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Abstract. LOCA (Loss Of Coolant Accident) is one of the most important utmost accidents for Prestressed
Concrete Containment Vessel (PCCV) due to its coupled effect of high temperature and inner pressure. In
this paper, heat conduction analysis is used to obtain the LOCA temperature distribution of PCCV. Then the
elastic internal force of PCCV under LOCA temperature is analyzed by using both simplified theoretical
method and FEM (finite element methods) method. Considering the coupled effect of LOCA temperature, a
nonlinear elasto-plasitic analysis is conducted for PCCV under utmost internal pressure considering three
failure criteria. Results show that the LOCA temperature distribution is strongly nonlinear along the shell
thickness at the early time; the moment result of simplified analysis is well coincident with the one of
numerical analysis at weak constraint area; while in the strong constrained area, the value of moments and
membrane forces fluctuate dramatically; the simplified and numerical analysis both show that the maximum
moment occurs at 6hrs after LOCA.; the strain of PCCV under LOCA temperature is larger than the one of
no temperature under elasto-plastic analysis; the LOCA temperature of 6hrs has the greatest influence on the
ultimate bearing capacity with 8.43% decrease for failure criteria 1 and 2.65% decrease for failure criteria 3.

Keywords: prestressed concrete containment vessel; loss of coolant accident; mechanical analysis;
temperature distribution

1. Introduction

In recent years, nuclear electricity has been developed more and more extensively as a kind of
clean energy. However, some large-scale nuclear leakage accidents happened in Chernobyl, Three-
Miles Island and Fukushima has brought huge negative influence to the public environment,
health, economics and society. Reactor’s safety problem has been the most important research
topic in the development of nuclear power.

Pressurized Water Reactor (PWR) is most extensively used for commercial purpose at present,
with three protective barriers to prevent radiant matter from leaking into the surrounding
environment. Prestressed Concrete Containment Vessel (PCCV) is the last and most important
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Fig. 1 Development of PCCV

In the first and second generation, shallow shell structure is adopted for the dome part, and ring
beam is used between dome and cylinder to improve the connection stiffness. There are 6
buttresses in the cylinder of first generation PCCV, and 6 prestresssing tendons of 120 degree are
set circumferentially. In the second generation PCCV, only 3 or 4 buttresses are used, with
circumferentially set prestressing tendons of 240 or 360 degree. In the third generation PCCV, the
shape of dome is changed from shallow shell to hemisphere and the ring beam is not adopted.
Moreover, inverted-U-type tendon is adopted to combine the vertical tendon and dome tendon
together. In China, the second generation PCCV is the most extensively used, such as Yangjiang
nuclear power station in Guandong province, and Hongyan River nuclear power station in
Liaoning province, which are still in construction presently.

The importance of PCCV has attracted many scholars and researchers to investigate its
mechanical performance. Finite element method (FEM) is an important approach to research the
performance of PCCV, in which axisymmetric shell element model or simplified solid element
model are usually used by most scholars used (Byung and Se 2004, Ghavamian et al. 2007, Hu
and Lin 2006). Noh et al. (2008) adopted both an axisymmetric model and a three-dimensional
model to analyze a 1:4 scale model of a prestressed concrete containment vessel (PCCV) and the
two models were refined by comparison of the analysis results with testing results. Yonezawa et al.
(2003) discussed the accurate simulation method for prestress loss in PCCV by using the friction
element. However, since there are a huge number of tendons in PCCV and every friction element
need much computation, this method is difficult to be adopted into actual engineering. Lee (2011)
developed a 9-node degenerated shell finite element program for ultimate pressure capacity
evaluation and nonlinear analysis of a nuclear containment building. Song et al. (2009) developed
a nonlinear volume control finite element method for the nonlinear analysis of PCCV to predict its
ultimate internal pressure capacity. Cornish-Bowden et al. (2010) developed a method to
determine the realistic residual prestress level in PCCV structures, taking into account in situ
measurement results rather than design characteristics. Anderson et al. (2008) presented a
reliability-based procedure to evaluate the prestress level of PCCV on the basis of data from in-
service inspections, considering both the time dependent loss of prestress and the possibility of



Mechanical analysis for prestressed concrete containment vessels under Loss of Coolant Accident 129

tendons being broken (due to defects as corrosion). Berveiller et al. (2010) developed an effective
method to estimate the long-term creep strains of PCCV by updating the evolution in time of a
confidence interval on the creep strains.

Some research also focused on the safety evaluation under utmost accidents. Choi et al. (2008)
estimated the seismic risk of a CANDU (Canada Deuterium Uranium) containment structure by
performing the nonlinear seismic analysis for the near-fault earthquakes. Hirama et al. (2005)
conducted a series of shaking table tests on a 1/8-scale reinforced concrete containment vessel
model, with input motions corresponding to or exceeding a design earthquake assumed for a real
nuclear power plant. Rao et al. (2010) carried out an uncertainty analysis of a PCCV structure
subjected to an accidental pressure using a computational tool based on High Dimensional Model
Representation (HDMR) that facilitates lower dimensional approximation of the original high
dimensional implicit limit state/performance function. Al-Obaid (2011) conducted three-
dimensional dynamics finite element analysis for PCCV under impact loads, including the non-
linear behavior of concrete, structural damping and cracking. In his analysis, a combination of
solid isoparametric, panel and line elements representing vessel concrete, steel lining, and
prestressing tendons or conventional steel, respectively, was suggested. To evaluate the behavior of
the advanced unbonded prestressed concrete containment vessel (UPCCV) for one typical China
nuclear power plant under Japan’s March 11 earthquake, Duan et al. (2014) carried out five
nonlinear time history analysis and a nonlinear static analysis for a 1:10 scale UPCCV structure
with MSC. MARC finite element program.

LOCA (Loss of Coolant Accident) is one of the most important utmost accidents. Although the
possibility of LOCA is pretty low, the internal pressure would be increased greatly when it
happens. At the same time, the temperature will also increase dramatically and changes
continuously with time. This will threaten the safety of PCCV structure. Most researches only
consider the influence of increasing pressure, while the LOCA temperature influence are few
investigated. In this paper, heat conduction analysis is used to obtain the LOCA temperature
distribution of PCCV. Then the elastic internal force of PCCV under LOCA temperature is
analyzed by using both simplified theoretical method and accurate FEM method. Considering the
coupled effect of LOCA temperature, a nonlinear elasto-plasitic analysis is conducted for PCCV
under utmost internal pressure, to evaluate the influence of LOCA temperature on ultimate
pressure capacity of PCCV.

2. LOCA temperature distribution in shell wall
2.1 basic assumptions

The LOCA temperature distribution in the shell wall, T(x, z), is supposed to be the function of x
(radial location along the shell thickness from inner surface) and z (time). T(x, 7) should consist of
two parts. One is the existent temperature distribution before LOCA happens, generated by the
exterior environmental and interior operation temperatures, and can be attributed to the stable heat
conduction problem which is not related to time. Therefore, its function can be supposed as Ty(x).
The other is the temperature change caused by LOCA. Since LOCA is occasional and sudden, and
relevant cooling measures would be adopted after it happen, this can be attributed to non-stable

heat conduction problem which is time-related. Therefore, its function can be supposed as T(X, 7).
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Then the total temperature distribution in shell wall under LOCA can be written as following:
T(x7) =T (x)+T;(x7) (1)

Since the diameter of PCCV is large, and the shell thickness is greatly smaller than diameter
and height, the temperature distribution problem can be analyzed using one-dimension heat
conduction analysis.

2.2 The existent temperature distribution before LOCA

According to stable heat conduction theory, the one-dimension differential equation is as
following:

d°T, _
dx?

)

The exterior environmental temperature is usually known, so the boundary condition for this
problem can use the third boundary conditions in heat transfer theory. That is: the convection heat
transfer coefficient between the boundary surface and surrounding fluid (a) and the fluid
temperature (T;) are known, then the boundary conditions can be expressed as:

d
- d_-)r(l . =0 (Tfl _Twl) €))
d
- d_-)r(l . =& (Twz -T; 2) 4)

where Ty, Ty, are the interior and exterior atmosphere temperature; T, Tuz are the inner and outer
surface temperature of shell wall, i.e., T1lx=0=Tw1, T1lx=0=Twz (0 is the shell wall thickness); 1 is the
heat conduction coefficient; a,, a,are the convection heat transfer coefficient between the inner,
outer surface and surrounding fluid, respectively.

For the heat conduction problem with constant material property, the temperature gradient in
the shell wall is constant as following:

df, = T,-T

21 w2 5
dx o ©)

Therefore, the temperature distribution is linear in the shell wall as following:

Tl(x)szl—@x (6)

The key is to solve Ty, and T,,. According to Fourier law, the heat flux is:

a=-2S0 ©
X
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So Egs. (3)-(5) can be rewritten as:

A, =a(Tu—Tu) ®)
A

q= E(Twl _TWZ ) (9)

q|X=5 =a, (Twz -T 2) (10)

In the stable heat conduction process, there is:

d,,=a=d,, (11)
Then Egs. (8) - (10) can be combined as:
_ Tfl_TfZ
=T 5 1 (12)
o A a

The heat flux solved by Eqg. (12) can be substituted into Egs. (8)-(10) to solve T, and T,,. Then
the existent temperature distribution before LOCA can be obtained.

To superpose to the temperature field after LOCA, the coordination origin of initial temperature
distribution should be set to T,=T,;. Then Eq. (6) can be rewritten as:

T,(X)= Tn T ;Twz X (13)

2.3 The temperature distribution after LOCA

The temperature distribution without considering the initial heat conduction is first solved. The
temperature in the shell wall is supposed to beT,, uniformly before LOCA. After LOCA, the inner

surface temperature of shell wall is equivalent to the environmental temperature inside PCCV,
which is a time-related function supposed as T,(z) (r denotes the time after LOCA). The heat
conduction differential equation to describe this problem is as following:

2
Mo g9 (14)
or OX
where a=lp; p is the density of concrete. The boundary condition is:
T,(x0)=T, ; T,(0,7)=T,(7) ; T,(0,7)=T, (15)

According to the Laplace transformation, the solution can be obtained ayiq following:
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T,-T 2 i ( X J
L =—|Nwe"dy=erf 16
Tu—T, 7Z'J.0 7 2\ar (16)
Eqg. (16) can be rewritten as:
X
T,(x7) =T, +(T,, —T,)-erf [ j (17)
2ar

where erf(x) is named as “error function” in mathematics.
Then the total LOCA temperature distribution can be obtained by superpose Eq. (13) and Eq.

(17) as following:

T

X wil _TWZ
- X 18
2\ar j 5 (18)

T(x7)=T,(X)+T,(x,7) =T, +(T,, —T,)-erf (

2.4 Example analysis

The second generation PCCV is shown in Fig. 2. The geometric parameters are as following:
the inner radius of the cylinder shell is 18.5m; the radius of the shallow dome shell is 24m and its
central angle is 86°; the shell thickness is 0.9m; the total height of PCCV is 68.534m. The material
parameters are: the strength grade of concrete is C50; the elastic modulus of concrete is
3.45x10*MPa and the poisson ratio is 0.2; the density of concrete is 2500kg/m®. The thermal
parameters include: the thermal expansion coefficient is 10°/°C; the heat conduction coefficient is
2.3w/(m-C); the heat capacity is 1000J/kgC; the convection heat transfer coefficient between the
inner, outer surface and surrounding fluid is 8W/(m?-"C) and 16W/(m?-'C), respectively.
Supposing that the internal and external atmosphere temperature is 38°C and 5°C, respectively, the
heat flux can be solved as q=49.57W/m? according to Eq. (12). Then according to Eq. (7) and Eq.
(9), the inner and outer surface temperature of shell wall can be solved as T,,=31.8C and
Tw2=8.1°C. Therefore, the following equation can be obtained:

Tl(x)z—@x=—ﬁx
1) 0.9

Similarly, substitute the material and thermal parameters into Eq. (17), the following equation

can be obtained:

T(x7)=T,(r)+[32-T,(z)]-erf (ﬁ}—ﬁx

According to the relevant literature (Zhao et al. 2003), the atmosphere temperature inside
PCCV at different time after LOCA, T,(z), has been analyzed as shown in Table 1.

Table 1 Atmosphere temperature inside PCCV at different time after LOCA
Time 10 min 30 min 6 hrs 12 hrs 24 hrs
Temperature (°C) 145 130 120 100 80
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Fig. 3 LOCA temperature distribution along the shell thickness direction at different time

Substitute the data of T,(z) in Table 1 into Eq. (18), the LOCA temperature distribution along
the shell thickness direction at different time can be obtained, as shown in Fig.3. It can be seen that
the LOCA temperature distribution is strongly nonlinear along the shell thickness at the early time
after LOCA. With time passing, the temperature near the inner shell surface decrease, while the
one near the outer surface increase. It means the temperature distribution along the shell thickness
becomes more uniform and its nonlinearity is gradually weakened.

3. Elastic analysis of PCCV under LOCA temperature
1. Simplified analysis

The internal force in the structure caused by temperature action is related with the constraint
degree. The constraint can be divided into two parts: internal constraint and external constraint.
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For the second generation PCCV, the external constraint is relatively strong near bottom plate,
including circumferential and vertical constraint. At the junction area between dome and cylinder,
internal constraint is relatively strong. At other locations, the circumferential and vertical
constraint is relatively weak. Therefore, compared with strong constrained area, the vertical and
circumferential axial force at most weak constrained locations should be close to zero (this can be
verified through the later numerical analysis). The internal force of PCCV is mainly the moment
caused by internal constraint effect under the temperature difference between inner and outer shell
surface, including radial and circumferential moment.

To conduct the simplified analysis for PCCV, the constraint effect near the bottom plate is not
considered and the axial force in shell wall under LOCA temperature is supposed to be zero. Then
the simplified calculation method for the moment in shell wall is deduced. Suppose the
temperature difference distribution function is:

AT(X,7)=T(x,7)-T, (19)

where T is the construction temperature of PCCV). The circumferential strain (¢, ) and vertical
stain (¢, ) can be expressed as:

eq(X7)=¢6,(X7)=-C; -AT(X,7) (20)

where Cyis thermal expansion coefficient. At the locations far from bottom plate, the external
constraint is relatively weak. However, for the existence of internal constraint, the shell wall
section can still be freely expanded and the plane section assumption can be approximately met.
Therefore, the internal constraint strain is caused as follows:

e (x7)=64(X7)—n(7) . & (X7)=6,(X7)—&p(7) (21)

where ¢, and &, are calculated as:

gcm(f)% [ ea(xr)ix gvm(f)%jjgvl(x,f)dx (22)

According to the elastic mechanics theory, the circumferential stress (o) and vertical stress
(o, ) can be obtained as:

o, (X,T)=$[SC(X,T)+ ue, (x,7)] (23)
O'V(X,T)=$[8V(X,r)+,ugc(x,r)] (24)

where E is elastic modulus; x is poisson ratio. Substitute Eq. (21) into Eq. (23) and Eq. (24), the
following equation can be obtained:
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Table 2 The moment in shell wall at different time after LOCA

Time 10 min 30 min 6 hrs 12 hrs 24 hrs
Moment (MN -m/m) 1.381 1.562 2.536 2.422 1.856
Ea (AT —AT,)

O'C(X,T)ZO'V(X,T)Z— (25)

1-p
where:
1 po
AT, = EJ.O AT (x,7)dx

Then the circumferential moment (M) and vertical moment (M,) in the shell wall under
temperature action is:

5 o Ea (s o
M. =M, :J.O a(x,r)-[a—xjdx=gjo [AT(x,7)-AT, (r)]-(i—xjdx (26)
Since the LOCA temperature distribution in shell wall is strongly nonlinear, the section should
be equally divided into n segments along the shell wall thickness direction. Then the moment can
be calculated by superposition as:

M, =M, =1E—“i[ATk (x7)-AT, (z)]-d, -AS (27)
—Hka
where:
AT, = AT(X“’T);AT(XK’T) (k=0, 1,2, ..., n)
g, =0 XatX) o jias as=?
2 2 n

According to the LOCA temperature distribution function solved in section 2.4, the moment in
shell wall at different time after LOCA can be calculated using Eqg. (25), as shown in Table 2. It
can be seen that the maximum moment happens at 6hrs after LOCA, although the temperature at
this time is not the highest. The main reason is that the temperature distribution at the early time
(10min and 30min) focuses on the area near inner shell surface, while the temperature at most
locations along the shell wall thickness are very low. So the influence of the high temperature at
this time is very limited and the moment caused by temperature action is relatively smaller.

3.2 Numerical analysis

To conduct an accurate analysis, a numerical model of PCCV is established using finite element
software ABAQUS, as shown in Fig. 4. There are 6 holes in the cylinder, including 1 valve hole, 2
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(a) Front view (b) Side view (c) Tendon (d) Steel liner (e) Reinforcement
Fig. 4 Numerical model of PCCV in ABAQUS
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Table 3 Moment results comparison of numerical and simplified analysis (MN -m/m)

Time 10 min 30 min 6 hrs 12 hrs 24 hrs
Simplified analysis 1.375 1.562 2.526 2.412 1.846
Numerical Radial moment 1.382 1.546 2.555 2.435 1.853

analysis Circumferential moment  1.387 1.552 2.564 2.441 1.849
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human hole and 3 small holes. The cylinder near valve hole is thickened to prevent from cracking
too early. Four buttresses are set in the horizontal section with the mutual angel is 90°. Two layers
of circumferential and one layer of vertical prestressing tendons are set in the cylinder wall. The
top of vertical tendons is anchored on the upper surface of ring beam while the bottom anchored
on the bottom plate. Circumferential tendons are anchored to buttresses. In the dome shell, three
layers of prestressing tendons are set to be anchored on the external side of ring beam. Three
layers of circumferential and vertical reinforcements are set in the cylinder and dome. Moreover,
one layer of steel liner with the thickness 6mm is set in the whole inner shell surface. The steel
linear is anchored tightly with the concrete part of PCCV to form an integral structure. In
ABAQUS simulation, solid element C3D8 is used for concrete part, truss element T3D2 for
prestressing tendons, membrane element for reinforcement layer, and shell element S4 for steel
liner. The prestressing tendon elements are separately constructed and then embedded into the
concrete elements through the function “embedded region” provided by ABAQUS to make them
work together.

For the elastic internal force analysis of PCCV under LOCA temperature, the prestress effect is
not considered, which will be included in the later elasto-plastic analysis under LOCA temperature
and inner pressure. The analysis results are shown in Fig. 5 and Fig. 6.

As shown in Fig.5, compared with the force in the strong constraint area (near bottom plate and
ring beam), the circumferential membrane force of most locations and the vertical membrane force
are relatively small and close to zero. However, the membrane forces in the strong constraint area
fluctuate dramatically, for the strong constraint effect. For the moment result, as shown in Fig.5,
the moment value at most locations are relatively uniform while the values in strong constrained
area change distinctly. According to the elastic mechanics theory, the strong constraint effect exist

within the distance of 2.5JR& ~10mfrom constraint end (R is the radius of the cylinder shell),
which can be clearly seen in Fig. 6. The maximum moment occurs at 6hrs after LOCA, which is in
accordance with the simplified analysis results in section 3.1. Therefore, in the PCCV elastic
design, 6hrs after LOCA can be considered as one of the control load cases. Comparison between
the moment of numerical analysis and simplified analysis at weak constraint area are shown in
Table 3. It can be seen that the simplified result is well coincident with the numerical analysis.

4. Elasto-plastic analysis of PCCV under LOCA temperature and inner pressure
4.1 Constitutive relation of material

In ABAQUS, two material models can be used to simulate the nonlinear behavior of concrete
material, including smeared crack model (SCM) and damaged plasticity model (DPM). In this
paper, DPM is employed for the concrete part of PCCVs, since it is easier to converge and get
reliable solution results than SCM. In DPM, the inelastic behavior of concrete is represented by
combing isotropic damage and isotropic tension/compression plasticity. The uniaxial compressive
and tensile stress-strain relation of concrete is necessary for DPM, which can be determined
according to China Concrete Structural Design Code (2002) (shown in Fig. 7). To improve the
stability in solution process, the curved stress-strain relation is simplified to multi-linear
simulation. The reinforcements in PCCV including two categories: Grade Il and Grade IIl. A
double linear ideal elasto-plastic stress-strain relation is used for reinforcement, steel liner and
prestressing tendons. The yield stress and strain are shown in Table
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Fig. 7 Uniaxial stress-strain curve of concrete (C50)

Table 4 Yield stress and strain of reinforcement, steel liner and prestressing tendons

Reinforcement

Material Steel liner Prestressing tendon
Gradell Grade 111 g
Yield stress(MPa) 335 400 320 1507
Yield strain(x10°®) 1680 2000 1520 7930

4.2 Determination of prestress

As shown in Fig. 8, horizontal circumferential tendons in cylinder include inner ring (radius
19.03m) and outer ring (radius 19.23m). Horizontal tendons are stretched at both ends. Vertical
tendons in cylinder is stretched on the top surface of ring beam. Tendons in dome are stretched at
both ends on the outer surface of ring beam. Considering 60 years of prestress loss, the effective
prestress retained in tendons after stretched are calculated as shown in Fig. 9, according to
“Eurocode 2: Design of concrete structures” (EN 1992-1-1:2004).

In ABAQUS, decreasing temperature method is adopted to simulate the prestress effect. At this
time, the effective prestress retained in tendons should be transformed into equivalent temperature,
as follows:

O

AT, = (28)

Es oA
where o is the effective prestress; Es, as is the elastic modulus and thermal expansion coefficient
of tendons. It should be noted that if AT in Eq. (28) is directly used in simulation, the actual stress
in tendons could be less than o5 for the coordinated deformation of concrete and tendons. This may
lead to an inaccurate result. Therefore, the following iterative modification equation is adopted:

[ATS‘">]=%'[ATJ"‘”] (29)

where AT and AT Vis the calculated equivalent temperature after n™ and (n-1)" iteration,
respectively; S js the actual stress in tendons when ATS(”‘” is used for tendons.
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According to the function of PCCV, the strength and sealing performance should be ensured
under great internal pressure. Some experiments has revealed that the cylinder always reaches
plastic deformation earlier than the dome. Therefore, the failure state and criteria is mainly
determined by concrete cylinder and steel liner. At present, three failure criteria are usually used
for the elasto-plastic limit states analysis of PCCV:

Criteria 1: Maximum tensile strain of concrete cylinder reaches 10000x10°®

Criteria 2: Maximum strain of steel liner reaches the tearing strain 0.2

Criteria 3: Most tendons in cylinder yields (stress reaches 1507MPa)

4.4 Analysis result

In present elasto-plastic analysis of PCCV, only internal pressure load is considered. The
internal pressure is increased gradually based on the design pressure, until the stress state of PCCV
reaches the failure criteria. Then, the internal pressure at this time is taken as the limit ultimate
bearing capacity. However, PCCV subjects to high temperature action as well as great internal
pressure under LOCA. The elasto-plastic analysis only considering internal pressure can not reflect
the real stress state of PCCV under LOCA. Therefore, the LOCA temperature distribution at
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different time is considered in the elasto-plastic analysis. The total analysis is divided into two
steps. In the first step, the stress state of PCCV under self-weight, prestress and LOCA temperature
is calculated. Then based on the results of step 1, the internal pressure is applied to the inner
surface of steel liner, with the value gradually increasing from O to 3 times of design pressure, i.e.,
3P,=1.26MPa (P,=0.42MPa is the design pressure).

The elasto-plastic analysis results under differential LOCA temperature are shown in Figs. 10-
12. As shown in Fig. 10, the radial displacement increase linearly when the internal pressure is
small. At this time, the whole PCCV structure is basically in the elastic stress state. With the
increase of internal pressure, the displacement increase more and more rapidly. It indicates that
some part of cylinder has reached the plastic strain and the plastic area is gradually being extended.
When LOCA temperature is considered, the displacement develops more rapidly. This means that
the cylinder reaches the plastic strain earlier. The displacement under 6hrs LOCA temperature case
is a little larger than the other LOCA temperature cases.

Fig. 11 and Fig. 12 show the circumferential and vertical strain of the point near valve hole at
the elevation 22.9m. It can be seen that on the inner shell surface, the circumferential strain under
LOCA temperature develops faster than the no temperature result before 1.0MPa internal pressure.
When internal pressure exceeds 1.0MPa, the circumferential strain of no temperature is larger. It
indicates that although the cylinder reaches circumferential plastic strain earlier when LOCA
temperature considered, the circumferential plastic strain develops more gradually. Compared with
the circumferential strain, the vertical strain on the inner shell surface is relatively small which has
little influence on the failure state of PCCV. On the outer shell surface, the circumferential strain
under LOCA temperature is distinctly larger than the one of no temperature. It means the

LOCA temperature has greater influence on the circumferential strain development on the outer
shell surface. The vertical strain on the outer shell surface under LOCA temperature is a little
larger than the no temperature result. Totally speaking, the strain under LOCA temperature is
larger than the one of no temperature, and results of 6hrs LOCA temperature is the maximum.
According to the three failure criteria in section 4.3, the ultimate bearing capacity under different
LOCA temperature distribution is shown in Table 5. It can be seen that when the LOCA
temperature is considered, the ultimate bearing capacity of PCCV is reduced. The LOCA
temperature of 6hrs has the greatest influence on the ultimate bearing capacity with 8.43%
decrease for criteria 1 and 2.65% decrease for criteria 3.

200 = No temperature _;"
= ' = 6hrs LOCA temperature ;
150 12hrs LOCA temperature Il
= = 24hrs LOCA temperature

Radial displacement (mm)

00 02 04 06 08 10 12 14
Inner pressure (MPa)

Fig. 10 Radial displacement of the point near valve hole at the elevation 22.9m
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Fig. 11 Circumferential strain of the point near valve hole at the elevation 22.9m
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Fig. 12 Vertical strain of the point near valve hole at the elevation 22.9 m

E, Max. Principal
(Avg: 75%)

E, E22 (CSYS-1)
Multiple section points
(Av: 75%)
+2.5818-02
+2 360e-02

3, 511 (CSvs-1)
(Avg: 75%)
+1.015e-02

+2,2898-03 +1.507e+03
+8.451e-03
+7.602e-03
+6.,754e-03
+5.906e-03

QU T Ty

+2.868e+02

(a) criteria 1: concrete strain (c) criteria 3: stress in tendons

(b) criteria 2: steel liner strain
Fig. 13 Stress state of PCCV at the limited failure state of 6hrs LOCA temperature
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Table 5 The Ultimate bearing capacity under different LOCA temperature distribution

Failure Ultimate bearing capacity (MPa)

criteria No temperature  6hrs LOCA temperature  12hrs LOCA temperature ~ 24hrs temperature
Criteria 1 0.83 0.76 0.78 0.81
Criteria 2 >1.26 >1.26 >1.26 >1.26
Criteria 3 1.13 11 1.109 1.113

The stress state of PCCV at the limited failure state of 6hrs LOCA temperature is shown in Fig.
13. It can be seen that the maximum concrete strain and steel liner strain are focuses near the valve
hole. For criteria 1, structural failure is originated from a small area below the valve hole, while it
is from the edge of vale hole for criteria 2. For criteria 3, most horizontal circumferential tendons
yield, while the vertical tendons in cylinder and tendons in dome do not yield. It also indicates that
the horizontal circumferential tendons play a greatly important role to resist the increasing internal
pressure.

5. Conclusions

(1) The LOCA temperature distribution is strongly nonlinear along the shell thickness at the
early time after LOCA. With time passing, the temperature near the inner shell surface decrease,
while the one near the outer surface increase. It means the temperature distribution along the shell
thickness becomes more uniform and its nonlinearity is gradually weakened. Therefore, in the
design of PCCV, the real LOCA temperature distribution at different time should be considered to
obtain accurate and safety mechanical analysis result.

(2) The moment result of simplified analysis is well coincident with the one of numerical
analysis at weak constraint area. While in the strong constrained area, the value of moments and
membrane forces fluctuate dramatically. The simplified and numerical analysis both show that the
maximum moment occurs at 6hrs after LOCA. Therefore, in the PCCV elastic design, 6hrs after
LOCA can be considered as one of the control load cases.

(3) Elasto-plastic analysis shows that the strain of PCCV under LOCA temperature is larger
than the one of no temperature, and results of 6hrs LOCA temperature is the maximum. When the
LOCA temperature is considered, the ultimate bearing capacity of PCCV is reduced. The LOCA
temperature of 6hrs has the greatest influence on the ultimate bearing capacity with 8.43%
decrease for criteria 1 and 2.65% decrease for criteria 3.
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