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a b s t r a c t

Safety analysis of nuclear power plant (NPP) especially in accident conditions is a basic and necessary
issue for applications and commercialization of reactors. Many previous researches and development
works have been conducted. However, most achievements focused on the safety reliability of primary
pressure system vessels. Few literatures studied the structural safety of huge concrete structures sur-
rounding primary pressure system, especially for the fourth generation NPP which allows existing of
through cracks. In this paper, structural safety reliability of concrete structures of HTR-PM in accidental
double-ended break of hot gas ducts was studied by Exceedance Probability Method. It was calculated
by Monte Carlo approaches applying numerical simulations by Abaqus. Damage parameters were
proposed and used to define the property of concrete, which can perfectly describe the crack state of
concrete structures. Calculation results indicated that functional failure determined by deterministic
safety analysis was decided by the crack resistance capability of containment buildings, whereas the
bearing capacity of concrete structures possess a high safety margin. The failure probability of concrete
structures during an accident of double-ended break of hot gas ducts will be 31.18%. Adding the
consideration the contingency occurrence probability of the accident, probability of functional failure is
sufficiently low.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Pebble-bed Module High Temperature Gas-cooled Reactor
(HTR-PM), as a developed version of 10 MW high temperature gas-
cooled reactor (HTR-10), has been extensively considered as the
world's first fourth-generation commercial nuclear power plant
due to its inherent safety feather, high generating efficiency and
high temperature heat output [1e3]. In 2012, the first HTR-PM
demonstration power plant in China started to pour the first tank
of concrete in Rongcheng, Shangdong Province.

Safety analysis in nuclear industry is an important and arduous
task. Safety-performance of nuclear power plant (NPP) is a decisive
factor to avoid offsite radioactivity impacts [4], which is also the
basic precondition for commercial NPP to be economically avail-
able. The bulk of a safety analysis is actually reliability analysis of
o), 384507500@buaa.edu.cn
n@126.com (Y. Sun).

by Elsevier Korea LLC. This is an
component, system and subcomponents in normal operation or
accidental scenarios. Lots of efforts have been made to evaluate the
reliability when NPP are in normal steady state [5]. Although
probability of the occurrence of accidents is very low, it may lead to
incredible consequences. After Fukushima accident, much atten-
tions have been paid to analysis of different accident scenarios,
such as Loss of Coolant Accidents [6,7], Rupture of Fuel Handling
Tube [8,9], Core Disruptive Accident [10], Double-ended Break of
Hot Gas Ducts [11] and Loss of power [12].

Analysis methods for safety analysis are comprised by Deter-
ministic Safety Analysis (DSA), Probabilistic Safety Analysis (PSA) and
experimental works. The basic conception of DSA is based on
defense-in-depth and safety margins, whereas PSA employs the
system reliability evaluation technology and probabilistic risk anal-
ysis to implement the analysis of occurrences and development of a
certain event in a complex system [10]. Generally speaking, these
two methods are complementary and applied cooperatively. It is
very difficult, however, to evaluate the safety probability required for
NPP in accidents since the relevant data are far from sufficient.
Thanks to the computing tools, numerical simulation applying
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Fig. 1. Exceedance probability model.
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computational codes to model the accident processes is used to
elaborate the uncertainty analysis and sensitivity analysis when
there is difficulty in carrying out large-scale experiments of nuclear
engineering structures. Shinozuka et al. developed an analytical
procedure to estimate the conditional limit-state probability of
containment structures applying a particular method of frequency-
domain reliability analysis [13]. Best Estimate Plus Uncertainty
(BEPU) approach was proposed for DSA of a LOCA by Sanchez-Saea
[14,15]. Zhang et al. used an integrated code (MELCOR) to carry out
the uncertainty and sensitivity analysis of source term of reactor in
severe accidents [16]. Meanwhile, an accident sequence similar to
the Fukushima accident was estimated and analyzed. Uncertainty
range and influential variables are feasibly estimated by Monte-
Carlo-based approximation [17,18]. Besides, many other codes for
investigations of accident processes are frequently used, such as
SAS4A [19], RELAP5 [20] and SIMMER-Ⅳ [21].

However, these researches aforementioned just concentrated on
the variation of representative parameters (temperature, pressure,
source term, and so on) in the primary reactor vessels. More at-
tentions are focused on safety analysis of inside instruments and
chemistry reactions of reactor core, whereas literatures related to
structural performance of peripheral concrete structures of nuclear
plant in accident scenarios are extremely rare. Because of the
inherent safety of HTGR, compared with the other kinds of PWR,
the containment function of the HGR is obviously different, and it is
not required to be completely hermetic. That is to say, inherent
safety of HTR relaxes the requirement of its hermetic condition and
a few through cracks is allowed [1]. The safety of HTGR nuclear
power plant is mainly controlled by structural performance of pe-
ripheral concrete structures. The criteria for judging the safety of
containment structures are also significantly different, so special
research is needed.

In this paper, structural safety reliability of NPP in postulated
double-ended break of hot gas ducts was detailed studied based on
the application of software of finite element analysis, Abaqus. A
calculation method combining Load-Capacity Interference Model
(LCIM) and Exceedance Probability Model (EPM) for safety reli-
ability of concrete structures was proposed, considering the un-
certainty due to the discrete feather of concrete strength. HTM-PM
is taken as a calculating example. Not only the concrete structures
of nuclear reactor buildings but also that of surrounding auxiliary
buildings are simulated. Functional performance of concrete
structures is evaluated by deterministic safety analysis, in which
the functional failure criterion of crack resistance capacity is
developed and defined by the tensile damage parameter of
concrete.

2. Calculation method for structural safety reliability

Safety reliability in nuclear engineering is devoted to reliability
analysis of the components or systems in normal operation con-
dition and some unpredictable accident scenarios. The well-known
Load-Capacity Interference Model is selected to describe the func-
tional failure in terms of a load exerted during the performance of
the system on its components and the capacity of these compo-
nents to withstand that load [5]. The status of system can be
divided into two states (success or failure) by the failure criterion.
According to the assignment methods of the failure criterion, the
Exceedance Probability Model and the Stress-Strength Interference
Model have been proposed. The former sets a certain limit value as
the failure criterion, whereas the latter uses a probability distri-
bution function. As shown in Fig. 1, EPM is adopted in this paper.
Conceptually, the failure probability is estimated by the exceedance
probability that the load exceeds the capacity of the system, which
can be expressed by
Pf ¼ PfZðXÞ < 0g ¼
ð
f ðXÞdX (1)

where ZðXÞ is structural performance function, ZðXÞ ¼ RðXÞ� SðXÞ,
inwhich RðXÞ, SðXÞ is respectively the capacity and the actual stress
state of the structure; X is the vector of representative parameters
needed to be analyzed, X ¼ fx1; x2;/; xngT ; f ðXÞ is the probability
density function.

The rapid development of computer technology changed the
situation that related information of large-scale experiments are
scarce. Numeric simulations have been widely applied in the reli-
ability analysis. Therefore, the approximate solution of Eq. (1) can
be easily obtained by the classic Monte Carlo approaches, i.e.
traditional test method, which applies statistical sampling theory.
Generally, safety reliability is indirectly expressed by the functional
failure probability. As shown in Fig. 2, safety reliability or functional
failure probability of systems in a certain accident scenario can be
acquired by the following procedures:

① Firstly, analytical objects should be identified, which include
the identification of safety system and the selection of acci-
dent conditions.

② Confirm the influential factors of interest. Generally, struc-
tural performance of systems is decided by multiple factor-
s,i.e. the vector of sets of influential factors
X ¼ fx1; x2;/; xngT . This step concentrates on the selection
of critical factors.

③ Assignment of the range and distribution types for each
influential factors, which represents the relevant un-
certainties. Simultaneously, sufficient samplings, bXi(i ¼ 1;2;
…; N), can be created by many techniques, such as Monte
Carlo approaches, the response surface method and so on.

④ Numerical simulations. The reproduction of analytical sys-
tem should be precisely completed. It is one of the most
important steps, because the successful establishment of the
numerical model is the basis of the expansion of procedures
⑤ and ⑥. Large errors lead to the meaninglessness of the
calculations.

⑤ Definition of failure criteria. Aiming at one representative
numerical model, applicable failure criteria are provided by
means of deterministic safety analysis, which display the
ultimate capacity (RðbXiÞ) of the analytical system.

⑥ Dynamic process of calculation of failure probability by nu-
merical models. All sampling data are inputted to the nu-
merical model one by one. The outputs are the actual stress
state of the system SðbXiÞ. According to the Load-Capacity
Interference Model, structural performance function is

ZðbXiÞ¼RðbXiÞ � SðbXiÞ (2)



Fig. 2. Flowchart of procedures to analyze the structural safety reliability.
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After the calculation of N cycles, functional failure probability
expressed in Eq. (1) can be determined by Monte Carlo Approaches
as

bpf ¼1� 1
N

XN
i¼1

I½ZðbXiÞ�: (3)

where the superscript displays the calculating indexes originating
from the samplings; N is the total amount of samples; If ZðbXiÞ< 0,
then I½ZðbXiÞ� ¼ 0, whichmeans the failure of the system. Conversely
I½ZðbXiÞ� ¼ 1, which means the system can successfully bear the
external loads.

⑦ Check the numbers of the simulation cases. The aim is to
figure out whether the required cases of simulations are
satisfied or not. The sampling variance responding to Eq. (3)
is expressed by

bV 2 ¼ 1
N
bpf

�
1� bpf�: (4)

To guarantee 95% confidence interval, the relative error is
△ε¼

���pf � bpf ���
pf

� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� bpf

Nbpf

s
: (5)

If the relative error is set to be within 10%, the minimum cases of
simulation need to be calculated arrives

N �
400

�
1� bpf

�
bpf

: (6)
3. System description

As shown in Fig. 3(a), the nuclear power plant of HTR-PM is
composed of the Nuclear Reactor Building (NRB), the Spent Fuel
Building (SFB) and the Nuclear Auxiliary Buildings are (NAB). NRB is
the core building, whereas the SFB and NAB are auxiliary buildings.
Containment buildings lies in the NRB, consisting of two reactor
cavities and two steam generator cavities (in Fig. 3(b)). In these
cavities, the primary pressure boundary are forms by the reactor



Fig. 3. Nuclear power plant of HTR-PM (units:m).
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pressure vessel (RPV), the steam generator pressure vessel (SGPV)
and the hot gas duct pressure vessel (HDPV). The RPV which is
connectedwith SGPV by a horizontal coaxial hot gas duct, is housed
in the wall of containment by four steel corbels.

This paper focuses on the structural safety reliability of all the
buildings (including the core building and the auxiliary buildings)
of nuclear power plant of HTR-PM in a certain accident scenario of
double-ended break of hot gas ducts (HGDs). Both elastic and
plastic mechanical performance of the whole buildings is studied,
meanwhile the safety reliability is calculated. All the efforts ensure
that accidents are not possible to lead to not acceptable released of
radioactive fission products into the environment and local or
global failure.
4. Selection of the influential factors and sampling data

Structural performance of concrete buildings can be effected by
lots of factors such as material strength, environmental impact and
loading conditions. As we all know, the strength of concrete directly
and effectively determines the inherent bearing capacity of the
buildings especially in severe accident scenarios. However, con-
crete is a kind of material whose strength is greatly discrete.
Therefore, the strength of concrete is selected as an influential
factor of interest.

In order to explore the structural safety reliability with the
consideration of the great discreteness of concrete strength,
enough samplings of concrete cube are casted and cured alongwith



Fig. 4. Distribution curves of the strength of concrete cubes.
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the construction of nuclear power plant buildings. Fig. 3(c) shows
the time line of the construction of different parts of the nuclear
buildings. In each year, hundreds of concrete specimens are tested
and the compression strength of concrete cubes are statistically
exhibited in Fig. 4. Furthermore, the mean and standard deviation
of these data are calculated, as well as the empirical probability
destiny function is added. The extra sampling data can be created
by the fitting with normal distribution in case that it fails to satisfy
the minimum amount of simulation from Eq. (6). Concrete strength
of samplings in one year forms a variable vector, respectively
denoted by Xi(i ¼ 2013; 2014; 2015 or 2016) (Xi ¼ ½fc1; fc2/fcn�).
That is to say that the safety reliability analysis in this paper is
actually the results of random combination of each elements in
Xi(i ¼ 2013; 2014; 2015 or 2016). Computational capability of
modern computers makes it possible to complete the calculations
of multiple combinations.
Fig. 5. Profile of the integrated model.
5. Numerical simulations

The numerical simulations are conducted by the Finite Element
Software of ABAQUS 6.11. As is shown in Fig. 5 and Fig. 6, two kinds
of models are created. One is the integrated model which simulates
the NRB, SFB and NAB. The other one is the partial model, i.e. model
of steel corbels. Considering their thickness is far less than length
and width, walls and slabs in the integrated model can be appro-
priately modeled by shell elements. The S4R (4-node, quadrilateral,
stress/displacement shell element with reduced integration) shell
element is selected. There are a total of 33092 shell elements in this
model. Size of shell elements adopted in this paper is 1e1.7 m,
referring to the similar FE analysis models [22,23]. Steel bars are
embedded into the concrete by the definition of rebar layer. How-
ever, the B31 (2-node, Timoshenko beam element) beam element is
adopted to reproduce beams and columns. Meanwhile, steel bars
here are arranged in the four corners of the cross section of beams
and columns by applying the equivalence principle. Partial model is
comprised of steel corbel and concrete walls, which are combined
as one by high-strength bolts. The boundary of concrete walls are
completely restrained in the partial model. Meanwhile, the high-
strengthen bolts are preloaded and the pre-tightening force is
206.25 MPa 8-noded hexahedral elements (C3D8R) are used for
concrete walls, steel plates and high-strength bolts with linearly
reduced integration to eliminate the effect of shear locking. Re-
inforcements are created by 2-noded truss elements (T3D2) and
embedded into the concrete wall.

The structural property of superstructure is emphasized in the
accident scenarios of HGDs, ignoring the interaction effect of sub-
soil foundation. Therefore, the boundary condition that bottoms of



Fig. 6. The partial model of steel-concrete composite corbel.
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the models are completely fixed will be set, which means both
displacement and rotation in all the directions of x axis, y axis and z
axis are restrained. The constitutive law of concrete and steel bars
and the different loading conditions will be presented in the
following sections.
5.1. Constitutive models in ABAQUS

(1) Concrete

The plastic-damaged model for concrete, one of the three
simulative model in ABAQUS, is adopted. Because it provides ad-
vantages in numerical implementation. It is proposed by Lublinear
et al. [24] and then developed by Lee and Fenves [25]. Two damage
parameters, one for tensile damage (dt) and the other for
compressive damage (dc), are defined to account for different
damage states. Herein, damage is introduced by the following
equation:

sk ¼ð1�dkÞsk; ð k¼ c; tÞ (7)

Where sk is the compressive stress or tensile stress without dam-
age; sk is the effective compressive or tensile stress considering
damage.

According to Sidoroff hypothesis of elastic energy equivalence,
the complementary energy of concrete with or without consider-
ation of damage can be respectively expressed by

We
0 ¼

s2k
2E0

; ðk¼ c; t
�

(8)

We
d ¼

s2k
2Ed

; ðk¼ c; t
�

(9)

in which E0 is the initial elastic modulus; Ed is the equivalent
modulus with damage.

Combine Eq. (7), Eq. (8), Eq. (9) and We
0 ¼ We

d, damage param-
eters arrive
Table 1
Basic performance parameters of concrete.

Cubic compressive
strength (MPa)

Prism compressive
strength of (MPa)

Elastic modulus
(MPa)

Tensile strength
(MPa)

fcu fc E0 ft

35 26.6 31800 2.78
dk ¼1�
ffiffiffiffiffiffiffi
s

E0ε

r
¼ 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fk

E0εk
,
yk
xk

s
; ðk¼ c; tÞ: (10)

where fk is the peak strength of concrete; εk is the strain corre-
sponding to the peak strength; yk, xk are dimensionless variables,
yk ¼ sk

fk
, xk ¼ ε

εk
; ðk¼ c; tÞ.

It is aforementioned that strength of concrete is selected as a
situational variable and cubic concrete strength is tested along with
the construction of the nuclear power plant. For convenience,
concrete C35 is taken as an example. As is exhibited in Table 1, basic
performance parameters of concrete C35 can be explored or
calculated based on [26]. Simultaneously, polynomial formulas are
chosen to simulate the constitutive relationship of concrete in
compression and tension. The constitutive models are presented in
Fig. 7, where at , ac and ad are regression parameters. The values are
decided by the concrete strength and defined in a tabular form in
Ref. [26]. Substituting the constitutive models into Eq. (10), con-
crete damage parameters dk throughout the whole loading history
can be computed and plotted in Fig. 8. In Fig. 8, curves in lower
stress level are specially amplified to find that damage parameters
are zero when concrete is in elastic loading stage. Damage was
considered by introducing the values in Fig. 8 into concrete plastic-
damaged model.

(2) Steel bars and steel plates

The traditional bilinear model was used to describe the stress-
strain relationship of reinforcement and steel plate. Properties of
steel bars, steel plates and bolts are summarized in Table 2.
5.2. Loading condition

Among the accidental scenarios of HTR-PM, the hypothetical
double-ended break of HGDs was analyzed. To investigate the
structural feature, all critical potential loads due to the accidental
break should be considered and reasonable values should be taken
as well. When it occurs, hot helium discharges from the broken part
of HGDs and the pressure and temperature in the containment
buildings increases dramatically. The ducts rupture loads include
pressure in the containment buildings, thermal stresses, the impact
loads and concentrated forces in the corbel, of which values are
defined based on related standards and documents from Chinergy
Technology Co., Ltd [2]. It is important to note that the highest
pressure load is assumed to keep uniform once the accident occurs.
Furthermore, heat transfer is thought to complete almost instan-
taneously. So an extremely critical condition combining the
maximal pressure and the biggest temperature changes of concrete
was studied in this paper, which may lead to a higher failure
probability.

(1) Internal pressure in containment buildings

As double-ended break of HGDs happens, the containment
buildings will be pressurized by the high-pressure helium in a short
time. Rupture disk and outlet chimney are applied as the mitigation
Peak compressive
strains

Peak tensile
strains

Poisson
ratio

Linear expansion
coefficient (10�6/�C)

εc εt m z

1590 � 10�6 87.9 � 10�6 0.2 7.79



Fig. 7. Constitutive relationship of concrete.

Table 2
Properties of reinforcement and steel plates.

Type Grade Young's modulus
Es (GPa)

Poisson
ratio m

Yield strength
fy (MPa)

Reinforcement HRB400 210 0.3 460
High-strength bolt Grade 8.8 210 0.3 640
Steel frame
Steel corbel

Q345R 192 0.3 265
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measures to make the containment stay in a limit of uniform
pressure of 438.7 KPa.

(2) Thermal stresses

Helium in the pressure vessels is at high pressure and high
temperature. Heat exchange appears immediately as the accident
happens. The whole thermodynamic process can be illustrated by
the transient analysis. For simplification, the concrete containment
buildings are regard to be mixed structure of cylindrical reactor
cavity and rectangle steam generator cavity, with the height of
43.6 m. The thickness of these two cavities is 2.4 m and 1.5 m,
respectively. Fig. 9 exhibits the thermodynamic process, which
consists of three heat transfer transient: the expansion transient of
helium; mixing transient of high temperature helium and the air;
heat transfer between mixed gas and concrete walls. The specific
details of the calculation are displayed in Appendix A. Fig. 9 shows
the maximum temperature difference DTmax is DTmax ¼ T3;in �
T3;out ¼ 5:66�C.

In consideration of the remarkable temperature variation in the
cavities, a temperature non-uniformity coefficient was defined as
l ¼ 1:4. As a result, the final thermal stresses are induced by the
temperature difference:

DT ¼ l,DTmax ¼ 8�C (11)
Fig. 8. Curves of compressive and tensile concrete damage parameter.
(3) Impact loads

Avoiding the thermal expansion loads, SGPV can move along its
axis freely, whereas RPV is fixed at its original position. Therefore,
jet thrust that originates from the double-ended break of HGDs
pushed the SGPV to move along its axis and hit the concrete walls.
Obviously, there were two impact points in each steam generator
cavity (shown in Fig.10). The load of one impact point is empirically
designed as 8500 kN. Elevation of the impact points is 3.651 m.

(4) Concentrated forces acting on the corbels

Similarly, the RPV also bears a counterforce rising from the jet
thrust. In the end, the force was transferred to the internal walls of
containment by four steel corbels. Based on themechanical analysis
of steel corbels, two kinds of concentrated loads exist. One is the
vertical force and the other one is the circumferential force. Both of
them are caused by the self-weight of the pressure vessels and the
effect of jet thrust. Table 3 gives a summary of values of concen-
trated forces applied on each steel corbels. An emphasis should be
made on the directions of circumferential forces (clockwise or
anticlockwise) are stochastic due to the randomness of positions
where the hypothetical accidental scenario happens. Four random
combinations may appear, which include clockwise-clockwise
(CeC) type, clockwise-anticlockwise (C-A) type, anticlockwise-
anticlockwise (A-A) type and anticlockwise-anticlockwise (A-A)
type as shown in Fig. 11.

6. Deterministic safety analysis

6.1. Definition of functional failure criteria

The structures of nuclear power plant, especially the contain-
ment buildings, are the last safety barrier to avoid the collapse and
leakage of radioactive fission products. Therefore, extremely strict
criteria are proposed to evaluate the property of structures in
normal operation condition or accidental scenarios. A functional
failure is defined as the inability of a system to perform its mission
due to deviations from its expected behavior. As discussed in this
paper, the potential failures originating from accidental double-
ended break of hot gas ducts may be exhibited as large-area
cracks, failure of bearing capacity of structures and collapse of
corbels. Correspondingly, these three failure criteria are:

(1) Criterion of crack resistance capacity

Cracking condition of containment buildings is evaluated by the
criterion of crack resistance capacity. Owing to the inherent safety
features of HTP-PM, partial cracks are permitted to exist as long as
the propagation of cracks are under control, which means the area
of cracks (Acrack)must account for less than 5% of internal surface
area of the whole containment buildings (A). For simplicity,
cracking rate denoted by h is proposed. h is expressed by proportion
of the cracking area in the area of total internal surface. As a result,



Fig. 9. Schematic diagram of thermodynamic process.

Fig. 10. Plan position of impact points.
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h ¼ 5% is the limit crack resistance capacity of containment
buildings.

Generally, concrete cracks are mathematically defined as that
cracks will appear once the principle tensile stresses or principle
tensile strains exceeds the limit values. However, mistakes may be
induced by using principle tensile stresses or strains as the judg-
ment. The reasons are:① As shown in constitutive curves of tensile
concrete (Fig. 7), a certain tensile stress is corresponding to two
concrete states, uncracked or cracked.② in some special condition,
such as thermal expansion, the concrete tensile strains are very
large, whereas the no tensile stresses exist and no cracks appear. In
order to avoid the uncertainty, a new factor named as concrete
tensile damage parameter dt is applied to determine the cracking
condition of the concrete. As mentioned earlier in Fig. 8, concrete
begins to crack with the appearance of tensile damage, i.e. dt > 0
(For the accuracy of determination of the tensile damage, a rela-
tively small number such as 0.01 is set as the limit).

In a word, the condition that area of concrete with dt > 0:01
reaches or exceeds 5% of the whole area of internal surface is
identified as to be over limit of crack resistance capacity.

(2) Criterion of ultimate bearing capacity

Concrete structures except for containment buildings are
Table 3
Concentrated force acting on the steel corbels (kN).

Source of loads Circumfe

Self-weight of pressure vessels 17.29
Effect of jet thrust 7926.42
Resultant force 7943.71
designed as the common civil structures. Criterion of ultimate
bearing capacity, which is that the structures are collapsed when
the concrete strains exceed ultimate compressive strains
(εcu ¼ 3300mε), is suitable to be applied. According to Fig. 8,
compressive strains of 3300mε is corresponding to the compressive
concrete damage parameter of 0.636.

(3) Criterion of local bearing capacity

As one of themost influential members, Corbels directly support
the three pressure vessels and transmit the loads to containment
walls. Its loading condition needs to be constantly monitored.
Considering the steeleconcrete composite feature, the local
bearing capacity is decided by the yield of steel and ultimate
compressive damage parameter of concrete. If one of the two
phenomenon appears, the corbels collapse.

6.2. Analysis of a certain numerical simulation

As shown in Fig. 4, the lowest concrete strength grade C35 is
selected as a representative example to be modeled by Abaqus and
to analyze the critical effects of accidental double-ended break of
hot gas ducts. Because higher concrete strength grade means
higher safety margin.

6.2.1. Respective effect of each kind of loads
Each kind of loads due to accidental scenarios is independently

applied to study their respective effects. The four combinations of
circumferential forces acting in the corbels are firstly analyzed and
the calculation results are collected in Table 4. Comparison of values
of each combination gives that the maximum principle tensile
strains and tensile stresses have no big difference. The difference is
so small that effects of loading direction of circumferential forces
can be ignored. Therefore, A-C type is arbitrarily chosen to be used
in the following simulations.

Fig. 12 reveals the nephogram of tensile damage parameter of
concrete. This figure displays that concrete tensile damage
parameter respectively caused by internal pressure, impact loads
rential force (kN) Vertical force (kN)

3957.3
1612.65
5569.95



Fig. 11. Random combinations of circumferential forces acting on the corbels.
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and concentrated forces keeps constant as 0, i.e. no obvious cracks
occurred. The largest value of damage parameter due to thermal
stresses is 0.062. Referring to Fig. 8, the damage parameter 0.062 is
corresponding to concrete tensile strain of 96 mε, which is larger
than the peak tensile strain of 87 mε. So micro cracks developed and
propagated. Fig. 13 presents the nephogram of principle stresses of
concrete. It can be read that compressive concrete respectively
loaded by four kinds of forces was in much lower stress level which
was far from compressive failure. Compared with the results of
tensile damage parameters, tensile concrete exhibited the similar
phenomenon, thermal stresses will lead to the most influential
effect on concrete structures among all the forces. The tensile
concrete area is larger and the stress level is higher. But stress
nephogram is hard to exactly tell the condition of cracks, which is
the biggest advantages of damage parameters. Furthermore, impact
loads only had an impact on partial places onwhich the loads were
acted. Table 5 summarized respective effects of each kind of forces,
which indicates that the influence degree of these four kinds of
forces to the structural properties can be listed in the following
sequence: thermal stresses > internal pressure > concentrated
forces > impact loads.

6.3. Mixed effects of all loadings

When the hot gas ducts accidently broke, it was assumed that
internal pressure, thermal stresses, impact loads and concentrated
forces appeared immediately and simultaneously. The calculated
model of mixed loads was created and the calculated data were
Table 4
Effects of each combination of circumferential forces.

Action effects CeC type

Maximum principle tensile strain (� 10�6) 81.46
Maximum principle tensile stress (MPa) 2.74
Damage parameter 0
collected in Fig. 14. The structural properties are evaluated and
discussed based on the aforementioned failure criteria.

Integrally, all three parts of nuclear power plant were influenced
by these accidental forces. NRB where the double-ended break of
hot gas ducts happened was the most critical parts, whereas SFB
and NAB were in lower stress state. Firstly, criterion of crack
resistance capacity was used to analyze the containment buildings
shown in Fig. 14(a). The tensile damage parameter dt >0:01 is
denoted by the color of gray, which means the concrete had been
cracked. Gather all the internal surface with gray color and the sum
of the area reaches 355.04 m2. Internal surface area of the whole
containment buildings can be consulted as A ¼ 5072m2. Cracking
rate arrives h ¼ 7:0%>5%. Consequently, containment buildings
failed to resist the accidental loads due to double-ended break of
hot gas ducts when the lowest concrete strength grade of C35 was
applied.

Secondly, structural performance was predicted by the criterion
of ultimate bearing capacity. Referring to Fig. 14(b), the maximum
compressive concrete strain is 171 mε, which is much smaller than
the limit value of εcu ¼ 3300mε. Compressive failure of concrete is
impossible to happen. So there is no need to evaluate the structural
bearing capacity, because it is safer for concrete with higher
strength grade.

Thirdly, partial support structures were also risky enough to be
explored by the criterion of local bearing capacity. As a steel-
concrete composite structure, stress conditions of both concrete
and steel were herein discussed. Fig. 15 gives the calculated
nephogram of all parts of corbels. Concrete displayed compressive
C-A type A-A type A-C type

80.46 80.72 81.79
2.73 2.73 2.74
0 0 0



Fig. 12. Concrete tensile damage nephogram.
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damage and the maximum value of damage parameter is 0.316,
which is lower than 0.636. That is to say, the concrete would not
collapse. Similarly, stress values of steel frame and bolts are
respectively 53.67 MPa and 400.2 MPa, lower than their yield
stress. The specific data were gathered in Table 6. Values in
parenthesis are the ultimate permissible values. Safety margins of
stress condition of concrete, steel frame and bolts, calculated by [1
� (actual value/permissible value)], are at least 37.5%. The results
indicated that there is sufficient safety margin for corbels to bear
the accidental loads. Besides, the calculated displacements of cor-
bels were simultaneously studied here. The horizontal and vertical
displacement ratio is 1/7606 and 1/8325. The ratio is so small that
the displacement can be ignored.

In summary, when the accidental scenario of double-ended
break of hot gas ducts occurred, stresses of the whole plant build-
ings including support structures were in a relative low level, which
means these structures possess a high safety margin in ultimate
bearing capacity. However, the hermitic condition decided by the
crack resistance capacity is destroyed (h ¼ 7:0%) in the FE model. It
is demonstrated that the evaluation of crack resistant capacity is
more crucial than the bearing capacity as the accident happens.
Therefore, crack resistance capacity of containment buildings is
specially emphasized in the following probabilistic safety analysis.

7. Probabilistic structural safety analysis

Based on the discussion above, probabilistic structural safety
analysis of nuclear power plant under accidental scenario of
double-ended break of hot gas ducts can be carried out by the
Exceedance Probability Model illustrated in Fig. 2 in Part 2. Monte
Carlo approaches are applied. Only crack resistance capacity of
containment buildings are so critical that containment buildings
are taken as the analytical object. Concrete strengths in the year of
2014 and 2015 which is related to the construction of containment
buildings form two influential factors, i.e. X2014, X2015. Elements of
concrete strengths and their frequency in each variable vector are
exhibited in Fig. 4. Meanwhile, sampling data in Fig. 4 are trans-
formed into the form of Table 7.

Multiple calculationmodels with all the possible combination of
concrete strength shown in Table 8 were created by the software of



Fig. 13. Principle stress nephogram of concrete.

Table 5
Effects of each kinds of forces.

Types of loads Tensile Damage of concrete Area of concrete in high stress condition

Internal pressure none larger
Thermal stresses 0.062 largest
Impact loads none smallest
Concentrated forces none smaller
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ABAQUS. The cracking area distinguished by dt >0:01 in every
model is output and the cracking rate h would be easily computed.
Thanks to the modern computing techniques, actual cracking
condition function SðX2014;X2015Þ can be established. The capacity
function RðX2014;X2015Þ is determined by the criterion of crack
resistance capacity proposed in deterministic safety analysis.
Substituted into Eq. (2), results of structural performance function
ZðX2014;X2015Þ were achieved. Detailed values of actual cracking
function and structural performance function were arranged
orderly in Table 8. The first value 7.0 (0) in Table 8 was produced by
the modeled combination that both C35 concrete were selected. It
means that the cracking ratio is 7.0% and the structure failed to
complete its structural function in the accidental scenario of
double-ended break of hot gas ducts. If the value in parenthesis
turned out to be 1, it means the structural performance is
successful.

Next comes the computation of failure probability. Eq. (3) could
be transformed into the following equation:

pf ¼1�
P

mjnkZðj; kÞP
mjnk

: (12)

in which mj is the frequency of j MPa concrete in the year of 2014;
nk is the frequency of k MPa concrete in the year of 2015. Both of



Fig. 14. Results of the nuclear power plant in mixed loading condition.

Fig. 15. Nephograms of concrete-steel composite corbels.
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these two frequency can be found in Table 7 Zðj; kÞ is the value of
structural performance function corresponding to the numbers in
parenthesis in Table 8.

Substituting relative data into Eq. (12) reveals that the structural
failure probability equals pf ¼ 31.18%. And the total numbers of
random combinations were N ¼ P
mjnk ¼ 62211. Finally, condi-

tional validation must be tested by Eq. (6).
N ¼ 62211>400ð1�pf Þ=pf ¼ 883 perfectly satisfies the necessary
requirement of numbers of numeric simulation.

In the end, results of structural failure probability of HTM-PM



Table 6
Calculation results of support structures.

Actual values (limit) Actual value/permissible value Safety margin

Stress of bolts (MPa) 400.2 (640) 0.625 37.5%
Stress of steel frame (MPa) 53.67 (345) 0.157 84.3%
Concrete damage parameter Compressive 0.316 (0.636) 0.503 49.7%

Tensile Partially crack e

Displacement of corbels (mm) Horizontal 1.157 (8800) 1/7606 e

Vertical 1.057 (8800) 1/8325 e

Table 7
Frequency distribution of compressive strength of concrete cubes.

Cubic compressive strength of concrete (MPa) Frequency

The year of 2014 The year of 2015

Lower than C35 0 0
C35 1 12
C36 3 19
C37 14 9
C38 11 13
C39 25 20
C40 32 15
C41 28 21
C42 38 18
C43 35 15
C44 18 10
C45 24 12
C46 10 21
C47 5 10
Higher than C47 23 38
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equals 31.18% if doubleeended break of hot gas ducts occurred. The
failure probability calculated here is higher than the actual proba-
bility, because extreme critical loading condition is studied. The
maximal pressure and biggest temperature difference of concrete
walls would not exist simultaneously when the accident happens.
Besides, considering the contingency occurrence probability
(denoted by po) of this kind of accident (provided by Chinergy
Technology Co., Ltd.), the overall failure probability is

P¼ pf ,po ¼ 31:18%� 1� 10�8 ¼ 3:12� 10�9: (13)

The results of the structural safety reliability of concrete struc-
tures of HTR-PM in accidental double-ended break of hot gas ducts
indicated that the probability of functional failure of concrete
Table 8
Calculated results of cracking ratios and structural performance function.

X2015 C35 C36 C37 C38 C39 C

X2014

C35 7.0 (0) 6.9 (0) 6.6 (0) 6.5 (0) 6.2 (0) 6
C36 6.9 (0) 6.9 (0) 6.5 (0) 6.4 (0) 6.0 (0) 5
C37 6.7 (0) 6.5 (0) 6.3 (0) 6.2 (0) 5.9 (0) 5
C38 6.6 (0) 6.4 (0) 6.2 (0) 6.1 (0) 5.7 (0) 5
C39 6.4 (0) 6.3 (0) 6.1 (0) 6.0 (0) 5.6 (0) 5
C40 6.3 (0) 6.2 (0) 6.0 (0) 5.8 (0) 5.5 (0) 5
C41 6.2 (0) 6.1 (0) 5.9 (0) 5.7 (0) 5.4 (0) 5
C42 6.1 (0) 6.0 (0) 5.8 (0) 5.6 (0) 5.3 (0) 5
C43 6.1 (0) 5.9 (0) 5.7 (0) 5.6 (0) 5.3 (0) 5
C44 6.0 (0) 5.9 (0) 5.7 (0) 5.5 (0) 5.2 (0) 5
C45 5.9 (0) 5.7 (0) 5.5 (0) 5.4 (0) 5.1 (0) 4
C46 5.9 (0) 5.7 (0) 5.5 (0) 5.4 (0) 5.1 (0) 4
C47 5.8 (0) 5.7 (0) 5.5 (0) 5.4 (0) 5.1 (0) 4
� C48 � 5.8 (0) � 5.7 (0) � 5.5 (0) � 5.4 (0) � 5.0 (1) �

Note: Values in parenthesis are results of structural performance function.
structures is sufficiently low.

8. Conclusions

A calculation method based on EPM and LCIM for structural
safety reliability of concrete structures of NPP is proposed and
functional failure probability of HTR-PM in double-ended break of
hot gas ducts was evaluated. The uncertainty resulting from
discrete feature of concrete strength was considered. The following
conclusions can be drawn with the basis of results from numerical
simulations:

(1) Functional failure of concrete structures is decided by the
crack resistance capacity of containment buildings. In the
40 C41 C42 C43 C44 �C45

.0 (0) 5.7 (0) 5.2 (0) 5.0 (1) 4.9 (1) � 4.8 (1)

.8 (0) 5.5 (0) 5.1 (0) 4.8 (1) 4.8 (1) � 4.8 (1)

.6 (0) 5.4 (0) 4.9 (1) 4.7 (1) 4.6 (1) � 4.6 (1)

.5 (0) 5.2 (0) 4.8 (1) 4.6 (1) 4.5 (1) � 4.4 (1)

.4 (0) 5.1 (0) 4.7 (1) 4.4 (1) 4.4 (1) � 4.2 (1)

.3 (0) 5.1 (0) 4.5 (1) 4.3 (1) 4.2 (1) � 4.1 (1)

.2 (0) 4.9 (1) 4.5 (1) 4.2 (1) 4.2 (1) � 4.0 (1)

.1 (0) 4.8 (1) 4.4 (1) 4.1 (1) 4.1 (1) � 3.9 (1)

.1 (0) 4.8 (1) 4.3 (1) 4.1 (1) 4.0 (1) � 3.9 (1)

.0 (1) 4.7 (1) 4.3 (1) 4.0 (1) 3.9 (1) � 3.8 (1)

.8 (1) 4.6 (1) 4.1 (1) 3.9 (1) 3.8 (1) � 3.7 (1)

.8 (1) 4.5 (1) 4.1 (1) 3.8 (1) 3.8 (1) � 3.6 (1)

.8 (1) 4.5 (1) 4.1 (1) 3.8 (1) 3.8 (1) � 3.6 (1)
4.8 (1) � 4.5 (1) � 4.1 (1) � 3.8 (1) � 3.7 (1) � 3.6 (1)
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accidental condition, surrounding auxiliary buildings pos-
sesses a high safety margin detected by criteria of ultimate
bearing capacity and local bearing capacity of support
system.

(2) The theory was successfully applied to determine the struc-
tural reliability of concrete structures of HTR-PM under
accidental double-ended break of hot gas ducts. Probability
of the functional failure (hermitic failure) caused by cracks is
31.18%. Considering the occurrence probability of the acci-
dent, we can presume that the probability of functional
failure is sufficiently low.

(3) Tensile damage parameter of concrete was introduced into
the simulation models. Crack resistance capacity defined by
the tensile damage parameter of concrete can predict the
cracking state concisely and accurately, avoiding the errors
perhaps induced by the detection of tensile strains and
tensile stresses.

(4) Loads caused by the hypothetical accident of double-ended
break of hot gas ducts consists of internal pressure, thermal
stresses, impact loads and concentrated forces acting in the
corbels. Deterministic safety analysis indicated that thermal
stresses have the biggest influence on concrete structural
properties whereas the impact loads have the least influence.
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Appendix A. Calculations of Thermal stresses

Some assumptions need to be made to simplify the calculating
process. Before the hypothetical accident, air insider or outsider of
the concrete cavities is assumed to be in normal state, i.e. normal
temperature T0 ¼ 25�C and standard atmospheric pressure Pair;0 ¼
101:325kPa. After the sudden happening, themaximumpressure in
the cavities dramatically reaches Pmax;in ¼ 540kPa and the pressure
keeps uniform throughout the analysis procedures. Meanwhile,
heat transfer is thought to complete almost instantaneously. As
illustrated in Fig. 9, three transients are analyzed:

Transient one:Expansion of helium in the pressure vessels (Fig. 9(a))

In this stage, helium in the pressure vessels (RPV and SGPV)
expanded and filled the whole cavities. Before the expansion: state
parameters of helium in pressure vessels (red part in Fig. 9(a)) are:
temperature THe;0 ¼ 750�C ¼ 1023:15K , volume V1 ¼ 1040m3,
pressure PHe;0 ¼ 7000KPa; After the expansion, these parameters
changed to be volume Vsum ¼ V1 þ V2 ¼ 4123m3, pressure Pmax;in ¼
540KPa.

Applying the Ideal Gas Law (IGL), state equations arrive,�
PHe;0V1 ¼ nRTHe;0
Pmax;inVsum ¼ nRTHe;1

: (A.1)

inwhich, n is the number of moles of gas, R is the ideal gas constant,
R ¼ 8:31J=ðK,molÞ.

Results of Eq. (A.1) gives the temperature of the expanded
helium THe;1 ¼ 312:91K ¼ 39:76�C.

Transient two:Mixing between high temperature helium and normal
air (Fig. 9(b))

Generally, parameters of helium in normal state can be easily
obtained: THe;0�C ¼ 0�C, PHe;0�C ¼ 101:3kPa, rHe;0�C ¼ 0:1786kg=m3.
State equations of helium in temperature of 0�C and 750�C are
respectively established as8>>><>>>:

PHe;0�CV1 ¼ rHe;0�CV1

MHe
RTHe;0�C

PHe;750�CV1 ¼ mHe;750�C

MHe
RTHe;750�C

: (A.2)

whereMHe is themolar mass,MHe ¼ 2g=mol. Thus, the total mass of
expanded helium is computed mHe ¼ 3426:6kg;

Energy Conservation Method (ECM) which means energy
released from high-temperature helium equals energy absorbed by
normal air reaches

cairrairVair
�
T3 � Tair;o

�¼ cHemHe
�
THe;1 � T3

�
: (A.3)

where , cHe is respectively the specific heat capacity of air and he-
lium cair ¼ 0:717kJ=ðkg,KÞ, cHe ¼ 3:16kJ=ðkg,KÞ; rair is the density
of the air, rair ¼ 1:293kg=m3; T3 is the temperature of the mixed
gas. The solution of Eq. (A.3) is T3 ¼ 32:714�C.

Transient three:Heat transfer between mixed gas and concrete walls
(Fig. 9(c))

In this stage, the thermal process cannot be imitated by the
simple calculation. For accuracy, a heat transfer analytical model
was created by ANSYS-ICE. On the view of the structure's symme-
try, half of the containment was used for analysis. Specific param-
eters are outlined in and other information are displayed in
Table A1, Table A2 and Table A3.

Fig. A.1. Temperature variation curves of containment building walls.
It is assumed that temperature changes linearly along the depth
of containment walls to simplify the calculation process. Results of
the thermodynamic model is exhibited by temperature variation
curves in Fig.A1. It reveals that the temperature of external surface
of the walls kept constant (T3;out ¼ 25�C), whereas temperature of
internal surface declined along with time. The maximum temper-
ature read in the Fig is T3;in ¼ 30:66�C. Consequently, the critical
temperature difference arrives DT ¼ T3;in � T3;out ¼ 30:66�
25 ¼ 5:66�C.



Table A.1
Parameters in the model

Parameters Values

Pressure of mixed gas (kPa) 540
Pressure of normal air (kPa) 101.3
Volume ratio of helium (%) 86.31
Volume ratio of air (%) 13.69
Temperature of mixed gas (�C) 32.714
External air temperature (�C) 25
Special heat capacity of air (kJ/(kg$K)) 0.717
Special heat capacity of helium (kJ/(kg$K)) 3.116
Density of air in normal state (kg/m3) 1.293
Density of air in normal state (kg/m3) 0.178
Total mass of air (kg) 3580.2
Total mass of helium (kg) 3426.6
Density of concrete (kg/m3) 2500
Initial temperature of concrete (�C) 25
The special heat capacity of concrete (kJ/(kg$K)) 0.97
Thermal conductivity of concrete (w/(m$k)) 2.25
Concrete strength grade C35

Table A.2
Boundary conditions

Bounding surface Boundary conditions

External surface of the
concrete walls

Convective boundary:Convective
coefficient:5w/(m2$k);

Upper and lower surfaces Thermal insulation
Symmetry plan Symmetry

Table A.3
Analysis methods and Solving model

Solution model Parameters

Turbulence model k-ε model
Compositional model Transport compositional model
Solving algorithm PISO (transient)
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