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SUMMARY

This paper presents a procedure for assessing seismic damage of steel and RC containment structures
using the nonlinear time-history numerical analysis. Two kinds of damage index are introduced at finite
element and structural levels. Nonlinear finite element analysis for the containment structure applies RC
and steel shell elements using a layered approach leading to damage indices at finite element and
structural levels, which are then used to assess the seismic damage of the containment structure. An
example of such seismic damage assessment is seismic damages of the containment structure of KORI |
nuclear power plant in Korea, which is a double structure combined RC shielding building and steel
containment vessel, were evaluated against artificial earthquakes generated with a wide range of PGA
according to US NRC regulatory guide 1.60. Structural responses and corresponding damage index
according to the level of PGA are investigated. Through this assessment, It was shown that the steel
containment vessel behaved eastically for earthquakes corresponding to seismic design criteria similar to
PSC containment structure.

INTRODUCTION

Satisfactory and safe performance of containment structures under seismic occurrence is necessary in
nuclear power plants to avoid completely radioactive leakage from nuclear reactor and power supply
equipment. In connection to this, the Korea Institute of Nuclear Safety (KINS) is currently operating a
Earthquake Monitoring Center, that keeps track of seismic ground motions at nuclear power plant sites,
evaluates Korean earthquake characteristics and assesses seismic damage in nuclear structures. The center
has conducted a multi-year research project along with Seoul National University to establish a seismic
damage assessment system which estimates probable seismic damages of concrete containment structures
by performing inglastic time-history analysis [1,2]. Last year, we used this system to assess seismic
damage for PSC containment structure, where most of the containment structures in Korea is made of
PSC [3]. In the assessment procedure, two kinds of damage index were introduced at finite element and
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structural levels. At the time of the seismic damage assessment of RC and steel containment structure,
nonlinear finite element analysis for the containment structure applies RC and steel shell elementsusing a
layered approach leading to damage indices at finite element and structural levels, which were then used
to assess the seismic damage of the containment structure. An example of such seismic damage
assessment is the seismic damages of the containment structure of KORI | nuclear power plant in Korea,
which is a double structure combined RC shielding building and steel containment vessel, were evaluated
against artificial earthquakes generated with a wide range of PGA according to US NRC regulatory guide
1.60.

FINITEELEMENT MODELING OF A CONTAINMENT STRUCTURE

Since seismic damages in structures are caused by inelastic deformations, the proposed seismic damage

assessment makes use of nonlinear time history analysis to account for material nonlinearities and
earthquake characteristics. An improved Newmark method which is called the HHT-a method, was
chosen asthe direct integration method because of its stability and accuracy.
Though most of the containment structures in Korea are made of PSC, we perform the seismic damage
assessment for RC and steel containment structures by adopting a special nonlinear RC and steel shell
finite element using layered approach and appropriate inelastic material models. Through this, the
accuracy of the system for correctly describing the behavior of RC and containment structures will be
validated by means of comparative study of the analytical and experimental results at element and
structural levels. Introducing appropriate inelastic material models and including also a nonlinear
reinforced steel model, the reinforced concrete shell element was developed using a four-node
guadrilateral thin flat shell finite element with 6 DOFs per node proposed by Kim et al. (2001) [4].

Finite Element Formulation for RC and steel Shell Element

The developed shell element is a four-node quadrilateral thin flat shell finite element with 6-DOFs per
node. The sixth DOF is obtained by combining a membrane element with a normal rotation(é,), the so-
called drilling degree of freedom, and a discrete Kirchhoff plate element [5, 6, 7]. In order to analyse RC
shells with nonlinear behavior, the layer method is used, assuming that several thin-plane stress-elements
are layered in the direction of thickness. In the layered element formulation, the shell is divided into
several paneled layers and two-dimensional constitutive models were applied to take into account material
nonlinearities. The constitutive matrix can be rotated from the local axes to the global axes and added to
the constitutive matrix for the concrete, or it can be used to define the properties as an overlaying el ement,
adding stiffness to the connected nodes. This technique alows for the addition of any number of
additional layers of steel with different orientations to be added to the finite element model. More detailed
development is presented in [4].

Nonlinear Material M odeling of Reinfor ced Concrete

Models for concrete are divided into models for uncracked concrete and cracked concrete. For uncracked
concrete, the elasto-plastic fracture model for the biaxial stress state proposed by Maekawa and Okamura
(1983) is used [8]. As concrete shows high nonlinearity after cracking, the three following models are
applied: the tension stiffness model for the tension stress of concrete in the direction normal to the crack,
the compressive stiffness model for the degradation of compressive stiffnessin the direction parallel to the
crack and the shear transfer model in the shear direction at crack plane.
The basic model adopted to represent the crack is a non-orthogonal fixed-crack model for the smeared
crack, which iswidely known to be robust for crack representation. The initiation of a crack is assumed to
start when the tensile stress reaches the fracture envelope. After the initiation of a crack in concrete,



anisotropy becomes significant, and the stress-strain relationship is expressed in orthogonal anisotropy in

the directions normal and parallel to the crack.

The behavior of the reinforcing bar in the concrete after yielding must consider simultaneously the
characteristics of the steel and the bond effect between steel and concrete. To account for such

characteristics of reinforced concrete, atri-linear model is therefore adopted here.

DAMAGE INDEX

Damage index is introduced for the seismic damage assessment of the containment structure in order to
numerically quantify the degree of damage. The concept of damage index can provide the means to
guantify damage and relate it to costs and other consequences such as potential risk after earthquake. In
this regard, damage index can play an important role in retrofit decision-making and disaster planning in
earthguake region. Two kinds of damage index are introduced at finite element and structural levels. A
simple lumped mass model is used to represent global damage level of the containment structure as
presented in [2]. The damage index at finite element level is explained in the following section.

Damage I ndex at Structural Level

A simple lumped mass model in Fig. 1 is used to represent global damage level of the containment

structure. 1t has been founded from recent researches that damage sustained in a

structure is primarily

dependent on the deformation level, with the number of cycles of loading having only a small effect on

seismic damage [9, 10, 11]. Here the following damage index is adopted.
Dl. = M
dog
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This index was proposed by Roufaiel and Meyer[12] and uses yielding displacement(dy), ultimate
displacement at failure(d,) and the maximum displacement(dma) under seismic event. If the maximum
displacement remains below the yielding displacement, the value of damage index is negative. That means
the seismic behavior of containment structure remains within the elastic bounds and the structure did not

suffer any seismic damage.
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Fig. 1 Lumped mass model for damage index at structural level




Compressive Damage Index for Concrete at Finite Element Level

Compressive damage index is defined as 0.75 at “failure time” corresponding to a situation where the
principle compression strain of concrete reaches the ultimate strain of concrete [13], and as 0.40 when the
principle compressive strain of concrete reaches the strain at peak stress, corresponding to irreparable
damage state (Table 1).

2
2e,,— €
D. “compressive — 1- ftgc[%} (2)
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where, ftg. =1.0-0.3AD, and AD, =Z is the parameter of cumulative damage caused by cyclic

2fc
loading. N, represents the number of loading cycles until concrete reaches the fatigue failure, ¢, isthe

ultimate strain of concrete and & is the principle compression strain of concrete at each analysis step.

Tensile Damage I ndex for Steel at Finite Element L evel

Tensile damage index is defined as 0.75 at “failure time” corresponding to a situation where the tension
strain of steel reaches the ultimate strain of steel, and as 0.40 once the strain of steel reaches the yielding
plateau, corresponding to irreparable damage state. And, the damage index is defined as 0.10 when the
strain reaches 75% of yielding strain of steel corresponding to the starting time of light flexural cracks

(Table 1).
e 0.67
D.l . inge =1.2 s 3
tensile ({2 ftgrgtu J ( )

1
2fr
loading based on the fatigue model of steel proposed Miner[14]. N, represents the number of loading
cycles until steel reaches the fatigue failure, ¢, is the ultimate strain of steel and ¢.is the principle
tension strain of steel at each analysis step.

where, ftg, =1.0-0.3AD, and AD, = Z is the parameter of cumulative damage caused by cyclic

Table 1. Damage Index at Finite Element Level

Item Ultimate strain Damage Index
(gcu or gtu) (D-I-element)
Concrete | Compression - Shear 14p f. € 2
P 0.004+M 1— ftg chu —&es
o L 2e4
Stedl Tension 0.10 0.67
_ s
2ftg, &,
ps = transverse confining steel ratio, f;, = yield stress of the confining steel
Eqn = steel strain at maximum tensile stress, ', = confined concrete compression strength

EXAMPLE OF SEISMIC DAMAGE ASSESSMENT: KORI | NUCLEAR POWER PLANT

The structure selected for seismic damage assessment is the steel containment structure of KORI |
nuclear power plant(Fig. 2a). The structure, built in 1977, is a double structure combined RC shield
building and steel containment vessel. KORI | NPP has been designed as shown in Table 2. The typical
cross section and material property of KORI | are given in Fig. 2b and Table 3. The equipment opening
(with 3m diameter) is located on the north-east 52.5° from east direction.
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Fig. 2 (a) KORI I containment structure, (b) Typical vertical section of the structure

Table 2. Seismic Design Criteriafor KORI |

Earthquake Case Horizontal Acceleration Vertical Acceleration
No loss of function 0.29 0.14g
Design 0.1g 0.07g

Table 3. Material Property for KORI |

Concrete Compressive strength( f.") 212.67
Poisson’sratio(v) 0.16
Specific weight(y) 2.4 tonf / m’
Steel Yield strength( f ) 4,221 kgf / cm?
Elastic modulus(E) 2,100,000 kgf / cm?

Input Ground M otion

Artificial ground accelerations have been generated with respect to the US NRC regulatory guide
1.60[15]. Each of the artificia earthquakes were generated for three directions (horizontal NS and EW,
vertical) corresponding to US NRC regulatory guide 1.60 response spectra with PGA of 0.2g, and each of
horizonta artificial earthquakes were then scaled to adjust PGAs of 0.1g, 0.2g, 0.4g, 0.6g, 0.8g, 1.0g,
1.2g, 1.4g and 1.6g. In addition, each of the vertical artificial earthquakes were scaled to adjust PGASs of
0.07g, 0.14g, 0.28g, 0.42g, 0.56g, 0.70g, 0.84g, 0.98g and 1.12g for the correspondence with seismic
design criteriaof Table 2.

Finite Element M odelling

All the structural components of the walls and domes have been modelled using the shell elements, as
described above through various material models selected according to the density of reinforcement bars.
Openings in structures being subject to largest stress concentration, which is the weakest point of the
structure subjected to seismic event, can be foreseen to be the equipment opening. Following, the location
and dimension of the equipment opening must be exactly introduced in the finite element model.
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Fig. 3 Response spectra and acceleration time histories for PGA=0.2g

Deter mination of the Parametersfor the Structural Damage | ndex

The parameters (8, 6,) for the computation of damage index at structural level [3] can be determined
through the push-over analysis. Since the weakest point is the equipment opening located on the north-
east of the structure, the push-over analysis is performed by applying a vertically distributed loading in the
NE-SW direction (Fig. 3a).
In the analysis, the yield displacement (dy) is defined as the displacement which deviates from the elastic
range. The elastic range is assumed to be the range of displacements lying in the domain located around
5% of theinitia tangent stiffness. The ultimate displacement (8,) is assumed to correspond to the situation
where any of the elements reaches the ultimate strain defined in Table 1. Analysisis interrupted once the
ultimate displacement occurred. Push-over analysisresults are given in Table 4.
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Fig. 4 Push-over Analysis

Table 4. Parameters for Structural Damage Index of KORI |

dy (cm) o, (cm)
Containment vessel 4.49 9.79
Shielding building 1.27 15.95

Seismic Damage Evaluation using Damage I ndex

Tables 5 shows the structural level damage index of steel containment vessel and RC shield building for
the earthquake corresponding to no loss of function and design. This table suggests that the containment
structure behaves elastically for earthquakes corresponding to seismic criteria that are earthquakes with
PGA of 0.1g and 0.2g. Negative values of the structural damage index mean that the behavior of the
structure remains with the elastic range.



Also, Fig. 5 presents the result of the seismic damage assessment for the nonlinear seismic analyses for
each PGA ranging from 0.1g to 1.69. From Fig.5, we can see that the structural damage index increase
with the PGA. Especidly, unlike the result of seismic damage assessment for PSC containment
structure] 3], the structural level damage index of steel containment vessel have negative value for all
ranges of earthquake from 0.1g to 1.6g. This is considered to be because the total mass of steel
containment vessdl is less than that of concrete structures. And the structural level damage indices of RC
shield building have similar value to PSC containment structure. On the other hands, there is a likelihood
that failure would occur in RC shielding building at PGA of 1.2g level, most of PSC containment
structures have failed at more than PGA of 1.4g. However, this does not matter as the structure merely has
afunction to shield the steel containment vessel from the environmental attack.

Table 5. Seismic Analyses Results for Seismic Design earthquakes

Earthquake Steel Containment Vessel RC Shielding Building
Case (D.l.s) (D.ls)
No loss of function -0.78 (0.33cm) 0.01 (1.45cm)
Design -0.81 (0.17cm) -0.03 (0.76cm)
Strucrual Damage Indices
1.5
—— Steel

1] +RC
—~—PSC

D.l.s
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Fig. 5 Damage index at structural level according to PGA

CONCLUSIONS

In this paper, a seismic damage assessment procedure that alows the actual seismic resistance capacity
and the damage level of containment structures to be assessed was presented. Damage indices at finite
element and structural levels were computed to provide quantitative assessment of damages that structures
may suffer under seismic event. The damage index at element level was used to detect the heaviest local
damage and damage index at structural level was used to provide global damage state of the structure.
From such assessment of RC shielding building and steel containment vessel, it appeared that the
structural damage index and the maximum damage index at finite element level increased with the PGA
similar to the result of the seismic damage assessment of PSC containment structure. But compared to the
result of the PSC containment structure, steel containment vessel behaves for al ranges of earthquake
from 0.1g to 1.6g. Thus, it can be said that steel containment vessel is superior to the PSC containment
structure in terms of seismic performance. RC shielding building is more vulnerable than the PSC
containment structure because it has larger vaue of damage index and was failed to earthquake with the
lower PGA.

As it is important for containment structures in nuclear power plants to show satisfactory safe
performance under seismic occurrence so that they completely avoid radioactive leakage from nuclear



reactor and power supply equipment, results obtained from such seismic damage assessment procedure
are believed to be valuable and reliable data not only with respect to seismic risk assessment but also for
predicting seismic damage in nuclear containment structures.
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