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Internal Pressure Monitoring in a Post-tensioned Containment Building
Using Operational Vibration

Nuclear material containment buildings are required to be periodically inspected to assure good quality conditions. To this end,
there is increasing interest in developing efficient and economical testing techniques to monitor and inspect these structures.
In this paper we study the dynamic behavior of a 1/3 mock-up containment structure and its internal pressure-dependence
using testing techniques that may not interfere with the structure’s operation. The goal is to assess the possibility of monitoring
internal pressure and potential leakage by measuring the structural frequency of vibration. The Vercors mock-up structure, a
post-tensioned double-wall concrete structure of dimensions 15 m diameter and 30 m tall, was internally pressurized from 0 to
4 bar. We attached a pair of accelerometers at the outer surface of the inner structure and recorded signals periodically without
imposing any controlled dynamic input; thus, we used an output-only dynamic analysis. We found that there is a clear positive
correlation between internal pressure and the identified frequencies of vibration. We developed a multi-variable correlation,
using several frequencies of vibration and the measured pressure, which could be used to monitor internal pressure. To study
the underlying physical behavior, we built a finite element model. The observed frequency shift due to applied internal pressure
could be partially explained by the effect of geometric nonlinearity, but it does not explain the entire range of frequency shift.
Material nonlinearity should also be considered to assess this problem.

Keywords Nondestructive, Nuclear, Structural health monitoring, Nonlinear, Frequency, Civil engineering, Concrete

1 Introduction

Nuclear power generation requires much attention to safety
measurements to contain the nuclear material during ser-
vice and to finally dispose of its residues. Reinforced and
prestressed concrete structures, complemented with other
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barrier materials, have been the traditional solution to safely
contain nuclear material. These critical structures need to
follow strict building, testing, and monitoring codes to
ensure their correct behavior without imposing a hazard to
society and environment. Typical tests required by govern-
ment regulations and technical codes are based on internal
pressure tests, where structural integrity and fluid-tightness
are assessed [1–3]. These quality assurance tests take sev-
eral days, time in which the structure is not operational;
thus, planned and unplanned maintenance/testing stops are
avoided as much as possible [4].

In addition to the regular need for monitoring nuclear con-
crete structures, there is an increasing concern due to the
natural aging of concrete material and the fact that plants
are reaching the end of their service lives [4–7]. These have
prompted several research projects focused on studying many
aspects of structural condition assessment and monitoring in
order to extend power plants’ service life [8–12]. The goals
are to assess the current state of materials and structures, and
to anticipate future issues by developing new monitoring
techniques, as robust, efficient, and economical as possible.
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Nondestructive testing (NDT) and structural health mon-
itoring (SHM) are testing techniques where the structure
under study remains fully unaffected. The collected data can
then be used to assess the structure’s intrinsic properties, for
example, to back-calculate material elastic properties, detect
deterioration onset or mechanical stress variations [13–16].
This is a key condition, highly valued to assess nuclear con-
crete structures.

Most of the existing research on NDT and SHM applied
to nuclear power plant concrete structures focus on assessing
concrete’s quality, damage detection, and durability [17–20].
There are also multiple reports focusing on general moni-
toring for long-term mechanical properties characterization,
creep, stress determination, and prestressing tendon losses
[4, 21–26].

The specific objective of this research is to develop
an NDT/SHM technique capable of monitoring internal
pressure changes and pressure leakage of nuclear concrete
containments, externally (no need of accessing into the struc-
ture’s interior), and without affecting the regular structure’s
service. Such a technique would be useful as a complemen-
tary measurement during regularly planned tightness tests.
Moreover, it can become fundamental in case of an acci-
dent or for long-term structural monitoring, for example for
nuclear waste containment, where no other equipment might
be available and the access to the interior is impeded or
highly unsafe. Another important application is when the
pre-installed (embedded) sensors, such as strain gauges, ther-
mocouples, etc. have malfunctioned [27]. There are several
studies where nuclear concrete structures are subjected to
internal pressure and various monitoring techniques are ana-
lyzed [23, 27–29] but none of them purse directly our goal. In
particular, Hu et al. [30] studied the mechanical and material
behavior of a post-tensioned nuclear power concrete con-
tainer under internal pressure using a finite element method
(FEM) model. They considered similar affecting factors as
ours but their goal, to estimate the structure’s ultimate pres-
sure capacity, was different from ours.

To pursue our goal, we have carried out experiments on a
mock-up structure: a post-tensioned concrete double-walled-
cylindrical nuclear containment. The structure was gradually
subjected to internal pressure during the experiment in sev-
eral steps which took 75 h. Throughout that time, we collected
acceleration signals with two sensors attached to the outer
side of the inner structure. With these, we measured the
dynamic response of the structure under different pressure
levels. This type of testing technique falls within the field of
“output-only dynamic analysis” or “operational modal anal-
ysis”, where the structure’s dynamic features are computed
from the natural vibrations occurring while the structure is
operational; i.e. there is no specific dynamic input prompt-
ing the vibration phenomena. Output-only dynamic analysis
is a growing field of study [31–34] whose main advantage

is its simpler experimental implementation, which does not
require the use of bulky vibrational apparatus, it is more
economical and does not affect the structure’s regular opera-
tions. Choi et al. [34] carried out experiments in an operating
nuclear containment structure based on operational modal
analysis techniques. They were able to identify frequencies of
vibration and extract material/structural properties, but they
did not focus on monitoring pressure or mechanical stresses
variations.

This research’s main originality is the monitoring of a
nuclear containment decennial test and not the method per
se. An easy testing setup is successfully employed, based on
an output-only experimental system, which does not require
bulky instruments nor to embed sensors within the structure.
This is the first study focused on studying the relationship
between modal frequencies of vibration and internal pressure
of a large-size nuclear-containing structure, using output-
only methods. This research demonstrates the existence of
clear positive correlations between the structure’s natural
frequencies of vibration and internal pressure. These are
promising findings towards developing a robust NDE/SHM
technique capable of monitoring internal pressure variation
in complex nuclear concrete containments.

2 Materials andMethods

2.1 Vercors: The Reinforced Concrete Container

Vercors inner structure consists of a post-tensioned rein-
forced concrete cylindrical structure of 15 m diameter,
capped with a dome-shaped lid. Walls are 0.40 m thick, and
30 m tall. The structure is founded on a concrete floor 0.70 m
thick. Vercors mock-up is a physical model at 1/3 scale of
a real nuclear confinement building. An outer independent
structure protects Vercors mock-up from external effects,
such as wind and drastic temperature variations. Figure 1
presents a photograph of Vercors mock-up from the outside.

Concrete quality control was carried out during its con-
struction using standard cured companion cylinders. These
were tested on day 28 after casting and provided results of
density, compressive strength [35], and modulus of elasticity
[36]. Table 1 contains the material characterization results,
corresponding to the average properties of each concrete
batch.

Vercors mock-up comprised a total of 250 t of reinforcing
steel, 50 t of post-tensioning steel, and 2500 m3 of concrete.

2.2 Experimental Procedure

The experiment consisted of gradually injecting/releasing air
into the containment to increase/decrease its internal pres-
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Fig. 1 Photograph of Vercors building mock-up

Table 1 Characterization of concrete using standard cured concrete
cylinders at day 28 after casting

Average compressive strength f cm,28 48 MPa

Characteristic compressive strengtha f ck,28 42 MPa

Average static Young’s modulus Ecm,28 37 GPa

Average density ρ 2201 kg/m3

af ck,28 is the “characteristic” strength which corresponds to the 5th
percentile of the strength data

sure. Air pressure and temperature were measured inside
the container. The protocol involved six stages, starting at
stage 1 at ambient pressure (0 bar). The internal pressure was
increased during stages 2 and 4, and decreased during stage
6, at a rate of approximately 0.2 bar/h. Stage 3 began when
pressure reached 2 bar; at this point, the pump was turned
off for 5 h approximately, until resuming pressure-increase
of stage 4. Upon reaching approximately 4 bar, the pump
was turned off for 12 h, until starting the pressure-decrease
of stage 6, in which the valve was opened. Figure 2 contains
the pressure data measured during the entire experiment.

Two accelerometers model PCB 352A24, with nominal
sensitivity of 100 mV/g, were utilized during the exper-
iment. Defining the most appropriate number of sensors
is a trade-off situation. While using more sensors would
improve results, particularly to determine the modal shapes,
more costly and cumbersome experimental setups would be
required. Because the goal of this research was to focus on the
frequencies of vibration and not the shapes, it was decided
to maximize the experimental robustness and easiness, so
only two sensors were employed. These two accelerome-
ters were attached to the outer face of the structure, both
at level 7.5 m and at angles 0° and 36° from the struc-
ture’s angular reference (the bigger circular through-wall
hole—hatch area—is centered at ~ 265°). Acceleration sig-
nals were acquired every 5 min. Each of these time-domain
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Fig. 2 Internal pressure over time during the experiment

signals consisted of 100.002 amplitude data points sampled
at 20 kHz. Thus, every collected time-domain signal lasted
approximately 5 s. This signal duration time was selected to
guarantee stationarity and to allow obtaining good quality
frequency-domain signals.

2.3 Signal Processing

Signal processing was carried out in four steps, signal vali-
dation, pre-processing, processing, and post-processing.

2.3.1 Signal Validation

Signal validation consisted of inspecting every raw signal in
time and frequency domains, to keep only the signals with
useful information. As explained below, some stages of the
experiment did not yield vibrational responses that could be
distinguished from noise. To this end, the total energy of
each signal was calculated by numerically integrating the
squared signals in time. An “energy threshold” of 8×10−6

V2 s was selected for accelerometer 1 and 11×10−6 V2 s for
accelerometer 2. Signals with lower energy than the threshold
were discarded during this step. Other signals that exceeded
the threshold but had sudden spikes in time-domain, and
showed no clear vibrational behavior in frequency domain,
were also discarded during this step, as recommended by
Brincker and Ventura [31].

2.3.2 Pre-processing

Pre-processing consisted in filtering time-domain signals
using a Butterworth bandpass filter of 4th order with cutoff
frequencies of 3 Hz and 2000 Hz.
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2.3.3 Processing

The “processing” step consisted of computing the frequency
spectra. The following processing was applied to each time-
domain signal obtained with each sensor. First, a 2-s-long,
Blackman moving window was applied, with a 75% over-
lap. Thus, each 5-s-long time-domain signal produced seven
2-s-long time-domain windowed signals. The selection of
the type and length of the window was done based on pre-
liminary analyses that supported those features. Each of the
windowed signals was padded with 300,000 zeros at their
tails. The amplitude-frequency spectrum of each of these
seven windowed-padded signals was computed using the
FFT algorithm, yielding a frequency resolution of 0.05 Hz.
Then, the seven frequency spectra were averaged, obtaining
one frequency spectrum per time-domain signal, for each
sensor. The corresponding pairs of frequency spectra, asso-
ciated to each accelerometer were averaged, obtaining one
single frequency spectrum associated to every time of signal
collection.

Finally, pressure measurements and collected amplitude-
frequency spectra were synchronized.

2.3.4 Post-processing

The “post-processing” consisted of finding the frequencies of
vibration of the modes of interest. This task was carried out by
selecting the peaks within the frequency spectra. The reader
should note that there exist more sophisticated methods for
frequency tracking [37, 38]. Nevertheless, given the short
duration of the signals (5 s) with respect to the rate of pressure
change (0.2 bar/h), the pressure can be considered constant
during the signal, so it sufficed using the traditional peak
picking from the frequency spectra.

2.4 Computation of Frequency vs. Pressure
Correlation

Prior to computing the correlations of frequency vs. pressure
it was necessary to define which frequencies of vibration
should be used. Preliminary analyses detected frequency
peaks recurrently observed during the entire test, while some
others, were clearly observed in some signals but disappeared
in many others. Therefore, we selected frequency peaks at
around 30 Hz, 68 Hz, 93 Hz, 105 Hz, 142 Hz, and 192 Hz,
to compute the regression, which appear recurrently in most
of the signals. Figure 3 shows the frequency spectrum com-
puted for one of the signals collected during stage 6 and the
spectrogram of stage 6.

In Fig. 3 we see that there are other peaks besides the
ones selected for the analysis. These were either not recur-
ring throughout the experiment, meaning that they did not
appear in many signals, or it could be the case of two peaks

being very close so their trends could not be successfully
distinguished independently, so these were not included to
compute the frequency vs. pressure correlations.

Frequency vs. pressure correlations were carried out
using the modes corresponding to the mentioned frequency
peaks. The final step consisted of computing the correlations
between measured frequency peaks and measured pressure.

The procedure for correlation calculation consisted of fit-
ting the data using a multi-variable linear regression, where
each nominal frequency mode (f 30, f 68, f 93, f 105, f 142, f 192)
corresponded to each independent variable. An inconvenient
of using multi-variable correlation is that the size of the
dataset tends to decrease as more independent variables (fre-
quency peaks) are considered in the model, so there are fewer
signals where all six peaks have been identified. This issue
was overcome by implementing a variant, as explained below.
The multi-variable mathematical model is

(1)

P � a0 + a1,30 f30 + a1,68 f68 + a1,93 f93

+ a1,105 f105 + a1,142 f142 + a1,192 f192.

This mathematical model would require that in order to fit
the data, the six peaks must have been identified. Those sig-
nals where one or more peaks had not been identified would
not be considered in the model. Thus, the data size used for the
fit would become drastically reduced—due to the random-
ness of the experimental procedure, many of the signals lack
of clear identification of one frequency peak-. To overcome
this inconvenient, a variant was implemented, where every
possible multi-variable linear regression between pressure
and any number of existing frequency peaks were computed.
Thus, if a certain signal contains all frequency peaks except
for one frequency peak, the pressure prediction would be
obtained using the multi-variable model that does not include
that missing frequency-peak value. To limit the extent of pos-
sible results, the developed algorithm was set so that only
one or two of the six frequency peaks could be missing.
The correlations procedures were all carried out using the
frequency-peaks and pressure data obtained during stage 6
(pressure descending).

Once the pressure vs. frequency-peaks correlation was
computed, i.e. the regression coefficients of Eq. (1) were
calculated, we can then use that correlation to find the “pre-
dicted pressure” based on the frequency data. The goodness
of the correlation was evaluated by calculating the adjusted
coefficient of determination R2, and the standard error of the
regression, S, defined as the average of the distances between
the regression’s predictions and the actual observations [39].
The value S is useful because it has the same units as the pre-
dicted magnitude, in this case, bar, and approximately 95%
of the predictions are within±1.96×S from the observed
magnitude.
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Fig. 3 a Frequency spectrum of signal collected during stage 6, where arrows indicate the frequency peaks used for the analysis, b spectrogram of
stage 6 with spectral amplitude shown in code of colors, in arbitrary units, and arrows indicate the frequency peaks used for the analysis (Color
figure online)

3 Experimental Results and Discussion

During signal validation, it was observed that signals corre-
sponding to stages 1, 3, and 5 contained no useful information
and their total energy was lower than the energy threshold.
These stages corresponded to time periods where the pump
was off (and the valve was closed), where any oscillatory
behavior could not be distinguished from noise. Using oper-
ational vibrations, the vertical resolution of the acquisition
device is set to warrant a good SNR ratio in such a con-
figuration. So outside operational conditions, i.e. during the
time periods where the pump was off (and the valve was
closed), without the possibility to remotely change the verti-
cal resolution, there was no sufficient vibration amplitude to
perform our analyses. From the 1093 acquired signals with
each sensor, only around 520 of them (of each sensor) were
validated. Those signals not validated were excluded from
further analyses.

3.1 Frequency-Peak Results with Respect to Internal
Pressure

Figure 4 contains the obtained frequencies with respect to
measured internal pressures during stages 2, 4 and 6.

The frequency peak results presented in Fig. 4 show
consistent behavior during stage 6, depicting a positive cor-
relation between frequency and internal pressure. This trend
has been previously observed by Piacsek et al. [40] in alu-
minum spherical containers. It should be noted that the total
frequency change, between pressure 0 to 4 bar, is very small,
in the order of 0.5 to 1 Hz, depending on the mode. The
spectral frequency resolution of 0.05 Hz (see Sect. 2.3)

allows observation of meaningful trends between internal
pressure and frequency for such frequency variations. Results
of stages 2 and 4 are not as consistent as in stage 6; some of the
frequency peaks show odd behavior, without a clear trend, for
example for the modes at ~ 142 Hz and ~ 192 Hz (Fig. 4e and
at Fig. 4f). However, a hysteretic behavior becomes apparent.
We do not know the precise causes leading to such behavior.
While this hysteretic behavior could be the result of impaired
damage to the structure upon the pressurization, it can be also
attributed (in some cases) to the difficulty of tracking the
frequency modes during the experiment which frequently
appear coupled. Further tests are needed to elucidate the
nature of these apparently odd observations. Also, there are
several pressure levels in which frequency peaks could not be
detected, for example, the frequency peak f 68 (Fig. 4b) was
not detected at pressures from 0 to 2 bar, i.e. during stage 2.
However, f 30 (Fig. 4a) shows consistent results for all stages
2, 4 and 6. For these reasons, correlation curves were derived
from data of stage 6, and specific physical behavior hypothe-
ses are discussed based on peak f 30 results.

Throughout the experiment, the internal temperature var-
ied between 11.5 and 12.1 °C, and these data did not show
any correlation with the measured frequencies.

3.2 Frequency vs. Pressure Correlation Curves

The multi-variable linear regression coefficients associated
to Eq. (1), with all six frequency peaks being identified, one
frequency peak missing, and two frequency peaks missing,
are presented in Tables 2, 3 and 4, respectively.

Figure 5a presents the graph of predicted pressure with
respect to measured pressure, where the unity line is super-
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Fig. 4 Frequency-peak results
vs. internal pressure results
during stages 2 and 4 (blue
circles) and stage 6 (red
crosses), for nominal frequency
peaks a f 30, b f 68, c f 93, d f 105,
e f 142, f f 192 (Color figure
online)

(a) (b)

Pressure (bar)

0 1 2 3 4

F
re

q
u

e
n

c
y
 (

H
z
)

27

28

29

30

31

32

33

34

Stages 2 and 4

Stage 6

Pressure (bar)

0 1 2 3 4

F
re

q
u

e
n

c
y
 (

H
z
)

64

65

66

67

68

69

70

71

Stages 2 and 4

Stage 6

(c) (d)

(e) (f)

Pressure (bar)

0 1 2 3 4

F
re

q
u

e
n

c
y
 (

H
z
)

89

90

91

92

93

94

95

96

Stages 2 and 4

Stage 6

Pressure (bar)

0 1 2 3 4

F
re

q
u

e
n

c
y
 (

H
z
)

102

103

104

105

106

107

108

109

Stages 2 and 4

Stage 6

Pressure (bar)

0 1 2 3 4

F
re

q
u

e
n

c
y
 (

H
z
)

139

140

141

142

143

144

145

146

Stages 2 and 4

Stage 6

Pressure (bar)

0 1 2 3 4

F
re

q
u

e
n

c
y
 (

H
z
)

189

190

191

192

193

194

195

196

Stages 2 and 4

Stage 6

imposed. There it is observed that the scattered data are
close to the unity line, which indicates qualitatively that the
prediction is good. This is also sustained by the adjusted
coefficient of determination, which was equal to 0.90. The

residual analysis is graphically presented in Fig. 5b, which
shows no clear trend, depicting another good feature of the
correlation. Figure 5c is another representation of the resid-
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Table 2 Multi-variable linear regression coefficients between fre-
quency and pressure when all six frequency peaks are clearly distin-
guished

Missing
f Nom

a0 a1,30 a1,68 a1,93 a1,105 a1,142 a1,192

None − 451.8 1.050 0.515 1.088 1.078 0.437 0.564

Table 3 Multi-variable linear regression coefficients between fre-
quency and pressure when one of the six frequency peaks has not been
identified

Missing
f Nom

a0 a1,30 a1,68 a1,93 a1,105 a1,142 a1,192

30 − 458.2 – 0.614 1.104 1.183 0.604 0.541

68 − 451.6 1.175 – 1.133 1.178 0.540 0.573

93 − 449.7 1.024 0.543 – 1.334 0.753 0.697

105 − 426.4 1.414 0.701 1.268 – 0.610 0.686

142 − 452.0 1.224 0.612 1.226 1.243 – 0.669

192 − 422.6 1.351 0.590 1.148 1.202 0.761 –

uals (errors between the predicted pressure and measured
pressure) expressed as a histogram.

In the histogram of Fig. 5c, we observe that almost all
pressure errors are within − 1 to 1 bar. The histogram is
Gaussian-shaped, with approximately null mean error and
a standard deviation of 0.37 bar; around 67% of the pre-
dicted pressures have an error between − 0.37 and 0.37 bar.
The standard error of the regression (S) is another parameter
helpful to characterize the goodness of the regression; it tells
how “wrong” the model is on average, in units of pressure.
This regression has an S value of 0.29 bar. Thus, approxi-

mately 95% of the measured pressures fall within±0.57 bar
(1.96×S) from the regression line [39].

3.3 Pressure Leakage Estimation

Experimental results presented in the previous section show
a clear correlation between internal pressure and frequency,
where frequency increases with increasing internal pressure.
This trend is very clear during stage 6 (pressure decreasing)
for all six frequencies of vibration (modes) analyzed here,
but not as clear during stages 2 and 4 (pressure increasing).
Theoretically, we could use this correlation to identify pres-
sure drops due to leakages of the container. In Fig. 2, we
see a clear pressure drop due to leakage during stage 5 when
the pump is off. There, pressure drops from approximately
4.25 bar (last pressure reading of stage 4) to 4.05 bar (first
pressure reading of stage 6). This 0.20 bar drop is within
the variability (0.37 bar of standard deviation) of our cor-
relation computed using all six frequency modes, so we
may not expect to obtain an accurate pressure drop esti-
mation. We note that correlation was intended to represent
the global frequency vs. pressure relationship throughout
the full range of internal pressures. On the other hand, we
do see in Fig. 4a that the mode f 30 is particularly inter-
esting because it showed higher consistency than the other
modes when comparing behaviors of the stages 2/4 and 6.
For these reasons we study the possibility of using the mode
f 30 to identify internal pressure leakage. Thus, here we focus
the analysis on the leakage by comparing the f 30 results at
the end of stage 4 against those at the beginning of stage
6.

Table 4 Multi-variable linear
regression coefficients between
frequency and pressure when
two of the six frequency peaks
have not been identified

1st missing f Nom 2nd missing f Nom a0 a1,30 a1,68 a1,93 a1,105 a1,142 a1,192

30 68 − 460.2 – – 1.174 1.298 0.787 0.537

30 93 − 454.1 – 0.672 1.434 0.935 0.649

30 105 − 436.2 – 0.866 1.311 – 0.823 0.726

30 142 − 463.9 – 0.754 1.339 1.459 – 0.703

30 192 − 434.5 – 0.678 1.13 1.424 0.941 –

68 93 − 449.3 1.185 – – 1.482 0.849 0.71

68 105 − 422.7 1.69 – 1.384 – – 0.715

68 142 − 450.9 1.394 – 1.326 1.424 0.745 0.706

68 192 − 420.0 1.464 – 1.200 1.308 0.889 –

93 105 − 419.9 1.465 0.818 – – 1.012 0.916

93 142 − 449.3 1.274 0.729 – 1.784 – 0.899

93 192 − 414.0 1.571 0.648 – 1.544 1.127 –

105 142 − 420.0 1.730 0.868 1.557 – – 0.855

105 192 − 386.6 1.795 0.777 1.520 – 0.974 –

142 192 − 411.2 1.786 0.789 1.466 1.585 – –
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Fig. 5 a Predicted pressure (Ppred ) vs. experimentally measured pres-
sure (Pexp) superimposed with the red dashed unity line, b residuals
analysis, and c error (residuals) histogram with a continuous green line

and two red dashed lines indicating the mean error and one standard
deviation from the mean, respectively (Color figure online)

First, we use the pressure and f 30 frequency data collected
during stage 6 to compute a linear correlation expressed by
the equation

Ppred � ( f30 − 30.50 Hz) × 6.236
bar

Hz
. (2)

Equation (2) can be used to calculate the “predicted pressure”
Ppred from a measured frequency peak f 30. Because of the
intrinsic variability of the method, we ought to select a set of
signals and work with the set’s mean value. Now we select
a set of nine signals collected during the end of stage 4,
associated to pressures higher than 4 bar, and a set of five
signals collected at the beginning of stage 6 associated to
pressures between 3.90 and 4.00 bar.

Figure 6a shows the measured internal pressure during
time, where the superimposed red circles indicate the times
in which time-domain signals were acquired. The end of stage
4 and the beginning of stage 6 are indicated with the names:
zone S4 and zone S6, respectively. The very end of stage
4, indicated as zone S4-tip, corresponds to a small period
of time where the pump starts to turn off; it provided poor
results, so those signals were discarded. The mean values of
measured pressures in zones S4 and S6 are 4.10 and 4.01 bar,
respectively, indicated with green horizontal bars in Fig. 6c.

In Fig. 6b we show the groups of frequency peaks that
characterize S4 and S6, respectively. We see that the fre-
quency population of S4 is slightly higher than the frequency
population of S6, which is consistent with having a higher

pressure in zone S4 than in S6. In Fig. 6c we present the
results of predicted pressure Ppred obtained by applying
Eq. (2) to the mentioned frequency data sets. Again, we see
an analogous difference between populations as in Fig. 6b.
The mean values of the predicted pressures in zones S4 and
S6 are 3.91 and 2.87 bar, respectively. These are shown with
black bars in Fig. 6c. A t-test of hypothesis on the means of the
two predicted pressure distributions were carried out to prove
that these mean values are different with a 95% confidence.
However, the predicted pressure difference, 1.04 bar, is ten
times higher than the actual difference of pressure means,
0.1 bar. It is highly likely that the structural behavior during
stage 6, where pressure is decreasing, is different than during
stage 4, where pressure is increasing. However, this effect is
in fact an indication of pressure leakage so it could actually
be used for this purpose.

From this analysis we conclude that the regression made
to match the frequency data over a large range of pressures,
from 0 to 4 bar, does not have enough resolution to accurately
quantify the amount of pressure leakage during stage 5 (with
the pump off). To assess the problem of pressure leakage, we
should monitor the frequency variations during the leakage
per se. However, this was not possible during our experiment
because no useful data was acquired during stage 5, while the
pump was off. To overcome this problem, we should employ
sensors with higher sensitivity or rely on a different dynamic
input, so we could follow the frequencies of vibration while
leakage is occurring.
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Fig. 6 a Pressure measurements in time. The continuous line (in blue)
corresponds to the pressure data measured with a manometer, red circles
are the interpolated pressures vs. time in which signals were collected,
zones S4, S4-tip, and S6 indicate the three groups of signals. b Fre-
quency values of mode f 30 of zones S4 and S6, respectively. c Blue and

red circles are the predicted pressures at zones S4 and S6, respectively;
green bars are the mean values of the pressure readings at zones S4 and
S6, and black bars are the mean values of the predicted pressures at
zones S4 and S6 (Color figure online)

4 Physical Behavior Discussion

In this section, we use the f 30 mode to investigate and discuss
possible underlying physical behaviors that may explain the
experimental results. The reader should note that this sec-
tion is a shallow discussion of potential causes explaining
our experimental findings, and we do not draw definitive
conclusions. For instance, we note that material-parameter
or modal-shapes cannot be extracted by fitting our data into
a numerical model. The goal of this section is therefore to
aid other engineers, other researchers, and even to ourselves,
from a “lesson learned” standpoint, to face new problems of
structural health monitoring of complex civil infrastructure.

4.1 Estimation of Basic Material Parameters

To investigate the experimental findings from a physical
standpoint we used a finite element method (FEM) model
using the software COMSOL Multiphysics. The first step
required defining the basic material parameters, density,
Young’s modulus, and Poisson’s ratio to feed the model.
Because the collected data was not enough to invert the elastic
problem to allow finding all three basic material parameters,
we decided to estimate density and Poisson’s ratio using engi-
neering criteria and only invert the problem to find Young’s
modulus.

Table 5 Density (ρRC), Young’s
modulus (ERC) and Poisson’s
ratio (νRC) of the reinforced
concrete material used for the
FEM model

ρRC
(kg/m2)

ERC
(GPa)

νRC

2287.5 49.80 0.20

The structure’s mean density was estimated from applying
a weighted average of the concrete’s density and steel’s den-
sity, where the amounts of these were known, as mentioned
above in Sect. 2. The Poisson’s ratio was 0.20 [41]. Young’s
modulus was found by matching the FEM model frequency
of vibration of mode f 30 to the experimental frequency with
null internal pressure; in other words, the structure’s con-
crete’s Young’s modulus was that one in which the FEM
model produced a frequency of vibration of the f 30 mode at
30.50 Hz.

Table 5 presents the basic material parameters utilized for
the FEM model analysis.

With the available data, we cannot be fully certain that
we have selected the correct mode of vibration to match the
FEM model and experimental frequencies. However, Lott
[42] studied this same structure using a different technique
based on wave propagation phenomena, two years before our
experiments, and determined this same modal shape vibrat-
ing at 27 Hz, very close to the frequency of vibration result we
observed; moreover, the obtained structure’s Young’s modu-
lus ERC is consistent with the amounts of the constituent
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materials (steel, concrete and post-tensioning steel), their
elastic characteristics, and the structure’s age.

4.2 Linear and Nonlinear Effects

In the FEM model, the lower face of the concrete floor was
restrained from displacing and rotating. The internal pressure
was applied onto the inner faces of walls, ceiling, and floor. A
linear-elastic material was considered, using the parameters
presented in Table 5, and geometric nonlinearity was enabled.
Figure 7 contains an image of the FEM model geometry and
the resulting mode-shape associated to the f 30 at null internal
pressure.

The internal pressure was increased between 0 and 4 bar
in steps of 1 bar by doing a parametric study in COMSOL.

The FEM model and experimental results of f 30 frequency
variation with respect to internal pressure are presented in
Fig. 8.

In Fig. 8a we see that even though the experiment yielded
only one distinct frequency mode near 30 Hz, the FEM
model produced three modes around that frequency. The
frequencies of vibration of these three modes, as well as
the experimental frequency, increase with increasing inter-
nal pressure. This frequency vs pressure relationship was
previously seen by Piacsek et al. [40] in a thin-wall alu-
minum container; they founded their results based on the
effect of geometric nonlinearity: the increase of walls’ in-
plane tension affects the vibration phenomena by increasing
the frequency of vibration, such as it occurs in strings under
tension. In Fig. 8, the FEM model mode with the highest fre-
quency is associated to a torsional vibration mode, and the
other two with a flexural-type mode as depicted in Fig. 7b and
c. These latter modes do not yield the same frequency because
of the small non-symmetric structure’s geometric features. It
is noted that as pressure increases the three modes tend to cou-
ple, producing a more complex problem in which frequency
vs. pressure relationship becomes highly nonlinear during a
limited range of pressures. This phenomenon occurs because
not all modes are equally affected by pressure increments.

For the inversion problem of the Young’s modulus
explained in Sect. 4, we decided to match the average of
the two flexural modes to the experimental frequency; thus,
at zero pressure we see in Fig. 8a the two frequencies of
each flexural mode, starting at 30.47 Hz and 30.54 Hz, where
the experimental frequency, 30.50 Hz, is their median value.
Still analyzing Fig. 8a, as pressure increases both the exper-
imental frequency and the FEM model frequency results
increase. The frequency increments in the FEM model, where
the material has a linear constitutive relationship, could be
associated with the geometric nonlinearity activated by the
applied pressure. However, we see that the experimental fre-
quency increases twice as much as the FEM model flexural
frequencies. This additional frequency increment cannot be

explained, not even by accepting that our assumed linear-
elastic material parameters of Table 5 are not correct. Some
physical causes that could explain this discrepancy are: (1)
the existence of undetected modes coupled with the experi-
mental f 30 mode, (2) concrete material behaving elastically
but with softening nonlinearity as internal pressure increases,
(3) pressure-dependent boundary conditions, or (4) structural
stiffening effect due to the compressed air.

Even though we do not have enough information to elu-
cidate which ones of these four hypotheses are actually
affecting the results and how much is their influence, we do
show that a slight material softening nonlinearity (in addi-
tion to the geometric nonlinearity) yields results compatible
with the experimental f 30. Note that this effect opposes the
typical material stiffening observed in plain concrete (not
post-tensioned) under compression—acoustoelastic effect
[43–47]—which could be explained by stating that micro-
cracks get closed as compression increases, so the material
behaves stiffer at higher compression levels (as long as
compression remains below ~ 30% of concrete compressive
strength [45]). If this was the dominant mechanism, increas-
ing internal pressure should decompress concrete and open
the microcracks, and therefore reduce its stiffness and its
frequency of vibration. But results show the opposite trend:
frequency increases as internal pressure increases, implying
therefore a softening behavior. The existence of this soften-
ing behavior could be justified because of the post-tensioning
force, which is compressing the concrete material to stress
levels in which slight softening nonlinearity is likely to occur
[41, 48]. Thus, we ran the same FEM model but considering
a Murnaghan material with third-order elastic constants l �

+ 3000 GPa, m � + 2000 GPa, n � + 1000 GPa. The f 30 fre-
quency vs. pressure results are presented in Fig. 8b. In that
figure, we see that the FEM model flexural frequency curves
and the experimental curve have a very similar behavior. It
should be noted that this apparent consistency does not prove
that this is the actual physical cause governing the problem,
but it is useful to guide further research. In any event, these
results confirm that the geometric nonlinearity alone does not
render a full explanation for the observed behavior; nonlinear
elastic behavior should also be considered.

5 Conclusions

This paper shows the feasibility to monitor the internal pres-
sure of a post-tensioned concrete containment mockup (1/3
scale) during a decennial safety review simulation using
operational ambient vibrations. It was possible to monitor
pressure changes by monitoring the structure’s vibration fre-
quency shifts using a reduced number of accelerometers
(two) attached to the outer side of the inner wall of the
structure and without measuring the dynamic input. This
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Fig. 7 Image of the FEM model
of Vercors a geometry (with
dimensions in meters); and f 30
mode of vibration shape at null
internal pressure observed from
b front view and c top view
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Fig. 8 Experimental and FEM model (numerical) results of f 30 frequency variation with respect to internal pressure P. The numerical results include
three modes around 30 Hz. Subfigure a corresponds to a linear-elastic material and b for a slightly nonlinear elastic material with softening

technique falls in the field of the “output-only dynamic
analysis” or “operational modal analysis” which is gaining
importance for characterization and structural health mon-
itoring of large structures. The frequency peaks associated
to different modes of vibration tend to increase as pressure
increases and vice versa. A new variant of a multi-variable

correlation was computed to fit the frequencies vs. pres-
sure data. This correlation, which had an adjusted coefficient
of determination R2 equal to 0.9 and a standard error of
0.29 bar, allows to robustly predict the internal pressure. A
pressure leakage was clearly identified during pressure bear-
ings. However, the correlation computed over a large pressure
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range (4 bar) was not capable of successfully predicting the
absolute pressure leakage (0.1 bar). An FEM model of the
structure was built and the frequency vs. pressure was studied
focusing on the mode around 30 Hz. The FEM model fre-
quency increased with increasing pressure, probably due to
the geometric nonlinearity induced by the internal pressure.
However, the experimental frequency results of the mode
around 30 Hz increased twice as much as the results yielded
by the FEM model with a linear-elastic material. An FEM
model including nonlinear material with softening yielded
results that are in good agreement with the experimental data,
but this may not be the only cause. Other possible causes
which may explain this discrepancy include mode coupling,
variable boundary conditions, and/or effect of compressed
air. Further research is needed to elucidate which ones of
these are significant. For future work, we will test higher
sensitivity sensors in order to detect structural vibration dur-
ing pressure bearing stages, we will use special sensors to
measure the lower frequency modes and an increased num-
ber of sensors to improve identification of the modal shapes.
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