0625E-02
Primary Var: E; Max. In-Plane Principal
Deformed Var: U Deformation Scale Factor: +1.0000e+00

E, Max. In-P
Multiple secti
(Avg: 75%0)
0.0084
0.0055
0.0050
0.0046
0.0041
0.0036
0.0031
0.0027
0.0022
0.0017
0.0012
0.0008
0.0003
-0.0002

lane Principal
ion points

ool

I

Step: Pressure_Temp_5

Increment 6! Step Time = 5.0625E-02

Primary Var: E, Max. In-Plane Principal

Deformed Var: U Deformation Scale Factor: +1.0000e+00
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Case 1 Max Principal Strain in Liner at
3.0 x Pd

E, Max. In-Plane Principal E M In-pl principal
Multiple section points « Max. In"Plane Principa
(Avg: 75%) Multiple section points
0.0112 (Avg: 75%0)
0.0060 0.0112
0.0055 0.0060
0.0050 0.0055
0.0044 FEmE 0.0050
0.0039 ! o 0.0044 EEoEE!
0.0034 IS 0.0039 ESssm===s:
0.0029 o 1 0.0034 ¢
0.0024 ! 0.0029
0.0019 . 0.0024 !
0.0014 3 0.0019
0.0008 ] 0.0014
0.0003 i 0.0008
-0.0002 0.0003
: -0.0002
11
L1
|
[l
Y Y
| Step: Pressure_Temp_5 I Step: Pressure_Temp_5
¥ncrement  19: Step Time = 0,1781 z Increment 19: Step Time = 0,1781
Primary Yar: E, Max. In-Plane Principal Primary Var: E, Max. In-Plane Principal
Deformed ¥Yar: U Deformation Scale Factor: +1.0000e+00 Deformed Var: U Deformation Scale Factor: +1.0000e+00
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ase 1 Max Principal Strain in Liner at 3.3 X
Pd. (Higher Contour Color Limits)

E, Max. In-Plane Principal E, Max. In-Plane Principal
Multiple section points Multiple section points
(Avg: 75%0) (Avg: 75%0)
0.0134 0.0134
0.0125 0 0125
0.0114 0'0114
0.0104 0'0104
0.0093 0'0093
0.0083 0.0083
0.0072 0.0072
0.0062 0.0062
0.0051 0.0051
0.0040 0.0040
0.0030 0.0030 u
0-0019 0|0019 u
0.0009 0.0009 ZZ
-0.0002 -0.0002 L
,_
Y Y

Step: Pressure_Temp_5 7 | Step: Pressure_Temp_S.
¥n Increment 29: Step Time = 0.2520

crement  29; Step Time = 0.2520 N . g
Primary Var: E, Max. In-Plane Principal Primary Var: E, Max. In-Plane Principal
Deformed Var: U Deformation Scale Factor: +1.0000e+00 Deformed Var: U Deformation Scale Factor: +1.0000e+00
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Case 1 Max Principal Strain in Liner at
3.6 x Pd

E, Max. In-Plane Principal

Multiple sect

(Avg: 7504)
0.0169
0.0150
0.0137
0.0125
0.0112
0.0099
0.0087
0.0074
0.0061
0.0049
0.00386
0.0023
0.0011
-0.0002

ion points

Y

I—>¥n

E, Max. In-Plane Principal
Multiple section points

(Avg: 7504)
0.0169
0.0150
0.0137
0.0125
0.0112
0.0099
0.0087
0.0074
0.0061
0.0049
0.0036
0.0023
0.0011
-0.0002

Step: Pressure_Temp_5

crement

42: Step Time =

0.3274

Primary var: E, Max. In-Plane Principal

Deformed Var: U Deformation Scale Factor: +1.0000e400

ool

I

Step: Pressure_Temp_5

Increment 42! Step Time = 0.3274

Primary var: E, Max. In-Plane Principal

Deformed Var: U Deformation Scale Factor: +1.0000e+00
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Case 1 Max Principal Membrane Strain in
Concrete at 2.0 x Pd

E; Max. In-Plane Principal

E, Max. In-Plane Principal Multiple section points
Multiple section points (Avg: 7500)
(Avg! 75%0) 0.0064

0.0064 0.0055

0.0055 0.0050

0.0050 0.0046

0.0046 0.0041

0.0041 0.0036

0.0036 0.0031

0.0031

00027 0.0025

0.0022 0.0017

0.0017 0'0012

0.0012 )

0.0008 0.0008

0:0003 0.0003

-0,0002 -0.0002

Y

| Step: Pressure_Temp_4
Ffncrement 10t Step Time = 0.,1683 7 Step: Pressure_Temp_4

Primary Var: E, Max. In-Plane Principal Increment 10: Step Time = 0.1683
Deformed Vvar: U Deformation Scale Factor: +1.0000e+00 Primary Var: E, Max. In-Plane Principal

Deformed Var: U Deformation Scale Factor: +1.0000e+00
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Case 1 Max Principal Membrane Strain in

Concrete at 2.5 x Pd

E,; Max. In-Plane Principal
Multiple section points
(Avg: 75%0)
0.0083
0.0055
0.0050
0.0046
0.0041 L=
0.0036 I
0.0031
0.0027
0.0022 T
0.0017
0.0012
0.0008
0.0003
-0.0002

A

Y

| Step: Pressure_Temp_5
¥ncrement 6: Step Time = 5.0625E-02

Primary Var: E, Max. In-Plane Principal
Deformed Var: U Deformation Scale Factor: +1.0000e+00

E, Max. In-Plane Principal
Multiple section points
(Avg: 75%0)
0.0083
0.0055
0.0050
0.0046
0.0041
0.0036
0.0031 L
0.0027
0.0022 T
0.0017
0.0012
0.0008
0.0003
-0.0002

| Step: Pressure_Temp_5
z Increment 6: Step Time = 5.0625E-02

Primary Var: E, Max. In-Plane Principal
Deformed Var: U Deformation Scale Factor: +1.0000e+00
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Case 1 Max Principal Membrane Strain in
Concrete at 3.0 x Pd

- E, Max. In-Plane Principal
E, Max. In-Plane Principal M’ultiple section points P
Multiple section points (Avg: 75%)
(Avg: 7500) (')0111
0.0111 0.0060
0.0060 0.0055
0.0055 0.0050
0.0050 0.0044
0.0044 - 00039
9.0039 I 0.0034
0.0034 I o 1
0653 | "
0.0019 0.0019 B
0.0014 0.0014 I
0.0008 9 0.0008 1l
0.0003 0.0003
-0.0002 -0.0002
|
[
.. :. l
(N iy U AN (NEN
Y Y

| Step: Pressure_Temp_5 .
Frncrement  19: Step Time = 0.1781 7 Step: Pressure_Temp_D

Primary Var: E, Max. In-Plane Principal Increment  19: Step Time = 0.1781
Deformed War: U Deformation Scale Factor: +1.0000e+00 Primary Var: E; Max. In-Plane Principal
Deformed var: U Deformation Scale Factor: +1.0000e+00
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Case 1 Max Principal Membrane Strain in
Concrete at 3.3 x Pd

E, Max. In-Plane Principal E, Max. In-Plane Principal
Multiple section points Multiple section points
(Avg: 75%) (Avg: 75%)
0.0132 0.0132
0.0125 0.0125
0.0114 0.0114
0.0104 0.0104
0.0093 0.0093
0.0083 0.0083
0.0072 0.0072
0.0062 0.0062
0.0051 0.0051
0.0040 0.0040
0.0030 0.0030
0.0019 0.0019 ]
0.0009 0.0009 o
-0.0002 -0.0002 N
hd
hd

I Step: Pressure_Temp_5
¥nerement  29: Step Time = 0.2520 7 Step: Pressure_Temp_S5

Primary Var: E, Max. In-Plane Principal Increment 29! Step Time = 0.2520
Deformed Var: U Deformation Scale Factor: +1.0000e+00 Primary Var: E, Max. In-Plane Principal
Deformed Var: U Deformation Scale Factor: +1.0000e+00
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Case 1 Max Principal Membrane Strain in
Concrete at 3.6 x Pd

i E, Max. In-Plane Principal
E, Max. In-Plane Principal Multiple section points
Multiple section points Avg: 7506
(Avg: 75%0) ( 90 0131)
0.0181 0.0150
0.0150 0.0137
0.0137 0.0125
0.0125 0.0112
0.0112 0.0099
00009 ! 0.0087
00004 H ' 0.0074
0.0074 ! 0.0061 !
0.0061 .
0.0049 0.0049 =
0.0036 | 0.0036 A
0.0023 0.0023 T
0,0011 0.0011 i
-0.0002 -0.0002 I
)
| - I
N Y

| Step: Pressure_Temp_>5
Fncrement  42: Step Time =  0.3274 7 Step: Pressure_Temp_5

Primary Var: E, Max. In-Plane Principal Increment 42: Step Time = 0.3274
Deformed War: U Deformation Scale Factor: +1.0000e+00 Primary Var: E, Max. In-Plane Principal
Deformed Var: U Deformation Scale Factor: +1.0000e+00
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ase 1 Stress in Hoop Tendons Anchored at
90° after Jacking before Anchorage

5,511
Multiple section points
(Avg: 75%)

183500
174875
166250
157625
149000
140375
131750
123125
114500
105875
97250

88625

80000

Step: Jacking-finish
Increment 24: Step Time = 1.000
Primary ¥Yar: 5,511

Deformed ¥ar: U Deformation Scale Factor: +1e+00
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ase 1 Stress in Hoop Tendons Anchored at
90° after Anchorage

5,511
Multiple section points
(Avg: 75%)

183500
174875
166250
157625
149000
140375
131750
123125
114500
105875
97250

88625

80000

Step: Anchor
Increment  15: Step Time =  1.000
Primary ¥ar: 5, 511

Deformed Yar: U Deformation Scale Factor: +1e+00
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ase 1 Stress in Hoop Tendons Anchored at
270° after Jacking before Anchorage

5,511
Multiple section points
(Avg: 75%)

183500
174875
166250
157625
149000
140375
131750
123125
114500
105875
97250

88625

80000

Step: Jacking-finish
Increment 24: Step Time = 1.000
Primary ¥Yar: 5, 511

Deformed Yar: U Deformation Scale Factor: +1e+00
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Case 1 Strain in Hoop Tendons

Anchored at 90°
Anchorage

after

EE11
Multiple section points
(Avg: 75%0)
0.0056
0.0056
0.0054
0.0052
0.0049
0.0047
0.0045
0.0043 ==
0.0040 — 3
0.0038 = S
0.0036 = —
0.0034 A= =SS
0.0031 e sy
0.0029 //35;,,:/,, w
e R
e =S
d/’t,;)’/, s
= -
Y
tep: Anchor
crement 33! Step Time = 1.000
Primary Var: E, E11
z Deformed Var: U Deformation Scale Factor: +1.0000e+00

Anchored at 270°

E, E11

Multiple section points

(Avg: 75%0)
0.0056
0.0056
0.0054
0.0052
0.0049
0.0047
0.0045
0.0043
0.0040
0.0038
0.0036
0.0034
0.0031
0.0029

Primary ¥ar: E, E11

hd
%Elep: Anchor
crement
Z

after

Anchorage

#
H
¢
b
p
%
b
i
b
b
i

DR
SN
R

33: Step Time = 1.000

Deformed var: U Deformation Scale Factor: +1.0000e+00
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Case 1 Strain in Hoop Tendons

Anchored at 90° at 2.0 x Pd Anchored at 270° at 2.0 x Pd

E,E1l1 E,Ell
Multiple section points Multiple section points
(Avg: 75%) (Avg: 75%)
0.0081 0.0081
0.0078 0.0078
0.0075 0.0075
0.0072 0.0072
0.0069 0.0068
00068
0.0059 0.0062
0.0056 0.0058
0.0053 0.0055
0.0050 0.0052
0.0047 0.0048
0.0044 0.0045
0.0042
Y
== Y
%Eep: Pressure_Temp_<
crement 10: Step Time = 0.1683 —
: . tep: Pressure_Temp_4 me—
Z Primary Var: E, E11 %‘ucrement 10: Step Time = 0.1683
7 Primary Var: E; E11
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Case 1 Strain in Hoop Tendons

Anchored at 90° at 3.0 x Pd Anchored at 270° at 3.0 x Pd

E,E11

Multiple section points

(Avg: 75%)
0.0110
0.0105
0.0100
0.0095
0.0089
0.0084
0.0079
0.0074
0.0069
0.0064
0.0059
0.0053
0.0048

Y
) tep: Pressure_Temp_5
%Ee[): Pressure_Temp_s crement  19: Step Time =
crement  19: Step Time = 0.1781 1
ra

Primary Var: E, E11

E,Ell
Multiple section points
(Avg: 75%)

0.0111

0.0105

0.0100

0.0094

0.0089

0.0083

0.0078

0.0073

0.0067

0.0062

0.0056

0.0051

0.0045

7 Primary VYar: E, E1
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Case 1 Strain in Hoop Tendons

Anchored at 90° at 3.3 x Pd Anchored at 270° at 3.3 x Pd

E,E11

Multiple section points

(Avg: 75%)
0.0138
0.0131
0.0124
0.0116
0.0109
0.0102
0.0094
0.0087
0.0080
0.0072
0.0065
0.0058
0.0050

E,E1l1
Multiple section points
(Avg: 75%)

0.0140

0.0133

0.0125

0.0117

0.0109

0.0101

0.0094

0.0086

0.0078

0.0070

0.0062

0.0055

0.0047

Y
tep: Pressure_Temp_5 . .
I > ?hcrement 29: Step Time = 0.2520 %EEP- Pressure_Temp_5
7 Primary Yar: E, E11 crement 29! Step Time = 0.2520

7 Primary Var: E,; E11
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Case 1 Strain in Hoop Tendons

Anchored at 90°

E, E11

Multiple section points

(Avg: 75%)
0.0196
0.0184
0.0172
0.0160
0.0148
0.0136
0.0124
0.0113
0.0101
0.0089
0.0077
0.0065
0.0053

%l]:ep: Pressure_Temp_5
crement 42: Step Time =
7 Primary Var: E, E11

at 3.6 x Pd

0.3274

Anchored at 270° at 3.6 x Pd

E,E1l1l

Multiple section points

(Avg: 75%)
0.0198
0.0186
0.0173
0.0161
0.0148
0.0136
0.0124
0.0111
0.0099
0.0086
0.0074
0.0061
0.0049

Y
%:ep: Pressure_Temp_5> '
crement  42: Step Time = 0.3274
7 Primary Var: E, E11
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National
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Case 1 Strains over Selected Gage Length

Near E/H

over Gage Length

Strain

1.60E-02

1.40E-02

1.20E-02

1.00E-02

8.00E-03

6.00E-03

4.00E-03

2.00E-03

0.00E+00

-2.00E-03

Strains Near Equipment Hatch

====loc.6
m===loc7
====l0c8
=-===Lloc.9
====Loc. 10

Casel

]

!

1

I
'l
f

]

—loc. 1 ,‘
I
il

Loc.2 1 :

i
Loc.3 L

[

—Lloc. 4

785

11

775

b7

Pressure (MPa)
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Case 1 Strains over Selected Gage Length
Near A/L

Strain over Gage Length

\*"
41

Strains Near Air Lock
1.60E-02

1.40E-02

1.20E-02

Loc. 3 Loc. 4

\\\

1.00E-02

| 0C. 5

N
N

8.00E-03

6.00E-03

4.00E-03

2.00E-03

0.00E+00

0.3925 0.785 1.1775 1.57

-2.00E-03

Pressure (MPa)
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Near M/S

Case 1 Strains over Selected Gage Length

Strain over Gage Length

.\*"
42

1.40E-02

1.20E-02

1.00E-02

8.00E-03

6.00E-03

4.00E-03

2.00E-03

0.00E+00

-2.00E-03

Strains Near Mainsteam

(

Loc. 3 Loc. 4 //
Loc. 5 ///
0.3925 0.785 1.1775

b7

Pressure (MPa)

.“ . MOFFATT & NICHOL
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Case 1 Strains over Selected Gage Length
Near F/W

6.00E-03

5.00E-03

4.00E-03

3.00E-03

2.00E-03

Strain over Gage Length

1.00E-03

0.00E+00

-1.00E-03

Strains Near Feed Water

/
Loc. 3 Loc. 4 /
| 0c. 5 //
__—
—

0.3925

0.785

A[75

Pressure (MPa)

.“ . MOFFATT & NICHOL
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ase 1 Abagus Analysis — Hoop Tendon H35

Force

Force (Kips)

160

140

120

100

80

60

40

20

0

H35 Force-Case 1

ﬂ /————_1
ﬁ%ﬁmﬁkﬁ T /,---""-—-
| e —
N AN
SRGE
"\\J.-f""f
120 90 60 -30 O 30 60 90 120 150 180 210 240 270 300

Azimuth [degrees)

——0xPd, 0 MPa —0.9xPd, 0.371 MPa
—2xPd, 0.784 MPa ——2.5xPd, 0.979 MPa—3xPd, 1.18 MPa
3.3xPd, 1.296 MPa——3.4xPd, 1.343 MPa 3.6xPd, 1.414 MPa

1.5xPd, 0.592 MPa
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ase 1 Abagus Analysis — Hoop Tendon H53
Force

H53 Force-Case 1

160
140
ey | |
. e | =
— 100 __,IR\*\Q [~ _wfé =
_E. \»_--»._\-/._.—-—'—._..-"'
=
g 60 \-.._ _.—-"'/
10
20
0

120 90 -60  -30

=

30 60 90 120 150 180 210 240 270 300

Azimuth {degrees)

—0xPd, 0 MPa

0.9xPd, 0.371 MPa 1.5xPd, 0.592 MPa
2.5xPd, 0.979 MPa 3xPd,1.18 MPa
3.4xPd, 1.343 MPa 3.6xPd, 1.414 MPa

—2xPd, 0.784 MPa

——3.3xPd, 1.296 MPa
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ase 1 Abagus Analysis — Hoop Tendon H68

Force

Force (kips)

H68 Force-Case 1

160
140
_'\.FE—— ————
120 '-_"'—_..,_\_‘—‘-—- e /.—-—-_"——u.
] —_ _,—"'-\_
100 -—2 %“‘H\““w.’"’f = ~
80 “‘i‘:%?é/
\ /
G0 "\._____ -____..-'
\h\‘fﬂ‘
40
20
0
-300 -270 -240 -210 -180 -150 -120 -90¢ 60 -30 O 30 60 90 120

Azimuth (degrees)

0xPd, 0 MPa
2xPd, 0.784 MPa —2.5xPd, 0.979 MPa

—0.9xPd, 0.371 MPa

1.5xPd, 0.592 MPa
3xPd,1.18 MPa
3.6xPd, 1.414 MPa

——3.3xPd, 1.296 MPa——3.4xPd, 1.343 MPa
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Case 1 Abaqus Analysis — Hairpin Tendon
V37 Force

1

1

1

1

1

Elevation (mm}

-2,000

-4,000

8,000

V37 Force-Case 1

6,000

4,000

SV

2,000

0,000

7/
| S

==
[=]
[=]
[=]

o
=)
=)
=]

4,000

2,000

150

120 110 90

Force (kips)

70

0xPd, 0 MPa
0.9xPd, 0.371 MPa
1.5xPd, 0.592 MPa
2xPd, 0.784 MPa
2.5xPd, 0.979 MPa

3xPd, 1.18 MPa

3.3xPd, 1.296 MPa

3.4xPd, 1.343 MPa
3.6xPd, 1.414 MPa
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Case 1 Abaqus Analysis — Hairpin Tendon
V46 Force

16,000

14,000

12,000

10,000

{mm)
o ®
=) =]
=] =3
= =3

Elevation

4,000

2,000

-2,000

-4,000

V46 Force- Case 1

N\ ~

L~

v
C(

130

110 90

Force (kips)

70

0xPd, 0 MPa
(). 9xPd, 0.2371 MPa
1.5%Pd, 0.592 MPa

2xPd, 0.784 MPa
—2.5xPd, 0.979 MPa
3xPd, 1.18 MPa
3 _3xPd, 1.296 MPa
3.4xPd, 1.343 MPa
3.6xPd, 1.414 MPa
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Liner Strain Mapping
Model 3 — Pressure Only Case

Strain Color
0=g< 0006 green
0006=g<0012 yellow
e=0.012 red

Asimuth (degrees)
0 48 95 194 192 21 288 336 384 432 s 525 576 €24 67272

768 516 864 912 96 1008 1056 1104 1152 120 1245 1295 130.4 1392 144 1488 1536 1584 1632 168 1728 1776 1824 1872 152 1968 2016 2064 2112

216 2205 2255 2304 2352 240 2448 296 2504 2592 264 2688 2736 278.4 2832

285 2928 2976 3024 3072 312 3168 3216 3264 3312 33 3408 3456 3504 3552

Strain Map of Entire Liner Surface at 1.0xPd
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Liner Strain Mapping
Model 3 — Pressure Only Case

Strain Color

0=g< 0006 green
0006=g<0012 yellow
£=0.012 red

Asimuth (degrees)

43 528 576 624 672 72 768 816 854 912 95 1008 1056 1104 1152 120 1245 1296 1344 1397 144 1485 1535 1584 1632 168 1728 1776 1824 1872 258 2928 2976 3024 3072 312 3168 3216 3264 3312 33 3408 3456 3504 3552

192 1965 2016 206.4 2112 216 2208 2256 230.4 2352 24D 2443 2496 2544 2592 261 2668 2736 2784 2832

0 a5 95 114 132 21 288 336 384 132

H

Strain Map of Entire Liner Surface at 2.0xPd

Sandia
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Liner Strain Mapping
Model 3 — Pressure Only Case

Strain Color
0=g< 0006 green
0006=g<0012 yellow
e=0.012 red

Asimuth (degrees)
9 1008 1056 1104 1152 120 1248 1296 134.0 1392 144 1488 1536 1584 1632 168 1728 1776 1624 1872 192 1965 2016 2064 2112 _216 2205 2256 2304 2352 240 2048 2496 254 252 260 2688 2736 278.0 2832 288 2928 29756 3024 3072312 3168 3216 3264 3312 336 3408 356 3504 3552

Elevation in)

HEH B H

Strain Map of Entire Liner Surface at 3.0xPd

Sandia
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Liner Strain Mapping
Model 3 — Pressure Only Case

Strain Color
0=g< 0006 green
0006=g<0012 yellow
e=0.012 red

Strain Map of Entire Liner Surface at 3.3xPd

Sandia
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Liner Strain Mapping
Model 3 — Pressure Only Case

Strain Color
0=g< 0006 green
0006=g<0012 yellow
e=0.012 red

Asimuth (degrees)
1728 1776 1824 1872 192 1965 2016 2064 2112 216 2208 2255 2304 2352 240 2448 2495 2504 2592 264 2688 2736 2784 2832 288 2908 2976 302.4 3072

Strain Map of Entire Liner Surface at 3.6xPd

Sandia
National
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Liner Strain Mapping
Case 1 — Saturated Steam Condition

Strain Color

0=g< 0006 green
0006=g<0012 yellow
£=0.012 red

Asimuth (degrees)

45 528 576 624 672 72 768 816 864 912 95 1008 1056 1104 1152 120 1248 1296 1344 1392 144 1488 1536 1584 1632 168 1728 1776 1824 1872 28 2928 297.6 3024 3072312 3168 3216 3264 3312 336 3408 3456 3504 3552

192 196.8 2016 2064 2112 216 2208 2256 230.4 2352 240 2448 2496 2544 2592 264 2668 2736 2784 2832

0 a8 96 144 192 21 288 36 34 82

H

Strain Map of Entire Liner Surface at 1.0xPd
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Liner Strain Mapping
Case 1 — Saturated Steam Condition

Strain Color
0=g< 0006 green
0006=g<0012 yellow
e=0.012 red

Asimuth (degrees)
0 48 96 194 192 20 288 336 384 132 45 528 576 624 672 72 768 516 864 912 95 1008 1056 1104 1150 120 1248 1296 130.4 1392 144 1485 1536 1584 1632 168 1728 1776 1524 1872 152 1955 2016 2064 2112 216 2208 2255 2304 2352 240 2448 2496 2504 2592 260 2688 2736 278.4 2832 285 2928 2976 302.4 3072 312 3168 3216 3264 3312 336 3408 3456 3504 3552

Elevation in)

Strain Map of Entire Liner Surface at 2.0xPd
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Liner Strain Mapping
Case 1 — Saturated Steam Condition

Strain Color
0=g< 0006 green
0006=g<0012 yellow
e=0.012 red

Strain Map of Entire Liner Surface at 3.0xPd

Sandia
National
A ¥ MOFFATT & NICHOL @ Laboratories



Liner Strain Mapping
Case 1 — Saturated Steam Condition

Strain Color
0=g< 0006 green
0006=g<0012 yellow
e=0.012 red

Strain Map of Entire Liner Surface at 3.3xPd

Sandia
National
A ¥ MOFFATT & NICHOL @ Laboratories



Liner Strain Mapping

Case 1 — Saturated Steam Condition

Strain Color
0=g< 0006 green
0006=g<0012 yellow
e=0.012 red

Asimuth (degrees)

i
HH

H

HHHEH
HHHE

HEEHEHHE

£ EBMENENENEE L § 5

HERE R H
§
'
H

H
H
i
H

ii
H
H
il
B

Elevation in)

912 96 1008 1056 1104 1152 120 1248 1296 1364 1392 14 1488 1536 158.4 1632 168 1728 1776 1824 1572 192 1968 2016 2064 2112 216 2208

H
§

2256 230.4 2352 240 24458 2496 2544 2592 264 2688 2736 2784 2832 288 2928 2976 3024 3072 312 3168 3216 3264 3312 336 3408 3456 3504 3552

H
H

H
H
i
H

HEEA R
HHH

]

Strain Map of Entire Liner Surface at 3.6xPd
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Model 4 Case 2 Presentation

Laboratories
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% Model 4

Case 2 — Blackout Station

 An accident safety case (large dry PWR), ignoring
hydrogen burn at approx. 4-1/2 hrs due to general
consensus on its lack of effect on leak rate

time [hr]

fime. [h] @ Sandia
National
MOFFATT & NICHOL Laboratories




wdala¥ala)

Case 2 Gradients @ Section 2

Temperature (C)

4
600.00

500,00

Time (m)

——0.02

——104.08
——260.18
——260.60
——261.02

268.72
284.12
299.52
959.62

——1619.72
——1839.83
——2279.83

——2940.00
——3600.00

%/Z//
;
|

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

T (%) Sandia
@ National
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Predefined Temperature Case 2

« Case 2 involves a curved temperature distribution, due to
high temperatures which exist for short time durations

« ABAQUS only handles applied temperature gradients
piecewise-linearly using temperature points equally spaced
through the thickness

* Five temperature points were applied, following the number
of integration points in the shell elements

« Several methods attempted to find best way to simulate the
temperature gradient along with pressure

1. Piecewise linear with temperature curves
corresponding to pressure time steps

2. Piecewise linear with one temperature curve that
ramps linearly up to target value at 3.6xPd

@ Sandia
National
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Case 2 - Method 1

Temperature (°C)

350

Model 4 - Case 2 Temperature Curves Through
Time

Time (m)

—0.02
= = —104.08

Estimate 104.08
— = —29952

Estimate 299.52
= = =959.62

Estimate 959.62
= = =1619.72

Estimate 1619.72
1839.82
Estimate 1839.82

2279.83
Estimate 2279.83
= = =2940

Estimate 2940

— — —3600

Estimate 3600

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Percent Through Thickness

e MOFFATT & NICHOL
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Case 2 - Method 2

Model 4 Case 2 Temperature Curves at 3.6xPd

700.00
600.00 \
500.00
© 400.00
% == Actual Temp
5 Curve
g— 300.00
et =—Piecewise Temp
Curve 5 Pt
200.00
100.00
0.00

\*"
64

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Through Thickness

oha
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Results from Methods Attempted

« Method 1 was only able to convergeto 1.72 x Pd

 Method 2 ramped up temperature curve corresponding to
the pressure of 3.6, which occurs at time = 3600 minutes in
one step, where the solution converged to 3.6 x Pd

@ Sandia
National
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Case 2 Temperature Application

*In summary, the final solution strategy
successfully executed is as follows:

— Solution Step 1: Apply Dead Load
— Solution Step 2: Apply Prestress
— Solution Step 3: Apply Anchor-Set

— Solution Step 4: Apply Pressure and Temperature
Incrementally

* Each step has many load increments and
equilibrium iterations; the load incrementation
within a step is selected by ABAQUS; cut-backs
occur automatically

@ Sandia
National
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Comparison Between Methods

» Graph represents temperature applied to the inside face of the

vessel through time

 Method 1 is exactly in line with data through pressure
iIncrementation

 Method 2 matches temperature at final pressure milestone

« Sensitivity studies were performed to compare responses of
Method 1 to Method 2 out to P=1.7 Pd; behaviors reasonably close

700.0

600.0

Temperature (°F)
w N n
o o o
© o o
o o o

=¢— Actual

=-Method 1
/ / == Method 2

20 40 60 80

Time (hr) Sandia
@ National
MOFFATT & NICHOL Laboratories




A
}Case 2 Deformed Shape after Tendon

Anchorage. Deformation Scale x 500

Y
Step: Anchor
fncrement 33: Step Time = 1.000

Deformed Var: U Deformation Scale Factor: +5.000e+02

.\*"
68

@ Sandia
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Case 2 Deformed Shape at 3.6 x Pd.
Deformation Scale x 20

Step: Pressure_Temp_1
gncrement  90: Step Time = 0.9010

Deformed Yar: U Deformation Scale Factor: +2.000e+01

Sandia
National

. MOFFATT & NICHOL Laboratories
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aSe 2 Animation of a “Plan-View” Slice at a
Model Elevation of 4.68m
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2.0 x Pd

Case 2 Max Principal Strain in Liner at

E, Max. In-Plane Principal
Multiple section points
(Avg: 7500)

0.0055

0.0050

0.0046

0.0041

0.0036

0.0031

0.0027

0.0022

0.0017

0.0012

0.0008

0.0003

-0.0002

Y

I tep: Pressure_Temp_1
ncrement  23: Step Time = 0.5063
Primary Var: E, Max. In-Plane Principal
Deformed Var: U Deformation Scale Factor: +1.0000e+00

E, Max. In-P
Multiple sect
(Avg: 75%)
0.0055
0.0050
0.0046
0.0041
0.0036
0.0031
0.0027
0.0022
0.0017
0.0012
0.0008
0.0003
-0.0002

lane Principal
ion points

Step: Pressure_Temp_1

Increment 23: Step Time = 0.5063

Primary Var: E, Max. In-Plane Principal

Deformed Var: U Deformation Scale Factor: +1.0000e+00
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Case 2 Max Principal Strain in Liner at
2.5 x Pd

E, Max. In-Plane Principal E, Max. In-Plane Principal
Multiple section points Multiple section points
{Avg: 75040) (Avg: 75040)
0.0055 0.0055
0.0050 0.0050
0.0046 0.0046
0.0041 0.0041
0.0036 0.0036
0.0031 0.0031
0.0027 e ! 0.0027
0.0022 T ! ! 0.0022
0.0017 ! 7 0.0017 P
0.0012 - 0.0012 T
0.0008 0.0008
0.0003 0.0003
-0.0002 -0.0002
5
1l -
AN =
Y Y

I_. tep: Pressure_Temp_1 Step: Pressure_Temp_1
ncrement 31: Step Time = 0.6239 ®

Primary Var: E, Max. In-Plane Principal Increment = 31: Step Time = 0.6239

. h , Primary Var: E, Max. In-Plane Principal
Deformed var: U Deformation Scale Factor: +1.0000¢+00 Deformed Var: U Deformation Scale Factor: +1.0000e+00

Sandia
National
Laboratories



Case 2 Max Principal Strain in Liner at

3.0 x Pd

E, Max. In-Plane Principal
Multiple section points
(Avg: 75%0)

0.0083

0.0065

0.0059

0.0054

0.0048

0.0043

0.0037

0.0032

00026

0.0020

0.0015

0.0009

0.0004

-0.0002

LEEN)

Y

I tep: Pressure_Temp_1
ncrement  47: Step Time = 0.7550
Primary Var: E; Max. In-Plane Principal
Deformed Var: U Deformation Scale Factor: +1.0000e+00

E, Max. In-Plane Principal
Multiple section points
(Avg: 75%0)

0.0083

0.0065

0.0059

0.0054

0.0048

0.0043

0.0037

0.0032

0.0026

0.0020 T

0.0015 u

0.0009

0.0004

-0.0002

| Step: Pressure_Temp_1
x Increment 47: Step Time = 0.7550
Primary Var: E, Max. In-Plane Principal
Deformed Var: U Deformation Scale Factor: +1.0000e+00
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ase 2 Max Principal Strain in Liner at 3.3 X

Pd. (Higher Contour Color Limits)

E, Max. In-Plane Principal
Multiple section points
(Avg: 75%0)
0.0120
0.0110
0.0100
0.0090
0.0079
0.0069
0.0059
0.0049 | = ) H
0.0039 —
0.0028
0.0018
0.0008
-0.0002

Y

I tep: Pressure_Temp_1
ncrement  63: Step Time = 0.8254
Primary var: E, Max. In-Plane Principal
Deformed Var: U Deformation Scale Factor: +1.0000e+00

E, Max. In-Plane Principal
Multiple section points
(Avg: 7504)

0.0120

0.0110

0.0100

0.0090

0.0079

0.0069

0.0059

0.0049

0.0039

0.0028 il

0.0018

0.0008

-0.0002

) i e e
T
1§

I

| Step: Pressure_Temp_1
® Increment 63! Step Time = 0.8254
Primary Var: E; Max. In-Plane Principal
Deformed Var: U Deformation Scale Factor: +1.0000e+00

Sandia
National
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3.6 x Pd

Case 2 Max Principal Strain in Liner at

E, Max. In-P
Multiple secti
(Avg: 75%0)
0.0172
0.0130
0.0119
0.0108
0.0097
0.0086
0.0075
0.0064
0.0053
0.0042
0.0031
0.0020
0.0009
-0.0002

lane Principal
ion points

Y

L.

tep: Pressure_Temp_1
ncrement  90: Step Time = 0,9010
Primary Var: E, Max. In-Plane Principal
Deformed Var: U Deformation Scale Factor: +1.0000e+00

E, Max. In-P

Multiple sect

(Avg: 75%0)
0.0172
0.0130
0.0119
0.0108
0.0097
0.0086
0.0075
0.0064
0.0053
0.0042
0.0031
0.0020
0.0009
-0.0002

lane Principal
ion points

T
T

cel

Step: Pressure_Temp_1

Increment 90: Step Time = 0.92010

Primary Var: E, Max. In-Plane Principal

Deformed Var: U Deformation Scale Factor: +1.0000e400
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Case 2 Max Principal Membrane Strain in

Concrete at 2.0 x Pd

E, Max. In-Plane Principal
Multiple section points
(Avg: 7500)

0.0055

0.0050

0.0046

0.0041

0.0036

00031

0.0027

0.0022

0.0017

0.0012

0.0008

0.0003

-0.0002

Y
I gtep: Pressure_Temp_1
ncrement  23: Step Time = 0.5063
Primary Var: E; Max. In-Plane Principal
Deformed Var: U Deformation Scale Factor: +1.0000e+00

E, Max. In-Plane Principal
Multiple section points
(Avg: 75%0)

0.0055

0.0050

0.0046

0.0041

0.0036

0.0031

0.0027

0.0022

0.0017

0.0012

0.0008

0.0003

-0.0002

I Step: Pressure_Temp_1
b Increment 23: Step Time = 0.5063
Primary Var: E, Max. In-Plane Principal
Deformed Var: U Deformation Scale Factor: +1.0000e+00
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Case 2 Max Principal Membrane Strain in

Concrete at 2.5 x Pd

E, Max. In-Plane Principal
Multiple section points
(Avg: 7500)

0.0057

0.0055

0.0050

0.0046

0.0041

0.0036

0.0031

0.0027

0.0022 i

0.0017

0.0012

0.0008

0.0003

-0.0002

Y

I tep: Pressure_Temp_1
ncrement  31: Step Time = 0.6239
Primary Var: E, Max. In-Plane Principal
Deformed Var: U Deformation Scale Factor: +1.0000e+00

E,; Max. In-Plane Principal
Multiple section points
(Avg: 75%0)

0.0057

0.0055

0.0050

0.0046

0.0041

0.0036

0.0031

0.0027

0.0022

0.0017

0.0012

0.0008

0.0003

-0.0002

I Step: Pressure_Temp_1
x Increment 31: Step Time = 0.6239

Primary var: E, Max. In-Plane Principal
Deformed Var: U Deformation Scale Factor: +1.0000e400
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Case 2 Max Principal Membrane Strain in
Concrete at 3.0 x Pd

E, Max. In-Plane Principal E, Max. In-Plane Principal
Multiple section points Multiple section points
(Avg: 7500) (Avg: 75%0)
0.0086 0.0086
0.0065 0.0065
0.0059 0.0059
0.0054 0.0054
0.0048 0.0048 S
0.0043 0.0043 T 1
0.0037 0.0037 = T
0.0032 0.0032
0.0026 0.0026 -
0.0020 0.0020 -
0.0015 0.0015 1 ]
0.0009 = 0.0009
0.0004 0.0004
-0.0002 -0.0002
I
Y Y
l N tep: Pressure_Temp_1 | Step: Pressure_Temp_1
ncrement 47 Step Time = 0.7550 a4 Increment  47: Step Time = 0.7550
Primary Var: E, Max. In-Plane Principal Primary Var: E, Max. In-Plane Principal
Deformed Var: U Deformation Scale Factor: +1.0000e+00 Deformed Var: U Deformation Scale Factor: +1.0000e+00
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Case 2 Max Principal Membrane Strain in
Concrete at 3.3 x Pd

E, Max. In-Plane Principal E, Max. In-Plane Principal
Multiple section points Multiple section points
(Avg: 7500) (Avg: 75%0)
0.0120 0.0120
0.0110 0.0110
0.0100 0.0100
0.0090 0.0090
0.0079 0.0079
0.0069 0.0069
0.0059 0.0059
0.0049 T ) 0.0049
0.0039 - ¥ 0.0039
0.0028 - 0.0028
0.0018 () 0.0018 M
0.0008 I 0.0008 H
-0.0002 -0.0002 [
yun
ERm! L |
Y hd

tep: Pressure_Temp_1 .
I_’ ncrement 63 Step Time = 0.8254 )<Z'j Step: Pressure_Temp_1

Primary Var: E, Max. In-Plane Principal Increment —63: Step Time = 0.8254

. : . Primary Var: E, Max. In-Plane Principal
Deformed var: U Deformation Scale Factor: +1.0000e+00 Deformed Var: U Deformation Scale Factor: +1.0000e+00
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Case 2 Max Principal Membrane Strain in

Concrete at 3.6 x Pd

E, Max. In-Plane Principal E, Max. In-Plane Principal
Multiple section points Multiple section points
(Avg: 75%0) (Avg: 75%0)
0.0183 0.0183
0.0130 0.0130
0.0119 0.0119
0.0108 0.0108
0.0097 0.0097
0.0086 = 0.0086
0.0075 =5 - 0.0075
0.0064 I o 0.0064 T
0.0053 0.0053
0.0042 0.0042 =
0.0031 0.0031
0.0020 0.0020
0.0009 0.0009
-0.0002 -0.0002 am
’ I
gEn
I
L] I
o {
Y Y
tep: Pressure_Temp_1 .
I-» ncrement  90: Step Time = 0.9010 )q.j D A Tie = 0.0010
Primary Var: E, Max. In-Plane Principal Primary Var: E, Max. I:I)n—IDIan;: Dri.ncipal
Deformed Var: U Deformation Scale Factor: +1.0000e+00 Deformed Var: U Deformation Scale Factor: +1.0000e+00
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Case 2 Strain in Hoop Tendons

Anchored at 90° at 2.0 x Pd Anchored at 270° at 2.0 x Pd

E, E11 E, E]..l . .

Multiple section points Multiple section points

(Avg: 75%0) (Avg: 7500)
0.0078 0.0079
0.0075 0.0075
0.0072 0.0072
0.0068 0.0068
0.0065 0.0065
0.0062 0.0062
0.0058 0.0058
0.0055 0.0055
0.0052 0.0052
0.0048 0.0048
0.0045 0.0045
0.0042 0.0042
0.0038 0.0038
0.0035 0.0035
v Y

tep: Pressure_Temp_1

ncrement 23! Step Time = 0.5063
Primary Var: E, E11
Deformed Var: U Deformation Scale Factor: +1.0000e+00

tep: Pressure_Temp_1
ncrement  23: Step Time = 0.5063

Primary Var: E, E11

Deformed Var: U Deformation Scale Factor: +1.,0000e+00
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Case 2 Strain in Hoop Tendons

An

chored at 90° at 3.0 x Pd Anchored at 270° at 3.0 x Pd

E: E11
Multiple section points E, E11
(Avg! 75%0) Multiple section points
0.0119 (Avg: 75%)
0.0110 0.0119
0.0104 0.0110
0.0098 0.0104
0.0091 0.0098
0.0085 0.0091
0.,0079 0.0085
0.0072 0.0079
0.0066 0.0072
0.0060 0.0066
0.0054 0.0060
0.0047 0.0054
0.0041 0.0047
0.0035 0.0041
0.0035
A Y
tep: Pressure_Temp_1 tep: Pressure Temp 1
ncrement 47 Step Time = 0.7550 ncEement a7 stf.Pp Time = 0.7550
Primary var: E, E11 Primary var: E, E11
Deformed Var: U Deformation Scale Factor: +1.0000e+00 Deformed Var: U Deformation Scale Factor: +1.0000e+00
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Case 2 Strain in Hoop Tendons

Anc

hored at 90° at 3.3 x Pd

E, E11

Multiple sect

(Avg: 75%0)
0.0150
0.0150
0.0140
0.0131
0.0121
0.0112
0.0102
0.0093
0.0083
0.0073
0.0064
0.0054
0.0045
0.0035

ion points

tep: Pressure_Temp_1
ncrement  63: Step Time = 0.8254
Primary Var: E, E11
Deformed War: U Deformation Scale Factor: +1.0000e+00

Anchored at 270° at 3.3 x Pd

E; E11

Multiple section points

(Avg: 75040)
0.0154
0.0150
0.0140
0.0131
0.0121
0.0112
0.0102
0.0093
0.0083
0.0073
0.0064
0.0054
0.0045
0.0035

tep: Pressure_Temp_1
ncrement  63: Step Time = 0.8254
Primary Var: E; E11
Deformed Var: U Deformation Scale Factor: +1.0000e+00
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Case 2 Strain in Hoop Tendons

Anchored at 90° at 3.6 x Pd

E; E11

Multiple section points

(Avg: 75040)
0.0210
0.0200
0.0186
0.0173
0.0159
0.0145
0.0131
0.0117
0.0104
0.0090
0.0076
0.0063
0.0049
0.0035

tep: Pressure_Temp_1

ncrement  90: Step Time = 0.9010
Primary Var: E, E11
Deformed Var: U Deformation Scale Factor: +1.0000e+00

Anchored at 270° at 3.6 x Pd

E; E11

Multiple section points

(AvQg: 75%0)
0.0214
0.0200
0.0186
0.0173
0.0159
0.0145
0.0131
0.0117
0.0104
0.0090
0.0076
0.0063
0.0049
0.0035

tep: Pressure_Temp_1
ncrement 20! Step Time = 0.9010
Primary var: E;, E11
Deformed Var: U Deformation Scale Factor: +1.0000e400
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Case 2 Strains over Selected Gage Length
Near E/H

Strains Near Equipment Hatch
Case 2

1.80E-02

1.60E-02

1.40E-02

1.20E-02

1.00E-02

8.00E-03

6.00E-03

Straln over Gage Length

4.00E-03

2.00E-03

0.00E+00

200603 - Pressure (MPa)
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Case 2 Strains over Selected Gage Length
Near A/L

Strains Near Air Lock - Case 2
1.80E-02

1.60E-02

1.40E-02 I

Loc.3 /
1.20E-02

——Loc.4 /
1.00E-02 ———L0cC.5 /

=

i)

S oc. //
-

Q

1]

-]

©  8.00E-03

5 /
>

o

§ 6.00E-03

&

Y

4.00E-03 >
2.00-03 /

0.00E+00

0.3925 0.785 1.1775 1.57

-2.00E-03
Pressure (MPa)
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Case 2 Strains over Selected Gage Length
Near M/S

Strains Near Mainsteam - Case 2

1.40E-02

1.20E-02 /

1.00E-02 Loc.3 /
Loc.4 / /
8.00E-03

=
B
3 Loc.5
Q
1]
-]
&  6.00E-03
@
>
o
£
S 4.00E-03 -
&S /
2.00E-03 //
0.00E+00 4
0.3925 0.785 1.1775 1.57

-2.00E-03

Pressure (MPa)
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Case 2 Strains over Selected Gage Length
Near F/W

Strains Near Feed Water - Case 2

7.00E-03

6.00E-03

5.00E-03 Loc.3

—Loc.4

= /
% 4.00E-03
E, ——Loc.5
o /
1)
G 3.00E-03 A
a //
>
o
£
©
& 200E-03 / /

1.00E-03 7/

0.00E+00 /

0.3925 0.785 1.1775 157
-1.00E-03
Pressure (MPa)
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ase 2 Abagus Analysis — Hoop Tendon H35
Force

H35 Force - Case 2
160
140
120 "‘\v‘& ~y \\\//ﬁ’-— AL /1\/"\'
. A\ RS N/ VT
"~ ol
=3 20 \—\} ™\ \ =’ _,/’
Q
g L/ \"'\-\ V' eV
[ \\ ’ /
60 \\/'//
\ L~
"]
40
20
0
-120 -90 -60 -30 0 30 60 90 120 150 180 210 240 270 300
Azimuth (degrees)
0xPd,0 MPa 1xPd, 0.395 MPa 1.5xPd,0.575 MPa
2xPd,0.795 MPa 2.5xPd,0.98 MPa 3xPd, 1.185 MPa
3.3xPd, 1.296 MPa 3.4xPd, 1.333 MPa 3.6xPd, 1.415 MPa
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ase 2 Abagus Analysis — Hoop Tendon H53
Force

H53 Force - Case 2
160
140
—— —
g A o8 p——
N'\w-\—\,—
~ P R
120 = e
/ W~ “~
100
_ I~ AN = A\
2 PN N~—~——T |~ gy
= 80
Q
o
Y \/—-
o \ /
'8
€0 \\\/,//
S~~~
40
20
0
-120 -90 -60 -30 0 30 60 90 120 150 180 210 240 270 300
Azimuth (degrees)
0xPd,0 MPa 1xPd, 0.395 MPa 1.5xPd,0.575 MPa
2xPd,0.795 MPa 2.5xPd,0.98 MPa 3xPd, 1.185 MPa
——3.3xPd, 1.296 MPa 3.4xPd, 1.333 MPa 3.6xPd, 1.415 MPa
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National
M) ¥ MOFFATT & NICHOL @ Laboratories



\

ase 2 Abagus Analysis — Hoop Tendon H68
Force

H68 Force - Case 2
160
140
e
120 ~ ~L—r" — -
100 ~ N~ ,/ N
I
L~ N T ’
- e
£ — N /é N
g 80 /
8 N~~~
€0 \\ ,//
\/
40
20
0
-300 -270 -240 -210 -180 -150 -120 -90 -60 -30 0 30 60 90 120
Azimuth (degrees)
0xPd,0 MPa 1xPd, 0.395 MPa 1.5xPd,0.575 MPa
2xPd,0.795 MPa 2.5xPd,0.98 MPa 3xPd, 1.185 MPa
3.3xPd, 1.296 MPa 3.4xPd, 1.333 MPa 3.6xPd, 1.415 MPa
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Case 2 Abaqus Analysis — Hairpin Tendon
V37 Force

V37 Force - Case 2

Ny
/4
S

000000

000000
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Case 2 Abaqus Analysis — Hairpin Tendon
V46 Force

V46 Force - Case 2

000000

W 5'/’//:/’
N /74
v
1

000000

000000

Force (kips)
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Standard Output Location #1. Azimuth: 135 Degrees, Elevation: 0.00 Meters, Top of

Basemat

0.5 ‘

=t \odel 3

==¢==Model 4 - Case 1
0.4 == Model 4 - Case 2
0.3
0.2
0.1

A
0.0 =
0.0p0o0 0.3925 0.7850 1.1775 1.5)F00

-0.1

Pressure, MPa (grid divisions are multiples of Pd)

¥ MOFFATT & NICHOL
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Standard Output Location #2. Azimuth: 135 Degrees, Elevation: 0.25 Meters, Base of

Cylinder
3.5 ‘
=t \]odel 3
3.0 == Model 4 - Case 1
== \|odel 4 - Case 2
e 25
IS
S 2.0 &
g
S 15 A
E_ /
0
O 10
I
3
g o5
-0.5
0.0000 0.3925 0.7850 1.1775 1.5700

Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location #3. Azimuth: 135 Degrees, Elevation: 1.43 Meters, Base of

Cylinder
23.0 ‘
=dr=\]0del 3
== Model 4 - Case 1
18.0 == Model 4 - Case 2
13.0
8.0 —— /
. /
'20 T
0.0000 0.3925 0.7850 1.1775

Pressure, MPa (grid divisions are multiples of Pd)

e MOFFATT & NICHOL

1.5700

)
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Standard Output Location #4. Azimuth: 135 Degrees, Elevation: 2.63 Meters, Base of

Cylinder
45.0
40.0 =d—\odel 3
—o—Model 4 - Case 1 /
35.0 =@=Model 4 - Case 2
30.0

20.0 /
15.0 /
10.0 /

5.0 — /
0.0 , — //

'50 T
0.0000 0.3925 0.7850 1.1775 1.5700

Pressure, MPa (grid divisions are multiples of Pd)
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1S
c
@
=
)
Q
8
o
2
(@]
<
5
o]
@

@ Sandia
, National
R ¥ MOFFATT & NICHOL Laboratories



IS
1S
IS
@
=
)
Q
8
o
2
(@]
<
5
o]
@

Standard Output Location #5. Azimuth: 135 Degrees, Elevation: 4.68 Meters, E/H Elevation

75.0 ‘
—a—Model 3 /
65.0 =¢==Model 4 - Case 1
== \odel 4 - Case 2 /
55.0
45.0
N j
25.0 /y
15.0 /
‘50 T
0.0000 0.3925 0.7850 1.1775

Pressure, MPa (grid divisions are multiples of Pd)
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90.0

Standard Output Location #6. Azimuth: 135 Degrees, Elevation: 6.20 Meters, Approximate

Midheight

=fe=\odel 3

80.0

70.0

== Model 4 - Case 1
=@ Model 4 - Case 2

60.0

50.0

40.0

30.0

20.0

10.0

0.0

-10.0

0.0000

0.3925 0.7850
Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location #7.

Azimuth: 135 Degrees, Elevation: 10.75 Meters, Springline

62.0
58.0

54.0
50.0

== \odel 3

=¢==Model 4 - Case 1

== Model 4 - Case 2

46.0
42.0

38.0
34.0

30.0
26.0

22.0
18.0

/

14.0

/

X

10.0

6.0

/

/

A

2.0 1

-2§.0000

0.3925

|
0.7850

Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location #8. Azimuth: 135 Degrees, Elevation: 10.75 Meters, Springline

== Model 3

28.0

23.0

=4==Model 4 - Case 1
== Model 4 - Case 2

o'

18.0

T

13.0

/-/

e

8.0

3.0

/

)

-2.0
0.0000

0.3925 0.7850

Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location #9. Azimuth: 135 Degrees, Elevation: 14.55 Meters, Dome 45 deg

50
4.0 &
3.0
2.0
=t \odel 3
=¢=Model 4 - Case 1
1.0 =@ Model 4 - Case 2
0.0
* w
_1.0 T T
0.0000 0.3925 0.7850 1.1775

Pressure, MPa (grid divisions are multiples of Pd)

e MOFFATT & NICHOL
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Standard Output Location #10. Azimuth: 135 Degrees, Elevation: 14.55 Meters, Dome 45

deg
25.0
=t \lodel 3
=¢=NModel 4 - Case 1
20.0 == Model 4 - Case 2
15.0 /
10.0
5.0
0.0
'50 T T
0.0000 0.3925 0.7850

Pressure, MPa (grid divisions are multiples of Pd)
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1.5700
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40.0

35.0

30.0

25.0

20.0

15.0

10.0

5.0

0.0

-5.0

-10.0

Standard Output Location #11. Azimuth: Apex , Elevation: 16.13 Meters,

|
=t Model 3

== Model 4 - Case 1
== Model 4 - Case 2 ’-/.

0.0000 0.3925 0.7850 1.1775

Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location #12. Azimuth: 90 Degrees, Elevation: 6.2 Meters,
Midheight at Buttress

65.0 |

== Model 3
55.0 =¢==Model 4 - Case 1 r

== Model 4 - Case 2 //
45.0

£
£ /‘
$ 35.0
I //
(]
&
= 250
%
[a)
< 15.0
©
©
e
5.0 ,/‘"_-/
'5.0\
0.0000 0.3925 0.7850 1.1775 1.5700

Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location #13. Azimuth: 90 Degrees, Elevation: 10.75 Meters,
Springline at Buttress

50.0 I
=t \odel 3
45.0 «=¢==Model 4 - Case 1
40.0 =@ Model 4 - Case 2 /’
35.0 ,

30.0 / / A
/

25.0

20.0

15.0

10.0

£
£
<
[}
£
[}
Q
ke
o
2
@]
8
°
@
o

5.0

0.0

-5.0 -

0.0000 0.3925 0.7850 1.1775 1.5700
Pressure, MPa (grid divisions are multiples of Pd)
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80.0

Standard Output Location #14. Azimuth: 334 Degrees, Elevation: 4.675 Meters,

Center of E/H

70.0

\
=d—\odel 3

=¢=\odel 4 - Case 1
=@ Model 4 - Case 2

60.0

50.0

40.0

30.0

20.0

10.0

0.0 3

-10.0
0.0000

0.3925 0.7850
Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location #15. Azimuth: 66 Degrees, Elevation: 4.525 Meters,
Center of A/L

80.0 :
=t \lodel 3

70.0 =4==Model 4 - Case 1
== Model 4 - Case 2

60.0

50.0

40.0

30.0

20.0

=
=
=
]
=
(]
Q
o
[oX
2
0o
S
o
©
o

10.0 ————
0.0

-10.0

0.0000 0.3925 0.7850 1.1775 1.5700
Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location #22. Azimuth: 135 Degrees, Elevation: 6.20 Meters,
Outer Rebar Layer, Midheight

00180 == Model 3
0.0160 =¢=Nodel 4 - Case 1
== Model 4 - Case 2

0.0140 /}
0.0120

£
£
= 0.0100
: Y74
£ 0.0080
o
?  0.0060
©
o]
& 0.0040
o
S 0.0020 /
< .

0.0000 e

-0.0020

0.0000 0.3925 0.7850 1.1775 1.5700

Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location #23. Azimuth: 135 Degrees, Elevation: 6.20 Meters,
Outer Rebar Layer, Midheight

0.0035 I
== Model 3
0.0030 =4=Model 4 - Case 1 »
. == Model 4 - Case 2 /
0.0025
0.0020
0.0015

0.0010 et

o K v

0.0000 0.3925 0.7850 1.1775 1.5700
Pressure, MPa (grid divisions are multiples of Pd)
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0.0100

Standard Output Location #24. Azimuth: 135 Degrees, Elevation: 10.75 Meters,

Outer Rebar Layer, Springline

0.0080

==fe=\odel 3

==p==Model 4 - Case 1

0.0060

=@=Model 4 - Case 2

0.0040

0.0020

0.0000

0.0
-0.0020

DOO

0.3925

0.7850

1.1

775

1.5(00

Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location #25. Azimuth: 135 Degrees, Elevation: 10.75 Meters,
Inner Rebar Layer, Springline

0.0018 \
e=ge=\l0del 3 ==¢==\odel 4 - Case 1
=== \|odel 4 - Case 2
0.0013
€
S
E' 0.0008
o
n
3
§ 0.0003
©
c
S
5 —— //‘_‘
5 -0.0002
=
-0.0007
0.0000 0.3925 0.7850 1.1775 1.5700

Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location #26. Azimuth: 135 Degrees, Elevation: 10.75 Meters,
Outer Rebar Layer, Springline

0.0030 |

=g \odel 3 ==t==Model 4 - Case 1 /
0.0025

===\ odel 4 - Case 2

0.0020
0.0015 / — /-/
0.0010 / /./ /
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0.0000 //./ e
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Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location #27. Azimuth: 135 Degrees, Elevation: 14.55 Meters,
Outer Rebar Layer, Dome 45 deg

0.0020 |
0.0018 e=gr=\odel 3 S

==¢==Model 4 - Case 1 /‘
0.0016 —#—Model 4 - Case 2 /{
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/0-\,/
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0.0002 / / /
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Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location #28. Azimuth: 135 Degrees, Elevation: 14.55 Meters,
Inner Rebar Layer, Dome 45 deg

0.0036 ‘
egr== \0dE] 3 ’
0.0031 ==p==\odel 4 - Case 1
=@==\odel 4 - Case 2
0.0026
0.0021

0.0011 / /./
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TZ ——
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Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location #29. Azimuth: 135 Degrees, Elevation: 14.55 Meters,
Outer Rebar Layer, Dome 45 deg

0.0016 |
==t \|odel 3
==¢==\|0odel 4 - Case 1
=== \|odel 4 - Case 2
0.0011 _—

e /
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e
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'§ 0.0006

n
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g 0.0001 -

9
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=

-0.0004 -+
0.0000 0.3925 0.7850 1.1775 1.5700

Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location: #36. Azimuth: 135 Degrees, Elevation: 0.25 Meters,
Inside Liner Surface, Base of Cylinder

0.0196 |
==t \lodel 3
==p==Model 4 - Case 1
=@=\|odel 4 - Case 2

0.0146

0.0096

0.0046 A

£
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£
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g
n
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-0.0004 : A

0.0000 0.3925 0.7850 1.1775 1.5700
Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location: #37. Azimuth: 135 Degrees, Elevation: 0.25 Meters,
Inside Liner Surface, Base of Cylinder

0.0006 |
e=ge=\l0del 3
==tp==Model 4 - Case 1
0.0004 =@==\lodel 4 - Case 2
€
E
€
£  0.0002
= e ——
= O —
. 0.0000 —s
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=
o
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I
-0.0004
0.0000 0.3925 0.7850 1.1775 1.5700

Pressure, MPa (grid divisions are multiples of Pd)

@ Sandia
, National
R ¥ MOFFATT & NICHOL Laboratories



Standard Output Location: #38. Azimuth: 135 Degrees, Elevation: 6.20 Meters,
Inside Liner Surface, Midheight

e=gr=\l0del 3
==¢==Nodel 4 - Case 1
0.0016 =@=\|odel 4 - Case 2

0.0011 /

0.0006

0.0001 % /‘/\
-0.0004

0.0000 0.3925 0.7850 1.1775 1.5700
Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location: #39. Azimuth: 135 Degrees, Elevation: 6.20 Meters,
Inside Liner Surface, Midheight

0.0130 [
=g \odel 3
==¢==\odel 4 - Case 1 /f

- 0.0110 ==fi==\odel 4 - Case 2 //
g 0.0090 }
= / /
= 0.0070
©
n
= 0.0050
[
£
o 0.0030
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T
0.0010 —* a—
-0.0010

0.0000 0.3925 0.7850 1.1775 1.5700
Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location: #40. Azimuth: 135 Degrees, Elevation: 10.75 Meters,
Inside Liner Surface, Springline

0.0020 ‘
e \0del 3
0.0015 Model 4 - Case 1
=== \odel 4 - Case 2

g 00010 —— ——
e 4./.'._.
€  0.0005 ——
£
£ 0.0000 |
U) \
2 -0.0005 \/l"‘""*"\A
|
T
S -0.0010
S
2  -0.0015

-0.0020

0.0000 0.3925 0.7850 1.1775 1.5700
Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location: #41. Azimuth: 135 Degrees, Elevation: 10.75 Meters,
Inside Liner Surface, Springline

—te=— Model 3 [ _]
0.0090 === Model 4 - Case 1

==m==\lodel 4 - Case 2 /
0.0070

0.0050 //:j///

0.0030

0.0010 /:./ //
TZ —h—

-0.0010

0.0000 0.3925 0.7850 1.1775 1.5700
Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location: #42. Azimuth: 135 Degrees, Elevation: 16.13 Meters,
Inside Liner Surface, Dome Apex
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Standard Output Location: #48. Azimuth: 180 Degrees, Elevation: 15.6 Meters,

Tendon V37, Tendon Apex
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0.0100
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==¢==\|0odel 4 - Case 1
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== Model 4 - Case 2

YA

0.0080
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Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location: #49. Azimuth: 135 Degrees, Elevation: 10.75 Meters,
Tendon V46, Tendon Springline
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e=gr= \Model 3
0.0095 ==¢==Model 4 - Case 1
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Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location: #50. Azimuth: 90 Degrees, Elevation: 6.58 Meters,
Tendon H53, Mid. Tendon
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Standard Output Location: #51. Azimuth: 180 Degrees, Elevation: 6.56 Meters,
Tendon H53, 1/4 Tendon

0.0150 \
=== \0del 3 /
==¢==Model 4 - Case 1 /
0.0130

e === \]0odel 4 - Case 2
s /}//
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Pressure, MPa (grid divisions are multiples of Pd)
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Standard Output Location: #52. Azimuth: 280 Degrees, Elevation: 6.58 Meters,
Tendon H53, Tendon Near Buttress

0.0200 |
e=gre=\l0del 3 /
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Standard Output Location: #53. Azimuth: 0 Degrees, Elevation: 4.57 Meters,
Tendon H35, Tendon between E/H and A/L

0.0170 |
i \0del 3 ’
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Standard Output Location: #54. Azimuth: 241 Degrees, Elevation: -1.16 Meters,
Tendon V37, Tendon Gallery
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==t \|odel 3
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Standard Output Location: #55. Azimuth: 275 Degrees, Elevation: 6.58 Meters,

Tendon H53, at Buttress
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Liner Strain Mapping
Case 2 — Blackout Station

Strain Color
0=g< 0006 green
0006=g<0012 yellow
e=0.012 red

)

Elevation

Strain Map of Entire Liner Surface at 1.0xPd
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Liner Strain Mapping
Case 2 — Blackout Station

Strain Color
0=g< 0006 green
0006=g<0012 yellow
e=0.012 red

Strain Map of Entire Liner Surface at 2.0xPd
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Liner Strain Mapping
Case 2 — Blackout Station

Color codes
Strain Color
O0=ze< 0006 green
Q006=g<0012 yellow
e=0.012 red

Asimuth (degrees]
e[ 1a88] 153.6] 1564 163.2] Tee] 172.8] 177.6] 182.4] 157.2] 19 196.8] 2016] 2064 2117

Toa] oa] 2] 7e4] 716 220.8] 225 5] 2304 235.2] zac] 2aa] [592] 26q] 2608] 2736 2724] 133168 3216 326.4] 3312] 3% 3a0E] 356 304 552

Eievation (n]

Strain Map of Entire Liner Surface at 3.0xPd
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Liner Strain Mapping
Case 2 — Blackout Station

Color codes
Strain Color

O0=ze< 0006 green
Q006=g<0012 yellow
£=0.012 red

Strain Map of Entire Liner Surface at 3.3xPd
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Liner Strain Mapping
Case 2 — Blackout Station

Color codes
Strain Color

O0=ze< 0006 green
Q006=g<0012 yellow
£=0.012 red

Strain Map of Entire Liner Surface at 3.6xPd
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%P #48 Summary of Conclusions

(similar for SPE3 Phase 2)

With addition of temperature, would the onset of leakage occur later in
the pressure history and, possibly, closer to the burst pressure?

Results predict failure at both lower (NNC, DEA, SCANSCOT-1) and higher
(FORTUM, SCANSCOT-2) pressure when temperature is considered.

Both pressure causing liner tearing (leakage) and structural failure (rupture)
are reduced(?)

The margin between leak and rupture does not appear to change signficantly
Change in “failure’ pressures are generally small (<10%).

Consideration of ‘realistic’ severe accident scenario (Case 2) yields lower
‘failure’ pressure than saturated steam conditions(?).

Effects of material degradation are significant for ‘realistic’ severe accident
scenarios.

How would including the effect(s) of accident temperatures change the
prediction of failure location and failure mode?

e While leak or rupture pressures are not significantly changed (reduced?),

displacements are significantly greater, especially when considering
material property degradation.

e Case 1: Vertical displacements increase
e Case 2: Radial displacements increase

Failure at penetrations appear more likely, and may control, under combined
pressure and temperature loading.

MOFFATT & NICHOL @
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Model 4 Leakage Rate Problem Definition &
Leakage Rate Prediction Presentation
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Strain-Based Failure Criteria

* Fracture and tearing of the steel shell is followed by
leakage through the tear aperture, and then through cracks
In the concrete

« Concrete cracks are certain to occur at containment wall
strains large enough to tear the steel shell

 Strain-failure criterion is the primary method used for this
analysis based on its widely used application from previous
analysis on concrete containment severe accident studies

@ Sandia
National
MOFFATT & NICHOL Laboratories




Fod

Leak Area Prediction Method

* The calculation of local strain near discontinuities which cause
liner tears requires localized modeling of the liner, concrete,
rebar, and liner anchorage using specialized material and
computational models

* While these techniques have been developed and extensively
utilized, their use is not cost effective for examining all possible
tearing locations of individual containments on a case-by-case
basis

* FEA techniques were used in conjunction with a liner tearing
criterion, to develop a database of liner strain concentration
factors and thereby construct a simplified analysis procedure
for predicting leakage in concrete containments

« a framework for this developed in 1990-1992 with EPRI funding

@ Sandia
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tepwise Approach from Global Strains to
Tear Prediction

‘Global’ strains are transformed to an equivalent peak
uniaxial strain at a discontinuity location.

B £p =KB aglobal
where K is the strain concentration factor
B is a stress biaxiality factor

K is associated with stiffness discontinuity. The value
we adopted is from five fundamental strain concentration
factor curves developed in the EPRI program for typical
locations of liners.

After global strain begins to yield, the strain
concentration versus global strain stabilizes with an
average value of K=25; we used this to define the shape
of the K-curve.
Sandia
MOFFATT & NICHOL @ oo
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Stépwise Approach from Global Strains to
Tear Prediction (cont)

100

10

Strain Concentration Factor

1
0.1 1 Normalized Global Strain 10 100
----- Wall - skirt juncture (PCCV) seeeeees Steam line / small penetrations (PCCV)
= * = Equipment / personnel hatches (PCCV) — * * Embedded angle anchorage terminations (PCCV)
= = Steam line / penetrations (RCCV) — Standardized Curve

K, Strain Concentration Factors at various locations around the PCCV
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A 4
ﬂepwise Approach from Global Strains to

Tear Prediction (cont)

4. Biaxiality coefficient, B is the reciprocal of the Ductility
Ratio which is used to magnify strain:

- B = 1/p = 1/ductility ratio
- ranges from 1.0 £ B < 2.0 where 1.0 is perfectly unixial
stress state to 2.0 is 1:1 biaxial stress state, 0, =0
- Ductility ratio is defined by Davis triaxiality factor, TF
published by Manjoine:
- u = 2@-TR)
-TF = (0, + 0,) / (0, — 0,0, + 0,°)"?
where o, and o, are the principal stresses
5. Solve for €, If peak strain is 2 21%, a tear is likely to occur.

@ Sandia
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A
%epwise Approach from Global Strains to

Tear Prediction (cont)

6. Determine crack width, assuming average crack width
occurs over the spacing between anchors

- Wavg = €gi0pa) times spacing between anchors

7. Applying the Rizkalla method to transform average crack
width to leak area prediction was used as the formulais
applicable for wide range of pressure differences

crack length t

wall thackness @ ﬁgtnidoiréllal
hd ) ¥ MOFFATT & NICHOL Laboratories




Prior to initial leakage

__Ehoop __

* Dilation of the PCCV

* Initial cracking of the
o~ concrete

— Likely coordinated with
vertical tendon ducts

N — Hoop tendons carry the
load

e Liner intact

— Liner yielding in
localized areas

J

@ Sandia
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Initial leakage

* Initial tearing of the

liner
J/ * Gas flows through the

concrete
— Through the material
— Through cracks
d_p . Pinternal
dr  wall thickness
g Sandia
D) ¥ MOFFATT & NICHOL @ eboraoies




A 4
} Terminal leakage

__Ehoop __

) r * Widening of concrete
L\/\ cracks
Enoop = 2 X Eqxial \_~  Flow rate increases
NN with
— Wider cracks

d
— Greater 22
dar

« Additional liner
tearing

e Pressurization
Increases until

- Qout = Qin Sandia
@ National

Laboratories
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% Quantifying ‘Q’

e Various sources in

- - f }{H \! H— 2 ) ]-

the literature to - !j”* —{ ][%} (RT) IF;‘ o
characterize flow o o

— Suzuki, et al. > W) =142NW,,

. i=1j
_ Others n= [Q’\-‘TF‘F";, ]{}_ﬂﬁi
* Rizkalla et al. chosen s
e =8.702x10¢ (N2 )

for accuracy and
applicability

Sandia
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Predicting Leakage Rate Proposed by
Rizkalla

where, ZTI’; = 1.42.\-’”;3,_ and N = number of cracks and W,, = average crack width
}=1,r.'

n= (Zgnl: ‘;'O_S] = (.xf?f':i?)z"“ and & =2.907x10" (3 '™ =8.702x10°(N W72 )
Where, Q = flux through the wall (ft3/s), B = crack length
(ft), W = crack width (ft), t = wall thickness, p; = upstream
pressure (Ib/ft?), p, = downstream pressure (Ib/ft?), u =
dynamic viscosity of air or gas used (Ib s/ ft?), T = absolute
temperature (° R), R = gas constant (sqft/s2° R). W, is
the average crack width of the total concrete section of
Interest. Typical values of pand R are 1.80 x 10 Pa-s and
1716 sqft/s?® R respectively.

0.367
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- Leakage rate is determined for Model 3 and Model
4, Case 1 and 2 at various pressure milestones
along the entire liner surface

« Color-coded strain mapping and leakage rate
mapping is performed through Excel

Estimating Leakage Rate
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Liner Strain Mapping
Model 3 — Pressure Only Case

Strain Color
0=g< 0006 green
0006=g<0012 yellow
e=0.012 red

Asimuth (degrees)
0 48 95 194 192 21 288 336 384 432 s 525 576 €24 67272

768 516 864 912 96 1008 1056 1104 1152 120 1245 1295 130.4 1392 144 1488 1536 1584 1632 168 1728 1776 1824 1872 152 1968 2016 2064 2112

216 2205 2255 2304 2352 240 2448 296 2504 2592 264 2688 2736 278.4 2832

285 2928 2976 3024 3072 312 3168 3216 3264 3312 33 3408 3456 3504 3552

Strain Map of Entire Liner Surface at 1.0xPd
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Liner Strain Mapping
Model 3 — Pressure Only Case

Strain Color

0=g< 0006 green
0006=g<0012 yellow
£=0.012 red

Asimuth (degrees)

43 528 576 624 672 72 768 816 854 912 95 1008 1056 1104 1152 120 1245 1296 1344 1397 144 1485 1535 1584 1632 168 1728 1776 1824 1872 258 2928 2976 3024 3072 312 3168 3216 3264 3312 33 3408 3456 3504 3552

192 1965 2016 206.4 2112 216 2208 2256 230.4 2352 24D 2443 2496 2544 2592 261 2668 2736 2784 2832

0 a5 95 114 132 21 288 336 384 132

H

Strain Map of Entire Liner Surface at 2.0xPd
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Liner Strain Mapping
Model 3 — Pressure Only Case

Strain Color
0=g< 0006 green
0006=g<0012 yellow
e=0.012 red

Strain Map of Entire Liner Surface at 3.0xPd

Sandia
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Liner Strain Mapping
Model 3 — Pressure Only Case

Strain Color
0=g< 0006 green
0006=g<0012 yellow
e=0.012 red

Strain Map of Entire Liner Surface at 3.3xPd
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Liner Strain Mapping
Model 3 — Pressure Only Case

Strain Color
0=g< 0006 green
0006=g<0012 yellow
e=0.012 red

Strain Map of Entire Liner Surface at 3.6xPd
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Leakage Rate Mapping
Model 3 — Pressure Only Case

Color codes
Leakage rate
(ft¥/s) Color
0=0 white
0<0=<05 green
05=0<10 wellow
Q=1.0 orange

Mapping of Leakage Rate of Entire Liner Surface at 3.0xPd
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Leakage Rate Mapping
Model 3 — Pressure Only Case

[__colorcodes |
Leakage rate
(ft¥/s) Color
o=0 white
0<Q<05 green
05=0<1.0 wellow
Qz1.0 arange

Mapping of Leakage Rate of Entire Liner Surface at 3.3xPd
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Leakage Rate Mapping
Model 3 — Pressure Only Case

[__colorcodes |
Leakage rate
(ft¥/s) Color
o=0 white
0<Q<05 green
05=0<1.0 wellow
Qz1.0 arange

Mapping of Leakage Rate of Entire Liner Surface at 3.5xPd
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Leakage Rate Mapping
Model 3 — Pressure Only Case

[__colorcodes |
Leakage rate
(ft¥/s) Color
o=0 white
0<Q<05 green
05=0<1.0 wellow
Qz1.0 arange

Mapping of Leakage Rate of Entire Liner Surface at 3.6xPd

Sandia
National
M) ¥ MOFFATT & NICHOL @ Laboratories



Leakage Rate Mapping
Case 1 — Saturated Steam Condition

Color codes
Leakage rate
(ft¥/s) Color
0=0 white
0<0=<05 green
05=0<10 wellow
Q=1.0 orange

Mapping of Leakage Rate of Entire Liner Surface at 3.0xPd

160
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Leakage Rate Mapping
Case 1 — Saturated Steam Condition

Color codes
Leakage rate
(ft¥/s) Color
0=0 white
0<0=<05 green
05=0<10 wellow
Q=1.0 orange

Mapping of Leakage Rate of Entire Liner Surface at 3.3xPd

161
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Leakage Rate Mapping

Case 1 — Saturated Steam Condition
[ colorcoses ]

Leakage rate

(ft¥/s) Color
=0 white
0<Q<05 green
05=0<1.0 wellow
Q=1.0 arange

Mapping of Leakage Rate of Entire Liner Surface at 3.5xPd
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Leakage Rate Mapping
Case 1 — Saturated Steam Condition

[__colorcodes |
Leakage rate
(ft¥/s) Color
o=0 white
0<Q<05 green
05=0<1.0 wellow
Qz1.0 arange

Mapping of Leakage Rate of Entire Liner Surface at 3.6xPd

oha
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Leakage Rate Mapping
Case 2 — Blackout Station

Color codes
Leakage rate
(ft¥/s) Color
0=0 white
0<0<05 green
05=20+<10 vellow
Q=1.0 orange

Mapping of Leakage Rate of Entire Liner Surface at 3.0xPd
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Leakage Rate Mapping
Case 2 — Blackout Station

Color codes
Leakage rate
(ft¥/s) Color
0=0 white
0<0<05 green
05=20+<10 vellow
Q=1.0 orange

Mapping of Leakage Rate of Entire Liner Surface at 3.3xPd
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Leakage Rate Mapping
Case 2 — Blackout Station

[ colorcodes |
Leakage rate
(ft¥/s) Color
o=0 white
O0=Q=05 green
05=0<1.0 wellow
Q=1.0 arange

Mapping of Leakage Rate of Entire Liner Surface at 3.5xPd
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M) ¥ MOFFATT & NICHOL Laoratories



Leakage Rate Mapping
Case 2 — Blackout Station

[ colorcodes |
Leakage rate
(ft¥/s) Color
o=0 white
O0=Q=05 green
05=0<1.0 wellow
Q=1.0 arange

Mapping of Leakage Rate of Entire Liner Surface at 3.6xPd

Sandia
National
M) ¥ MOFFATT & NICHOL @ Laboratories



Comparison Amongst Models

Leakage Rate Comparison
Q [ft3/s)
Model 3 -
Pressure Pressure Model 4 - Model 4 -

(xPd] Cnly Case 1 Caze 2
2.5 0 0 0
3.0 13 0 0
3.1 18 0 0
3.2 3b 3 0
3.3 o5 10 0
3.4 158 29 20
3.5 222 108 101
3.6 208 208 190

MOFFATT & NICHOL
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Leakage Rate versus Pressure

Leakage Rate (Rizkalla Method vs. Test Data)

100
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30 /
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0 w
2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6
Pressure (xPd)

— g
h‘_—-\-

Q (ft3/s) Under Atmospheric Pressure

\
xﬁh

~#— FEA - Model 3

Qe/s)

—=—Test Data

Leakage Rate Comparison between Rizkalla

Method and Test Data
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3 35 4
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Leakage Rate Comparison amongst Cases
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« Comparing Model 3 with the test data (peak leakage of 70 cu. ft/
sec at 3.3xPd), the leakage rate prediction is reasonably close

 For Model 4, the leakage rates actually decrease, which is
attributed to temperature effects

« As the temperature increases, the steel liner tries to expand at a
faster rate than the concrete. The concrete has a lower coefficient,
as well as a lower average temperature, so this retards the liner
expansion, thus putting some compression into the liner. The
compression helps prevent cracks from opening. (Note that
mechanical strains, not thermal strains, have been used in the
liner tearing prediction.)

« Temperature range does not significantly degrade the material
properties, so material property degradation was not found to
have a significant effect on the structure’s capacity

Analysis Results
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Liner Weld Irregularities

* Visual observation showed extensive grinding and weld repair in
liner welds where most of tears occurred.

« Ultrasonic measurements showed substantial reductions in
thickness near these tears. Measurements showed ~23%
thickness reductions in many locations, and more (up to 40% in a
few locations).

* Localized plastic deformation occurred in association with many
of the vertical field welds, particularly in the vicinity if the tears.
No evidence of brittle fracture was seen

* Photos of the back side of the liner revealed irregularities (missing
segments of back-up bars, discontinuous in horizontal stiffeners)
associated with a number of the tears
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LST - Typical Tear Location

Liner Tear #16

{(Image reversed for comparison)
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Liner Weld Irregularities (cont)

 Mechanical testing showed only small strain localization in the
weld heat affected zones — much less than observed in the liner
base metal. Ultimate strength (~72 ksi) was not degraded by
welding

* No evidence found of material problems that could account for
premature tearing of the liner. Only one tear (1) was associated
with a weld defect. This was a lack-of-fusion defect, not porosity
in the fusion zone

* Metallography showed that nearly all of the tear areas had been
ground at least 23%, both in repair welding and following repair
welding
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Incorporating Liner Flaws

* One viable way of incorporating these defects is to modify K

» 1:4 Scale PCCV liner weld defects (grinding, inconsistent back-up
bars, etc.) have the effect of approximately doubling “K”

 To show how this can be implemented, K has been doubled at all
the observed tear locations

Double K Factor for Liner Flaws
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Leakage Rate (Rizkalla Method vs. Test Data)
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Adding Probabilistic Basis

« The method lends itself well to adding a probabilistic basis
— similar to the preliminary developments in the EPRI work
— first steps taken will be discussed in probabilistic presentation

» All variables can be assumed to have lognormal distribution, then
randomness and variability coefficients assigned through

— Statistical assessment of Liner material measurements and tests
— Engineering judgment on the level of uncertainty in analysis
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