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Ensuring and maintaining the structural integrity of the containment structure in nuclear power plants
is essential for preserving the nuclear reactor and other safety-related systems as well as protecting
plant workers and publics from hazardous radioactive materials. To date, the structural integrity of the
containment has been evaluated periodically via various nondestructive inspection methods. However,
these methods require considerable time and cost to estimate overall structural integrity. In this paper,
the possibility of monitoring the structural integrity of the containment utilizing ambient vibration mea-
surement is explored. The ambient vibration testing was selected because it can avoid the interruption
of normal operation of power plants. To fulfill the objective, the ambient vibration of the containment
of Ulchin Nuclear Power Plant Unit 5 in Korea was measured, and the modal parameters, i.e., resonant
frequencies and corresponding mode shapes, were extracted using the modal identification techniques
in the frequency domain, i.e., the peak picking and the frequency domain decomposition methods. Using
the extracted modal parameters and the finite element model, the elastic modulus of the concrete was

estimated based on the sensitivity-based system identification method.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

As energy needs around the world coupled with rising oil and
gas prices along with environmental constraints and concerns
about energy supply security persistently grow, the expectations
on nuclear energy, which can provide clean and economic energy,
rise. According to IAEA (IAEA, 2008), there were 439 nuclear power
reactors in operation worldwide by the end of 2007, which pro-
vide about 15% of the world’s electricity. However, more than
70% of them are more than 20 years old, and thus, assuming the
40 years of design life, majority of the operating nuclear power
plants will face decommission or extension of operating licenses.
One of the major concerns in extending operating licenses is the
integrity of safety-related structures including the containment,
since, unlike mechanical and electrical equipments, the replace-
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ment of the containment and many other safety-related structures
would be economically unfeasible (Naus et al., 1996).

To date, the structural integrity of the containment has been
evaluated periodically via visual inspections along with chemical
tests, nondestructive strength tests, etc. However, these methods
can only provide local information on the structural condition and
require considerable time and cost to estimate overall structural
integrity (Park and Choi, 2008). One of the more effective methods
that have gained attention for evaluating the structural condi-
tion of the whole structure is the structural integrity monitoring
(SIM) method, which utilizes measured dynamic responses from a
structural system to assess the physical properties of the structure
(Salawu, 1997; Choi et al., 2006). Usually the SIM method comprises
the measurement technique for recording dynamic responses, the
data processing technique for extracting dynamic characteristics,
e.g., resonant frequencies, damping, and mode shapes, and the
system identification technique for relating extracted dynamic
characteristics to physical properties of the structural system
(Doebling et al., 1996). For large-scale structures such as high-
rise buildings and long-span bridges, measuring dynamic responses
appropriately would be the most important task.

There are two test methods available in measuring the dynamic
response of a structure: the forced vibration test and ambient
vibration test. Until the late 1990s, the forced vibration tests were
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preferred due to the accuracy of the corresponding system iden-
tification techniques. However, during the last two decades more
attention was paid to ambient vibration tests because of their low
cost and convenience (Michel et al., 2008). For forced vibration test,
achallenging issue is the excitation of large civil engineering struc-
tures, which leads to huge reaction mass shakers or impact testing
using a falling weight (Peeters et al., 2001). Especially for such a
structure as the containment to which applying appropriate exci-
tation is a difficult task, the ambient vibration test is the reasonable
choice without interrupting normal operation.

From the pioneering attempt on civil engineering structures in
1930s by Carder (1936, 1937), the ambient test has now become the
main experimental method for assessing the dynamic behavior of
civil engineering structures in operational conditions worldwide.
The main advantages of the ambient vibration test are well sum-
marized by Gentile and Bernardini (2008) as follows:

1. The easy way of testing, which is performed by just measuring
the structural response under ambient excitation, usually due to
micro-tremors, traffic or wind.

2. The multiple-input nature and the wide-band frequency content
of ambient excitation, inducing a significant number of modal
contributions in the response.

3. The large number of highly sensitive piezoelectric and force-
balanced accelerometers available on the market, especially
developed for measurements in the range of 0-100 Hz and rela-
tively inexpensive.

4. The increasing availability of data acquisition and storage sys-
tems which are fully computer-based.

5. The large number of robust output-only modal identification
techniques available in the literature including the peak pick-
ing method (Bendat and Piersol, 1993), the frequency domain
decomposition method (Brincker et al., 2000), and the stochastic
subspace identification method (Peeters and De Roeck, 1999).

Thus far, the ambient test has been applied to various types
of structures including bridges (Magalhdes et al., 2009), buildings
(Michel et al., 2008), historical structures (Jalio et al., 2008), and
mechanical structures (Pierro et al., 2008). However, until now
no attention has been focused on the application of the ambient
test technique to monitor the structural integrity of the contain-
ment. The objective of this paper is to explore the feasibility of
applying SIM to containment structures utilizing ambient vibra-
tion measurements. In order to achieve the stated objective, the
following tasks are performed. First, the ambient vibration of the
existing containment structure in operation is measured. Second,
the modal parameters including resonant frequencies and corre-
sponding mode shapes are extracted from the measured ambient
vibration measurements utilizing the modal identification tech-
niques in the frequency domain, i.e., the peak picking and the
frequency domain decomposition methods. Third, a numerical
model for the containment structure is constructed and analyti-
cal modal parameters are computed. Fourth, the correspondence
between the extracted experimental and the analytical modal
parameters are established. Finally, the structural parameters of
the containment structure are estimated using the identified modal
parameters based on the sensitivity-based system identification
method.

2. Description of the structure

The structure selected for the aim of this research is the con-
tainment of Ulchin Nuclear Power Plant (NPP) Unit 5, located
in Kyeongsangbuk-do, South Korea. The containment of the unit,
made of reinforced concrete, is composed of a circular base mat,
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Fig. 1. The cross section of the containment of the Ulchin 5th Unit (KHNP, 2002).

upright cylindrical walls and a spherical-shape dome. The thick-
ness of the cylindrical wall is 1220 mm. The thicknesses of the
dome and the base mat are 1070 mm and 3660 mm, respectively.
The post-tensioning system with horizontal and vertical tendons
is installed in the wall and the dome to secure the containment
from cracks and to reinforce the tensile resisting capacity of con-
crete. The height and the inner diameter of the structure are 67 m
and 43.9 m, respectively. On the inner surface of the containment,
6.35 mm thick steel liner plates are installed. The cross section of
the containment structure is depicted in Fig. 1. The two neighbor-
ing structures, i.e. the primary auxiliary building and the nuclear
fuel building, are physically separated with the gaps between the
structures filled by chemical substances.

3. Ambient vibration test and numerical modeling

The ambient vibration of the containment of Ulchin NPP Unit 5
under normal operation was measured to explore the feasibility of
identifying modal parameters. Acceleration responses of the con-
tainment structure were measured using accelerometers mounted
to the outer surface of the containment. Also, a finite element model
for the containment structure was built to identify the correlation
between the experimental and the analytical modal parameters
and eventually the structural parameters that control the dynamic
behavior of the structure.

3.1. Test setup and procedure

Instrumentation used to conduct the ambient vibration testing
consisted of 6 strain-gage-type accelerometers (Fig. 2), a digi-
tal dynamic strain meter, an amplifier, and a portable computer
(Fig. 3). Data acquisition software installed in the computer was
the Visual Log DRA-7630. The length of acquired time window
was about 170 min for all datasets. More details on the instru-
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Fig. 2. Accelerometers (Tokyo-Sokki ARF-A) mounted on the outer surface of the
containment.

Fig. 3. The digital dynamic strain meter, the amplifier, and the computer.

mentation and test settings used for the tests are summarized in
Table 1.

Measurement locations representing structural behavior in the
modes of interest were chosen to obtain frequency response func-
tions. Since the vertical movement of the containment during the
normal operation is negligible comparing to the horizontal move-
ment, only horizontal acceleration responses normal to the outer
surface of the containment were measured. The accelerometers
were mounted on the outer surface of the containment at 9 loca-
tions of the same level (2.7 m above the roof top of the primary
auxiliary building and 29.3 m above the basemat) as depicted in
Fig. 4. The locations were chosen considering the free vibration
analysis results of the structure, the presence of the primary aux-
iliary building and the nuclear fuel building, and the vertical and
horizontal reach limit of a bucket truck. Except Sensors 1 through
5, the other sensors were attached using a bucket truck. Due to the
limitation of the number of sensors, the measurements were taken
as two separate sets for two days: Set 1 (Sensors 1 through 5) on day
one and Set 2 (Sensors 6 through 9) on day two. The reference sen-
sor, at which acceleration responses were measured in both Set 1
and Set 2, was installed between Sensors 1 and 9 and 3 m above
other roving sensors. The weather conditions were cloudy with
22°Con day one and rainy with 21 °C on day two. To minimize the

Table 1
Test parameters.

Parameters Setting Units/notes
Sample frequency 50 Hz

Sample length 507,904 Per channel
Accelerometer sensitivity 0.00974 m/s?/1 pstrain
Accelerometer range +1.02 g

£4.39¢

45,51°
Buttress #l
15.58*
8 3
32.05°
40.0°

Fig. 4. Sensor locations.

influence of the rain on day two, the sensors were fully wrapped
up with watertight tape. The major excitation sources inside the
containment were four reactor coolant pumps located about 10 m
above the basemat, with a constant rpm of 1190 (19.8 Hz), and
four reactor containment fan coolers located about 21 m above the
basemat, with a constant rpm of 1200 (20 Hz) and 1800 (30 Hz).

3.2. Identification of modal parameters

The modal parameters were extracted using modal identifica-
tion techniques in the frequency domain, i.e., the peak picking
and the frequency domain decomposition methods. In usual peak
picking practice, the transmissibility, which is the ratio of a rov-
ing response divided by a fixed reference response for output only
modal analysis, is utilized to determine the resonances. However,
since peaks in the transmissibility measurement are not the evi-
dence of resonances and thus at least one auto spectrum must be
supplemented for locating resonance peaks, the operational deflec-
tion shape frequency response function (ODS FRF) is utilized in this
paper (Vold et al., 2000). The ODS FRF is formed by combining the
magnitude of a roving response auto spectrum with the phase of
the cross spectrum between the roving response and the refer-
ence response. Unlike the transmissibility, the peaks in the ODS
FRF graph represent the resonances. Also, while the transmissibil-
ity automatically takes care of the effects of a variable force level
between measurement sets, the magnitudes of a set of ODS FRFs
must be corrected to account for changes in the excitation level
between the measurement sets. The correction can be achieved by
multiplying the magnitude of every ODS FRF in the ith measure-
ment set by a scale factor, SF;, defined below:

(1)

where ns is the number of measurement sets and S; is the aver-
aged value of the reference response auto spectrum for the ith
measurement set.

For the measurements from the containment, the final auto
spectrum at each sensor location was calculated via averaging auto
spectrums for every 2048 data samples with spectral resolution
of 0.0244 Hz. To reduce leakage error, the Hanning window and
50% data overlapping was applied. Fig. 5 shows collected accelera-
tion response and corresponding auto spectrum obtained at Sensor
1. The cross spectrum was computed between each roving (Sen-
sors 1 through 9) and reference measurements. From the ODS FRFs
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Fig. 5. Measured acceleration response and corresponding auto spectrum at Sensor

presented in Fig. 6, three different resonant frequencies were iden-
tified as summarized at second column in Table 2. Fig. 7 depicts
the configurations of the corresponding mode shapes. Due to the
sensor disposition, arranged at one level, only oval modes could be
identified.

The frequency domain decomposition (FDD) method consists of
decomposing the spectral density matrices into single-degree-of-
freedom systems by singular value decomposition (SVD) (Michel et
al.,2008). The main procedures for the FDD technique are as follows
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Fig. 6. ODS FRFs for all sensor locations.

Table 2

Resonant frequencies obtained using peak picking and FDD.
Mode Peak picking FDD
1 7.715 7.690
2 8.813 8.838
3 10.01 10.01

(Gentile and Bernardini, 2008):

1. Evaluation of the spectral matrix G(w), i.e., the matrix in which
diagonal terms are auto spectrums while the other terms are
Cross spectrums;

2. Performing SVD of G(w) at each frequency as:

Glw) = U(w)X()T(w)" (2)

where the diagonal matrix X collects the real positive singular
values in descending order, U is a complex matrix containing the
singular vectors as columns, the upper bar denotes the complex
conjugate, and the superscript T represents the transpose; and

3. Inspection of the curves representing the singular values to iden-
tify the resonant frequencies and estimate the corresponding
mode shape using the information contained in the singular vec-
tors of the SVD.

For the measurements from the containment, the spectral
matrix was calculated for every 2048 data with 50% data overlap-
ping. The singular values calculated from the spectrum matrix are
presented in Fig. 8. From the FDD, three distinct resonant frequen-
cies were identified as summarized at third column in Table 2. In the
table, it can be seen that the resonant frequencies extracted by two
methods, i.e., the peak picking and the FDD, are almost identical.

3.3. Numerical modeling

The numerical model of the containment was built using the
commercial finite element program ABAQUS (2004). The physical
dimensions utilized in modeling the containment are summarized
in Table 3. Fig. 9 depicts schematics of the finite element model,
tendon profile, and the typical wall model comprised of concrete,
reinforcing steels, tendons, and liner plate. The concrete parts of the
containment including walls, buttresses, and base mat were mod-
eled using 3-D solid elements. The elastic modulus, the Poisson’s
ratio, the mass density of the concrete was modeled as 29.5 GPa,
0.17, and 2300 kg/m?3 respectively. All the reinforcing steels (yield
strength of 420 MPa) were idealized as distributed stiffness in the
walls considering spacing, diameters, directions, and locations. The
tendons were modeled using truss elements embedded in the walls.
The inner steel liners with the yield strength of 224 MPa were mod-
eled using shell elements. The elastic modulus of reinforcing bars
and tendons was modeled as 196 GPa and 200 GPa, respectively.
The translational movements of the bottom of the basemat were
restrained. The free vibration analysis was conducted to obtain the
resonant frequencies and the corresponding mode shapes using the

Table 3
Physical dimensions used in modeling the containment.
Member Dimension
Wall Thickness 1.22m
Height 44.81m
Inner diameter 43.89m
Dome Thickness 1.07m
Radius 21.95m
Buttress Number 3
Thickness 2.44m
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Experimental mode (7.715 Hz)

Analytical mode (7.460 Hz)

(a) mode 1
Experimental mode (8.813 Hz) Analytical mode (7.869 Hz)
(b) mode 2
Experimental mode (10.01 Hz) Analytical mode (7.853 Hz)
(c) mode 3

Fig. 7. Experimental and analytical mode shapes.

ABAQUS. The analytical mode shapes of the most correspondence
with the experimental mode shapes are depicted in Fig. 7.

3.4. Correlation between the experimental and numerical modal
parameters

The correspondence between the obtained numerical and the
experimental mode shapes can be quantified using the modal
assurance criterion (MAC) (Allemang and Brown, 1982).

2
419

MAC (¢, ) = — L
671l |49,

where ¢; represents ith mode shape vector. The MAC ranges from
0 to 1; a value of 1 implies perfect correlation of the two mode
shapes while a value of 0 indicates uncorrelated mode shapes. In
usual practice such as for bridges, if the MAC value between two
mode shapes is greater than 80%, the two modes can be considered
as closely correlated (Michel et al., 2008). The resulting MAC values
are summarized in Table 4. As shown in the table, among three iden-
tified modes from the ambient acceleration measurements, consid-
ering MAC value of 0.733, the second mode is closely related with
the 6th analytical mode while the other two modes show insuffi-
cient correlations. The authors attribute poor MAC values obtained
for the first and third modes to inevitable errors involved in mea-
suring sensor locations and modeling geometric complexities of the
containment as well as the variation in the weather conditions.
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Table 4
P MAC values between the experimental and analytical modes.
10
Analytical modes (Hz) Experimental modes (Hz)
1(7.715) 2(8.813) 3(10.01)
1(4.779) 0.212 0.012 0.033
o 10° 2(4.779) 0.001 0.004 0.000
2 3(7.367) 0.078 0.117 0.057
> 4(7.460) 0.449 0278 0.014
B 5(7.853) 0.003 0.000 0.239
B 10" 6(7.869) 0.087 0.733 0.001
'crE> ! 7(9.871) 0.138 0.109 0.032
-5 . . .
10 3 4. System identification
/
| System identification (SI) is defined as the determination, on the
, Y
10° ‘ ' basis of input and output, of the characteristics or properties of a
0 5 10 15 system within a specified class of systems to which it is equivalent
Frequency(Hz) (Zadeh, 1962). The process of SI consists of three main steps: (1)
) ) ) defining a model and planning some experiments to measure the
Fig. 8. Singular values of the spectrum matrix. response of the system (model selection and testing); (2) using the

given model and the measured response to estimate the unknown
parameters of the model (parameter estimation); and (3) validat-
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ing and refining the model (model validation or model updating).
In structural mechanics, the parameter estimation has been used
to identify the structural parameters and consequently to evalu-
ate the modal parameters (e.g. resonant frequencies, mode shapes,
and modal damping) which define the behavior of a structural sys-
tem. The identified parameters obtained using SI techniques for the
structure can then be applied to the problems of nondestructive
damage evaluation, and the assessment of structural degradation
and deterioration that can reduce the useful life and safety of struc-
tures.

To date, many SI methods have been developed based on various
theories including time domain procedures (Agbabian et al., 1991),
perturbation method (Chen and Wada, 1975), sensitivity-based
method (Stubbs, 1985), FRF method (Lin and Ewins, 1994), etc.
Imregun and Visser (1991) discussed methods using Lagrange mul-
tipliers, perturbation, error matrix, sensitivity, FRF, and statistics,
and concluded that sensitivity-based Sl techniques, which compute
a sensitivity matrix by considering the partial derivatives of modal
parameters with respect to structural parameters via a truncated
Taylor series expansion, provide a well-updated analytical model
capable of reproducing the measured experimental data.

Almost all sensitivity-based methods utilize a sensitivity matrix
based on the partial derivatives of modal parameters with respect
to structural parameters (Nam et al., 2005). During the iden-
tification process, the analytical mass and stiffness matrices of
a structural system are updated. An updated eigen solution is
obtained and the same process is repeated until the results are sat-
isfied within a predetermined tolerance. It should be noted that
the formulation of the sensitivity matrix is based on a truncated
Taylor’s series expansion and hence the method is an approximate
one. In general, sensitivity-type methods depend on the selection
of parameters and the definition of the optimization constraints.
For instance, the parameters can be elements of the mass and
stiffness matrices. A sensitivity-type method that utilizes statis-
tics as the basis for model updating was formulated by Collins et
al. (1974) to systematically use experimental measurements of the
modal parameters of a structure to modify the stiffness and mass
terms of a finite element model of the structure. The sensitivity
matrix technique was exploited further in combination with SI and
nondestructive damage detection studies by Stubbs and Osegueda
(1990a). In this paper, sensitivity-based SI technique developed by
Stubbs and Osegueda (1990a) was applied to identify structural
parameters of the containment. The effectiveness of the selected
method has been verified analytically and experimentally (Stubbs
and Osegueda, 1990b; Choi et al., 2004).

4.1. System identification theory

Let the mathematical model of a system be defined by n scalar
structural parameters x; in whichi =1, 2, ..., n, and the parame-
ter, x;, can be collected into the vector x. Assuming that w(x + dx)
represents the true eigen solutions for a real structural system and
that w(x) describes the approximate eigen solutions for a mathe-
matical model, using Taylor series expansion the error, ¢, can be
expressed as:

n
& =w(X+dx)— w(x)= g?w
1

i=1

dXi (4)

Normalizing Eq. (4) by dividing by w; and rewriting for jth eigen
solution, yields:

n

& _ N0 xidx

(x)] - Z Bxi (,()] Xi (5)
i=1

In matrix form
Z=Fa (6)

where the elements of the vectors Z, representing the jth fractional
change of the solution vectors between real and mathematical sys-
tem, and « the ith fractional changes of the structural parameters,
are z; = ¢j/w; and a; = dx;/x;, respectively, and the elements of the
sensitivity matrix F are f;; = (dw;j/dx;)(x;/w;). The vector « is the
only unknown to estimate, e.g., stiffness, mass, or damping. Note
that, in this paper, only changes in stiffness parameters are consid-
ered in e, because in structural parameter identification problems:
(1) the change in masses is negligible in common structural dam-
age (e.g., cracks, time-dependent stiffness degradation in concrete
structure, delamination in composite structures, loosen connec-
tions in steel structures); and (2) the effect of changes in damping
parameters on changes in spectral information (e.g., natural fre-
quencies) is negligibly small (Farrar and Jauregui, 1996). It should
be noted that the solution obtained by Eq. (6) is the minimal norm
solution and may not be unique.

Suppose that the corresponding sets of m resonant frequen-
cies of the initial FE model and the existing structure are known.
Before implementing Eq. (6) to get the fractional stiffness changes
of n elements between the initial and the existing structures, the
sensitivity matrix, F, should first be developed. The following pro-
cedure can be used to determine the sensitivity matrix: first, m
resonant frequencies are numerically generated for the initial FE
model of a system; second, a known fractional stiffness change,
«a; at element j of the FE model is introduced and the correspond-
ing m resonant frequencies are numerically generated; third, the
fractional changes between the m initial frequencies and the m fre-
quencies corresponding to the parameter ¢ are computed; fourth,
each component of the jth column of the matrix F is computed
dividing the fractional changes in each frequency by the simulated
severity at the element j; and finally, the m x n matrix F is gener-
ated repeating the procedure for all n elements. With the F matrix
obtained, the following 7-step algorithm is proposed to identify a
target structure:

1. Extract FRFs and natural frequencies from the target structure
(i.e., an existing structure).

2. Select an initial FE model of the structure utilizing all possible

knowledge about the design and construction of the structure.

. Compute the natural frequencies of the initial FE model.

. Compute the sensitivity matrix, F, for the FE model.

. Compute the fractional changes in frequencies between the FE

model and the target structure.

6. Fine-tune the FE model by first solving Eq. (6) to estimate stiff-
ness changes and consequently to update stiffness parameters
of the FE model.

7. Repeat steps 1-6 until Z~ 0 or & ~ 0 when the structural param-
eters of the FE model are identical to the existing target structure.

[S2 I SN OV]

4.2. System identification results

The identification procedure consisted of the following three
steps: (1) assume an initial set of physical parameter values for
the FE model based on the information about design reports, test
results, etc.; (2) generate sensitivities of the eigen solutions to the
physical parameters using the FE model; and (3) update the phys-
ical properties of the FE model using the procedure outlined in the
preceding section. In the first step of the SI process, assuming that
the changes in other stiffness parameters were relatively small, the
authors selected the elastic modulus of the concrete for the stiffness
parameter to be identified because only one resonant frequency
with acceptable correlation was available. The initial elastic mod-
ulus of the concrete was set 29.5 GPa based on the design data. The
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sensitivity of the selected physical property of the structure to the
eigen solution, i.e., the 6th mode based on the correlation study pre-
sented in Table 4, was established using the finite element model
described in Section 3.3.

Using the computed sensitivity, the measured frequency, and
the numerical model, the elastic modulus of the concrete was esti-
mated as 37 GPa, which is 25% greater than the initial value. Taking
into account the results from the initial strength test of the con-
crete utilized for the construction of Ulchin NPP Unit 5, in which
the elastic modulus of the concrete was estimated approximately
10% greater than the design value, the usual long term strengthen-
ing characteristics of the concrete (Park and Paulay, 1975), and the
presence of the prestressing system, the identification result can be
considered reasonable.

5. Conclusions

In this paper, the ambient vibration measurements from the
containment of Ulchin NPP Unit 5 and the modal parameters, i.e.,
resonant frequencies and corresponding mode shapes, extracted
using the modal identification techniques in the frequency domain,
i.e., the peak picking and the frequency domain decomposition
methods, were presented. Based on the extracted modal parame-
ters and the finite element model constructed for the containment,
the elastic modulus of the concrete was estimated using the
sensitivity-based system identification method. From the study, the
following conclusions are drawn:

1. From the ambient vibration measurements, resonant frequen-
cies along with corresponding mode shapes can be extracted
using the frequency domain modal identification techniques;

2. the correlations between the experimental and analytical mode
shapes of the containment are identified via the MAC, and one
mode shows acceptable correlation;

3. in measuring the ambient vibration of the containment, more
corroborated efforts are needed to enhance the accuracy of the
identified modal parameters;

4. the elastic modulus of the concrete is estimated using the
sensitivity-based SI method and the obtained value is approx-
imately 25% greater than the design assumption; and

5. using the ambient vibration measuring techniques along with
the modal identification techniques and the SI methods, the
structural integrity of the containment can be monitored with-
out interrupting normal operation.
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