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SUMMARY
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However, these concrete vessels also seem to face another difficulty: the lack of shear-
ing resistance capacity. As the design condition becomes severe, overall membrane shear-
ing stress due to seismic horizontal force and transverse shearing stress at the shell-base
Junction become very high. The latter is dominant in inner pressure and thermal loading
cases as the shell deformation is constrained by the base mat. These shearing stresses tend
to enforce over-reinforcement of the concrete shell.

In order to improve the shearing resistance capacity of the containment vessel, while

avoiding the difficulty of welding, a new scheme of steel-con-
crete laminated shell is being developed. »

In the main part of a cylindrical vessel, the s of thin steel
plates located at the inner and outer surfaces, and o which both

the steel plates are anchored. Because of the compressive and shearing resistance of the
concrete core, the layers behave as a composite solid shell. Membrane forces are shared
by steel plates and partly by concrete core. Bending moment is effectively resisted by the
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In order to validate the feasibility and safety of this new design, the results of analysis
on the basis of up-to-date design loads are presented.

The results of model tests in 1:30 scale are also reported. A series of experiments are
underway regarding to ultimate strength under inner pressure and seismic horizontal for-
ces.

Behaviour of the multiple layered shell end junction with the base slab is also inves-
tigated in this series.



1. Introduction

The design and analysis of a typical reinforced concrete containment for a 1,100MW Boil-
ling Water Reactor is presented as an introduction for proposing the new scheme of Steel-
Concrete Composite Laminated Shell Containment.

The typical containment structure consists of vertical cylinder with hemispherical dome
and a flat bottom slab.

To resist the postulated high seismic forces, combination bullding is connected with the
containment at each floor level.

For the purpose of the comparison the containment which has no connection with combina-
tion building, a free standing containment, is also designed.

Figure 1 shows an outline of a reinforced concrete containment with a combination
building.

The basic dimensions, design conditions and configuration for the structures are
summarized as follows:

Inside diameter : 40.0 m, Height of spring line : 43,5 m

Foundation mat thickness : 7.0 m, Wall thickness : 1.5 m, Dome thickness : 0.8 m,

Loss of coolant accident design pressure (Pa) : 15 psi, 45 psi,
Design temperature H see Table 1,
Intensity of Safe Shutdown Earthquake (Ess) : 0.45 g,
Intensity of Operation Basis Earthquake (Eo) : 0.30 g,

Concrete compressive strength : 240 kg/cm2
Relnforcing steel yield stress H 2400 kg/cm2

Load combinations : see Table 2.

With reference to Figure 1, the positions from the top of the containment to the base
are represented by A, B, C, D and E, and stresses at each position are shown in Tables 3 and
4.

Meridional temsion N1 (T/M), radial moment M1 (TM/M), circumferential temsion N2 (T/™),
circumferential moment M2 (TM/M), transverse shearing force Q(T/M), and in-plane shearing
force N(T/M) are tabulated by the thermal conditions and®load combinations.

Effects of two different thermal conditions are : (1) average temperature change Ta, and
(2) thermal difference change Tg which are shown respectively in Table 3.

The maximum value of the resultant of these thermal effects at each position would
govern the design of containment wall section.

Table 4 shows forces and moments at each position, which result from the different
loading conditions.

The tensile fiber stresses at the outer surface of the concrete wall which are obtained
by the elastic analysis of uncracked section are shown in Figure 3.

The resultants of tensile stresses caused by the stipulated load combinations at each
position are graphically expressed in this Figure.

Figure 4 shows the stress levels induced by the stipulated loads and load combinations
to the wall shear at the junction with the base mat.

The design method of this reinforced concrete containment has followed ASME section IIL
division 2.

The conclusions of these design studles are summarized as follows.
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1) As the reinforced concrete containment has a large section, the compressive capaci-
ty is comparatively high, and in many cases, the design of the reinforced concrete section is
only governed by the amount of tensile reinforcing steel.

2) Effects or sensibilities of each load are different by the positions on the con-
tainment as shown in Figure 3.

At the dome part, effects of inner pressure load is dominant and the load combination of
Abnormal condition with 1.5 pa has governed the design of the reinforced concrete sectionms.

For the cylindrical wall part, as the postulated seismicity is too high, so the critical
load combination is the extreme/Abnormal conditionm.

Radial shear stress at the cylindrical wall junction with the base slab is governed
mostly by the inner pressure and thermal expansion of the wall as shown in Figure 4.

3) With reference to Figure 3, the thermal effect has dominated in the resultant of
load combinations because of using elastic analysis. As thermal stresses are self limiting,
creep and developing cracks causes the reduction of restrained forces, so thethermal stresses
are becoming lower but it is difficult to evaluate it accurately.

Three types of thermal effects are conmsidered: the average temperature change Ta results
in a dominant effect to the radial shear force at the base of wall; the thermal difference
change Tg results in a dominant effect to the value of bending moment in the dome and cylin—-
drical wall; effect of liner expansion, which is assumed as the same effects of inner pres-
sure, should be evaluated when the design pressure Pa is postulated extremely low.

4) It is natural to predict that many cracks will exist in reinforced concrete
structures. These inherent cracks cause decreasing thermal stresses but to evaluate the
effect on the integrity of containwent is the difficult problem.

Surface cracks of the cylindrical wall part which are caused by bending can be con-
trolled and have little effect on the integrity of containment. But the shear cracks and
tension cracks which are presumed to penetrate the full section are the problem for the
integrity of containment.

5) To guarantee the integrity of the pressure boundary, special consideration should
be given to the details, especially to the parts of the dome and the cylindrical wall end.
From Figure 3, we can recognize the fact that the pressure capacity of the dome part is
relatively low compared with the cylindrical wall part.

To use a large load factor for the desipn pressure Pa is recommended for containment
design as it contributes to the safety of the reactor system remarkably.

The new concept of Steel-Concrete Composite Laminate Shell dome and cylindrical wall is
proposed to avoid many of the problems mentioned above and is expected to eliminate the

requirement of heavy shear reinforcement at the wall base.

2. Design Concept of Steel-Concrete Composite Laminated Shell Containment

The main purpose of proposing the new scheme of the containment shell is:

1) to increase the ultimate strength of the containment, especially the in-plane and
transverse shearing stress capacity, and

2) to facilitate the fabrication and construction of the structure.

As shown in Figure 6, the containment wall has two steel membranes, 16 nm in thickness,
on both surfaces, which are anchored to and sandwich a concrete core.

Both steel membranes behave as load carrying facing members of the composite shell.
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Though the inner membrane, being liner at the same time, must be fabricated by site-welding,
stress relieving 1s not required because of 1its extremely small thickness. The outer mem-
brane is assembled from fabricated panels by the use of splices and friction bolts.

The concrete core is reinforced by a nominal amount of rebars for the purpose of crack
control.

The outer membrane is elected in consecutive series of circular rings which are complet-
ed by jointing individual panels, while the concreting proceeds parallel with the 1ift of the
height of a panel. Either ordinary poured concrete or prepact aggregate concrete may be uged,

Figure 6 shows the typical wall sections for Part D in Figure 5. One set of the eritical
stresses for this part is

N2 = 350 t/m, M2 = 221 t/m (@5)]
which is caused by the inner pressure and temperature change in the case of Loss of Coolant
Accident. The interaction curves of the allowable in-plane force and bending moment for the
designed section are shown in Figure 7. As seen in the figure, the stress level is well
within the allowable limit.

Another critical stress for the same part is the in-plane shearing force accompanied by
Safe Shutdown Earthquake, that is

N = 559 t/m (2)
Provided that this force is resisted only by the steel membranes, we have the following
result,

Tog = 1,745 kg/cm? < Talow = 2,865 (SM50) (3) .

For the section of cylinder-base mat junction, the critical stresses, obtained for the
ordinary single-layered shell end, are

M1 = 279 tm/m, Q1 =147 t/m (%)
comming from Loss of Coolant Accident. The bending moment is within the allowable limit.

The transverse shearing stresses of the concrete core become

_ 1,470 kg/m  _
Tyy » Mean = 180 on = 8.15 kg/cm? (5)
Tpr » max = 1.5 x 8.15 = 12.3 kg/cm?

These values would increase depending on the assumption of the effective Young's
modulus used in the thermal stress analysis (the above filgures were obtained assuming
E'=E/2). 1In order to reduce the level of transverse shearing stress, the bottom of the
cylinder divided into two layers was proposed in the design as shown in Figure 5. This
device will lower the bending stiffness of the shell end and make it less sensitive to the
constraining effect of the base mat, while maintalning the stiffness and strength against
the in-plane stresses.

In the double-layered part of the cylinder (Part E in Figure 5), where bending stresses
dominate, both layers are in the condition of plate-to-plate contact and are able to slip
against each other under the action of transverse shearing force. Detailed discussion on
the effect of this design is to be given in the following section.

Further, the steel membranes of each layer are connected to each other by a seriles of
thin web plates. Therefore, the concrete core is confined in the space surrounded by steel

plates and has high resistance capaclty against the shearing stress.

3. Characteristics of Multi-Layered End of Cylindrical Shell
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According to the theory of thin elastic shells, the solution of bending of a edge-loaded

infinitively long shell shown in Figure 8-a is represented by
Kof

w = e’ (Clcos £0é + C2sincof) (6)
where, é=ax/c , £,=%3(1-V7) /ti s v : Polssons ratio (@)
0

The boundary conditions for the fixed end of cylindrical shell subjected to inner

pressure P is given as

a? dw _ _ _duM -
w=—w“=_Tt£o_ , dao iz 0 (8)
This condition yields to
C1 = Cz = - ai (9)
2E¢

Provided that the thickness of the shell is divided into n layers as showu in Figure
8-b, the parameters in eq.s (6) and (7) become

¢ =-to | £ = 3(1-vy2) /0C (10)
n to

The boundary conditions in eq. (8) hold as the membrane deformation remains the same.

From these relations, the bending moment of the n-layered shell end is derived as

follows:
_ 2D#? _ atop 1
MIlf:n = -z C: = 273 C1-vh at (11)
Dividing eq. (11) by z—_t° _t& , we have
6 6n?

/_3 ap
Ox ,max = T=VZ “io (12)

On the other hand, the transverse shearing force becomes

By __‘_—L'/__(_—!Y £
Qurle=o = - £ Cr = =7 -3 (13)
Therefore, we have
- Qx _ Qe _ 2 a
Ter,mean = — == to _4:73?]—17"_7\/nlo an

It 1s obvious from eq.s (12) and (14) that the division of the shell thickness into n
layers retains the maximum bending stress unchanged, while it reduces the transverse shear-
ing stress by the factor of l/Jn— compared to the original single-layered shell. These
characteristics can be clearly observed in the actual stress distribution in the examples
shown in Figure 8-a.

It must be noted that the same kind of reduction of the shearing stress is anticipated
also in the case of thermal loadings in which the expansion of the cylinder 1s constrained

by the base mat.

4, Ultimate Strength of the Composite Containment Shell

The most important characteristics in the design of containments are the ultimate
strength against the inner pressure and earthquakes.

In order to investigate the ultimate behavior of the developed containment, a series
of analysis and failure tests are under way. Figures 9 amd 10 show a specimen for failure

test by hydraulic inner pressure.
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FIG,2 CONTAINMENT WALL FORCES
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FIG.1 CROSS SECTION OF THE CONTAINMENT WITH COMBINATION BUILDING

TABLE 1- THERMAL CONDITIOLS
AMBIENT TEMPERATURE AVERAGE TEMP. CHANGE DIFFERENTIAL TEMP, CHANGE

CONDITION

WINTER OPERATION

SHUTDOWN

SUMMER OPERATION

SHUTDOWH
WINTER ACCIDENT
SUMMER ACCIDENT
WINTER ACCIDENT

{ TRANSIENT)

A

32
10
32
30
85
85
85

B c CASE NO
‘C 10'Cc 0°C  Ta-l
10 4 Ta-2
35 35 Ta-3
35 35 Ta-4
10 o Tar5
35 35 Ta-6
10 0 Ta-7

TABLE 2- LOAD CONBIN

Case No.
1
1
2
21
3
L
4
41
5
5t
6
6!
T
70
8
8

D+L
10
1.0

1.0
1.0
1.0
1.0
10
10
1.0
1.0
1.0
1.0
1.0
1.0

F

Pt Pa Tt To Te
1.0
1.0 1.0
1.0
1.0
1.0
1.0
1.0 1.0
1.5
1.5 1.0
1.0
1.0 1.0
1.0
1.0 1.0

1.0
1.0

1.0
1.0

1.0
1.0

1.0
1.0

CASE NO,
Te-1
Tg-2
Te-3
Tg-4
Tg-5
Tg-6
Te-7

Category

Test

Normol

Severe environmental

Abnormal

Abnorzal

Abnormal/Extreme environmental
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THERMAL FORCES AND MOMENTS
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COMBINED FORCES AND MOMENTS
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0°tve
17822
070

0 t¥vE
17922
oy
[ 2gV]

(W/1)
N

L765¢€
114
[ollV]

L765€
8°6E2
[V ag]
o°v

9°%0¢€
0°082
17082
L°2eZ
17961
1°0:1
8221
27991

-

CoO®dOmE~O
D~ N~ NO O

T
oxN
-

6°€c-
9°s1-
£°C
6°0
0°92-~
1°11-
2°1-
L4

(W/1)
[}

€£1€
20¢€
L 2%4
BLZ
el
9z1
2ot
4.3

HRnoNne R

(H/HL}
4]

€°Z0E
6°10¢
1°662
0°10€
#°011
0°011
0°601
9°%0T1

{H/HL)
W

0°%9¢
9°L6E
6°1%¢€
Lo9vE
Z°8L1
8141
6°8ST
5281

{W/HL)
ZH

67E0T
2 %01
¥*%01
g°%01
6°SY
2°g%
8°9%
LSy

{n/kL)
ZH

€£°0€T
8 €CT
9°011
9°011
9°89
0-29
6°8%
1°8%

(W/WL)
ZW

6"214-
L718%-
67029~
0°0€9-
yoyE-

2°g01~
v 162
£ 0EZ-

Ws1)
N

8°19E-
6°8LE~-
ZT2Le-
2°90%-
2°8e1-
€°6%1-
9°9L1-
%86~

(W/1)
2N

¥ 9€-
$°86-
9181~
6522~
o°0L1
1°801
0°61-
6°18

W/}
N

2°91-
LA 14
1°9%51
$°00T
L*921-
168~
0°g-
T°s11

W/1)
ZN

0°T%1T
1°921
LRV A ¢
1°1e
1°82
€°€1
e 1z~
0°801

(Ws71)
ZN

9962
1122
865
0°L8
¥°852
€°981
6°5Y
9°91-

{W/HL)
L]

L°9€2
6622
8°102
£°61¢
£°001
¥°56
[:had:]
€8S

{W/WL)
1C]

9°LYE
9701€
2 612
1°9€2
6°9€2
6°661
%621
L°98

(/WL
1t

1°%6
516
896
9°66
2%y
0° &%
T°Ly
L70%

{H/KW1)
W

%11
“801
96
%6
°z9
°ss
2y
"1

(HW/W1)
TH

§*2%11
9°0€l

1°201~
1°2s81-
L€€01
8129

6°592-
8°0¥1~

(N/1)
N

0°116
¥ Ey9
€017~
L1769~
27898
9 HES
S°HL1-
yreh -

(W/1)
N

9°2¢l
566y
1°8%
€°9-
17€29
L798¢
1°sT1-
001

(W/1)
N

%°021
67601
I°GEl
618
Y491
S €
1°92-
£°86

tw/71)
IN

¥ EEY
6°021
0°6€1
1"16
8762
2Ll
s°C1-
s°L6

W71)
™

»8
L
*9
*5
*Y
*€
*Z
w1

ON 3SVD
*9
al
»9
2
£33

*Z
=1

ON 3SV)

ON 3SYD

ON 35VD

ON 3SV)

L°65E
8r6€2
0°0

(W/1}
N

£°08S
6°98¢
0°0

€088
6°98¢
00
0°0

L=s11
116
8°19
g €Y
86l
Z°ss
B L

276%

th/7 1)
[}

9°0%
2°%¢
1°9¢
1°¢2
9°81
Z el
2 e

482

(W/71)
o

98
"59
"YE
“£2
%9
ey
‘1

"9z

(W7L)
[}

o« 0y
-

N NO =M
DA 0N
|

(W71}
[+]

§°2Z2~-
2°%T1-
L ¢
€°C
kAt T4l
1L1-
9°0-
FA

(W/1)

tW/KWL)

r4

1€~
S E-
v*9=
5T~
170

€70

9° 0~
0°s~

(H/HL)
2w

T°eT1
g-9

68—
19~
L°B1
%21
ST0-
6"9-

(W/kWl)
4]

-1~

(W/WL)
k4]

€761
1°21
$°0~
%°0-
¥°61
621
£°0-
¥=0-

(W/WL)
2W

8061
0°221
Z L=
2792~
9*zL1
g°€01
voyy—
[ T4l

(R/1)
2N

8°%8
L17€L
%°08
o9y
891
15
1712-
9%95

(W71}
ZN

6°€92
6102
1811
8°%L

1°9L1
2511
6721-
0°88

(W/L)
2N

6°L1-
112
$*251
8786
6421~
°58-
28~
6"%11

(W/L})
ZN

6°0%1
07921
¥ Lyl
0°le
0*82
c-el
6°12Z—
6°L01

iW/2)
2N

(H/W1)
T

"1t
“91
-1
*9z
11
9

.-
*0t

(W/7W1)
™

0°SL
0°8€
¥ E5—
9°9¢-
9°801
L1
62—
EARS

(N/HL)
™

v l-
579-
€71~
STh—
6"1~-
0°1-
0"t

G-

(W/W1)
W

61
21
1
o-
61
€1
o-
0-

{RH/WL)
1A

STZHyIl
90t

1°201-
1°L81-
L ge0l
8129

67692-
g ov1-

“NME D D

(W/L)
N onN

0°LLl6
2TEY99
€11~
1°69-
z2°898
9 HES
[ LAY
A AL A

~NMmY N CND

(HW/L)
N

=3
z

9°2el
G°56%
178%
£°9-
L°€29
L°98€
1°s11-
oot

NN N e~

W/1)
1N DN

7 11
4°0T11
0°9€T
B=28
6791
0°%
9 €2~
8786
W/ 1)
N a1}
o"6ll g
%=901 I3
[ 441 9
1°9L <
€£°€2 h4
8 ol £
0°61- 4
0°16 1

tWwr71)
N ON

asvd

3sv)

45v)

Isv

asvd




MERTDIONAL STRAIN [ Pg=l3 psil  HOOP STRAIN Vo5, poia
0

3' Eo Eo
4' Eess Bss

6* 1.5

8 Pa

3¢ Eo

FIG.3 TENSILE STRAIN AT EACH POSITION
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FIG.4 RADIAL SHEAR FORCES AT THE WALL BASE
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