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Abstract
The installation of vibration-based structural health-monitoring systems relying in the study of natural frequencies to assess 
the condition of civil engineering structures is becoming more and more common. The extraction of these monitoring features 
can be achieved through automated operational modal analysis, combining output-only identification methods with cluster 
analyses, and comparing the identified modal properties with references, in a process known as modal tracking. However, 
changing environmental and operational conditions affect the dynamic behaviour of structures, disturbing the process of 
modal tracking, which may lead to the loss of important information and to misidentifications. In this context, this paper 
proposes a new methodology for modal tracking within the scope of automated operational modal analysis, especially pre-
pared for scenarios with strong external influence on modal properties. A concrete arch dam with large variations of some 
natural frequencies is used as case study, and the proposed methodology is compared to a standard procedure using a quite 
unique monitoring data set continuously collected for 3 years.

Keywords Vibration-based monitoring · Operational modal analysis · Operational and environmental effects · Modal 
tracking · Dam monitoring

1 Introduction

Structural Health Monitoring (SHM) is an established 
research field addressing the main issues related to the study 
of civil engineering structures and their condition through 
the analysis of numerical and data-driven models [1, 2]. 
Many different monitoring systems considering real-time 
data have been implemented in quite many different types 
of structures through the years, from bridges to buildings 
or towers [3–5], to better understand structures and how to 
model them, but also to study how their behaviour evolves 
under varying conditions [6, 7] and their state deteriorates 
over time [8].

More specifically, vibration-based monitoring systems 
take advantage from structural vibrations due to ambi-
ent excitation, allowing to characterize the behaviour of a 

structure under normal operating conditions. Nevertheless, 
since the time-series of accelerations recorded in situ are 
dependent not only on the structure they are measured, but 
also on the excitation that originates them, they by them-
selves do not constitute an interesting monitoring feature. 
Therefore, vibration-based health monitoring is commonly 
associated with automated operational modal analysis [9, 
10], allowing to continuously identify the structure’s modal 
properties, which are then used as monitoring features to 
evaluate the structures health condition evolution over time 
and the eventual emergence of a novel structural behaviour 
[11–14].

However, the automation of operational modal analysis 
involves many processing steps where errors and the loss of 
valuable information can occur and be propagated [15–17]. 
One of the most important and challenging steps consists in 
the sequential assignment of estimated modal properties to a 
particular vibration mode, a process known as modal track-
ing, which is commonly achieved through the comparison 
between the estimated natural frequencies and mode shapes 
with reference modal properties characteristic of a deter-
mined mode.

Effective procedures for modal tracking have been devel-
oped in the past and validated with experimental applications 
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[13, 18–20]. Although, with scenarios when environmental 
and operational conditions strongly and suddenly affect 
modal properties, including natural frequencies and mode 
shape complexity, classical procedures may struggle to pre-
sent satisfactory results. In this context, this paper proposes 
a new methodology for modal tracking within the scope of 
automated operational modal analysis, especially prepared 
for scenarios with strong and sudden external influence on 
modal properties. A concrete arch dam with large variations 
of some natural frequencies is used as case study, and the 
proposed methodology is compared to a standard procedure 
using data from 3 years of continuous monitoring. Examples 
of other methodologies exploring the use of dynamic refer-
ences and thresholds can be found in [21–23].

The standard procedure for modal tracking and the pro-
posed methodology are presented in Sect. 2. The case study 
used to validate the new methodology is presented in Sect. 3, 
where the modal properties of the structure and the condi-
tions affecting them are shown. Finally, the main results and 
validation of the methodology are presented in Sect. 4.

The main contributions of the paper consist in the meth-
odology for modal tracking that is proposed and validated, 
in the presentation of an effective application of vibration-
based monitoring of a concrete arch dam during three 
years, which is still uncommon in this type of structures 
[24], though a few applications have been developed in the 
recent past [25–28], and on the report of quite unique natu-
ral frequencies variations mainly motivated by the reservoir 
water level variations.

2  Tools used for automated operational 
modal analysis

2.1  Standard procedure for AOMA

Automated operational modal analysis (AOMA) [15] is used 
to continuously estimate the modal properties (natural fre-
quencies, damping ratios, mode shapes) of a structure over a 

period, with the minimum human intervention possible. The 
procedure consists in the successive application of opera-
tional modal analysis algorithms to groups of time-series 
of accelerations acquired on site over time, resulting in the 
continuous characterization of structural dynamic behaviour 
through different sets of modal properties obtained for each 
period analysed. These data can be processed in real time, 
as soon as the time-series are acquired, or later.

The procedure for automated operational modal analysis 
described in [29] has been widely adopted by the scientific 
community and used successfully in quite different applica-
tions [13, 19, 30–32]. In short, it develops as follows:

• (S1) definition of a set of reference modal properties 
(using ambient/forced vibration tests or numerical mod-
els);

• (S2) selection of a group of time series measured by 
the monitoring system during a defined period t (e.g. 
t = 30 min);

• (S3) application of a parametric output-only identifica-
tion method to the time series selected in (S2) using mod-
els of several orders;

• (S4) elimination of unstable poles after the application 
of stabilization criteria;

• (S5) performance of cluster analysis to group poles from 
different model orders representing the same mode;

• (S6) modal tracking of the structure’s modal properties 
through the comparison between the clusters obtained in 
the previous point and the reference properties defined in 
(S1);

• (S7) selection of the next group of time series and repeti-
tion of the cycle from (S3) to (S7).

To complement the previous description, a schematic 
representation of the methodology is presented in Fig. 1.

The comparison performed in step (S6) between iden-
tified (pole,i) and reference modal properties (ref,k—
reference of mode k) comprises two conditions related 
to the similarity between natural frequencies and mode 

Fig. 1  Standard procedure for 
automated operational modal 
analysis [27]
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shapes. Moreover, identified poles are only associated 
with a vibration mode if both the following conditions 
are verified:

where fref,k and fpole,i represent the reference natural fre-
quency of mode k and that of the evaluated pole i, while 
 modeshaperef,k and  modeshapepole,i represent vectors contain-
ing the modal ordinates of the reference mode shape of mode 
k and the one from the evaluated pole i. The definition of 
frange should consider that structures are subjected to chang-
ing operational and environmental conditions that affect 
their dynamic behaviour throughout the year, therefore it is 
common for this limit to assume values between 5 and 10%. 
On the other hand, the modal assurance criterion (MAC) 
[33], defined in Eq. (3), is widely used as a mean to measure 
the similarity between two mode shapes, varying from 0 
(completely distinct mode shapes) to 1 (directly proportional 
mode shapes). Values between 0.8 and 0.95 are commonly 
accepted for  limitMAC.

2.2  Proposed methodology

In the standard procedure for automated operational modal 
analysis presented in the previous section a single set of 
modal properties is used as reference, consisting of one 
value of frequency and a vector of modal ordinates for 
each vibration mode. However, in applications where oper-
ational and environmental conditions strongly affect the 
modal properties of the structure, it will be necessary to 
account for the variability due to these external conditions, 
guaranteeing no true estimates are being left out of the 
modal tracking ranges. Therefore, a choice arises between 
using tighter limits (frange and  limitMAC) in step (S6), losing 
valuable information, or using looser limits, which may 
lead to considerable numbers of misidentifications.

In this sense, it is proposed to substitute the fixed set of 
reference modal properties for a moving set of references 
using information from previous identifications and the 
measurement of external conditions.

To obtain the set of moving reference natural frequen-
cies, the following new procedure is proposed:
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• (N1) application of the standard procedure to a batch of 
data from a period large enough to conveniently charac-
terize the environmental conditions affecting the struc-
ture, using loose limits in step (S6);

• (N2) definition of a multiple linear regression model 
between the natural frequencies identified with the stand-
ard procedure and variables representing the external 
conditions affecting the structure;

• (N3) definition of a vector of frequency references for 
each vibration mode, using the regression model built in 
(N2);

• (N4) application of standard procedure substituting the 
fixed frequency references by the new moving ones, 
according to the external conditions verified during the 
period under analysis.

Additionally, for each vibration mode, a matrix of r + 1 
reference mode shapes is used, including the original fixed 
reference and the mode shapes of the r previous identified 
poles. Equations (1) and (2) are then substituted by Eqs. (4) 
and (5):

where fref, k, reg represents the frequency reference 
obtained from the regression model, for each mode k, and 
 modeshaperef, k, r+1 represents each of the r + 1 reference 
mode shapes associated with each vibration mode k at a 
certain time. A scheme of the procedure to update reference 
mode shapes during modal tracking is presented in Fig. 2. 
In this work a value of r equal to 5 is adopted.

Moreover, the calculation of the value of MAC is sub-
stituted by and extended version (MACX), suited to deal 
with complex vibration modes. This extended version is 
presented in Eq. (6), as proposed by [34], and it has the par-
ticularity of becoming the same as the original MAC when 
purely real modes are at stake.
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3  Foz Tua dam

3.1  Description of dam and monitoring system

The Foz Tua hydroelectric development is located in the 
north of Portugal and it is constituted by a power plant 
installed with 270 MW of power capacity and by a 108 m 
high, double-curvature concrete arch dam, whose con-
struction was concluded by the end of 2016. The 275 m 
long arch (crest length) is composed of 18 concrete blocks, 
separated by vertical contraction joints, and includes six 
visit galleries at different levels. The full storage level is 
at 172 m. Figure 1a shows a picture of the dam and its 
reservoir dated November 2016, before the start of the 
exploration period.

The dam has been equipped with a vibration-based 
structural health-monitoring system composed primar-
ily of 12 uniaxial, force-balance accelerometers that were 
radially disposed over the first two visit galleries, attend-
ing to the results of forced vibrations tests and the analy-
sis of a numerical model of the structure. Four acceler-
ometers are in the upper visit gallery (GV1), divided by 
the two sides of the dam’s spillway gates, and the other 
eight accelerometers are in the second visit gallery (GV2). 
All the accelerometers are configured to measure in the 
range − 0.25 g/+ 0.25 g and connected to a set of digitiz-
ers, being the synchronization of the data accomplished 
by GPS.

The position of the accelerometers is characterized 
in Fig. 3b by blue dots in a scheme of the dam. There is 
one extra accelerometer positioned in the left side of the 
structure, which is not entirely symmetric. The continuous 

Fig. 2  Procedure to define reference mode shapes

Fig. 3  Foz Tua dam: a aerial view [35]; b disposition of accelerometers
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dynamic monitoring system is configured to record 30-min-
long time series of accelerations, though this length can be 
adjusted if necessary.

3.2  Vibration levels

Concrete dams are generally located in remote places, apart 
from intense human activity, and therefore subjected to very 
low intensity excitations, of the order of just a few micro g 
[36], which poses a challenge to the performance of vibra-
tion-based structural health monitoring. This excitation is 
due to the natural conditions in their surroundings, such as 
the effect of the wind, the occurrence of small seismicity 
and wildlife activity, as well as to human related affairs such 
as the eventual passage of nearby road/rail traffic and the 
normal daily operation of the structure.

In the case of Foz Tua dam, no excitation is purposely 
applied in the structure with the intention of performing 
modal identification and the prevalent source of excitation 
is due to the electricity production operations in the nearby 
power plant, when it is active. Maximum accelerations, and 
their root mean square (RMS), were determined for each 
30-min-long time series to characterize the magnitude of the 
vibration levels verified in the structure during the continu-
ous monitoring. This characterization is presented in Fig. 4 
for the period between January 20 and February 10, 2018, 
where each colour corresponds to a different accelerometer. 
It is possible to clearly distinguish two different stages in the 
operating conditions:

(a) a first stage on the left part of each figure, when higher 
vibration levels with clear differentiation between 
accelerometers occur, indicating an uninterrupted 
operation of the power plant.

(b) a second stage on the right part of each figure, when 
much lower vibration levels are recorded along with 
sparsely distributed higher accelerations, suggesting 
pure ambient vibration as source of structural excita-
tion during most of the presented setups.

Though higher vibration levels occur when the power 
plant is operating, it is worth noting that in this scenario, 
the turbine rotation frequency (185.5 r.p.m. ~ 3.09 Hz) pol-
lutes the time series of accelerations, becoming a source of 
misidentifications during the process of modal tracking. The 
strategy presented in [37] is used to minimize this parasite 
effect, consisting of the elimination of poles with frequency 
equal to 3.09 Hz and damping below 0.4%.

3.3  Modal properties of the structure

The covariance-driven stochastic subspace identification 
method (SSI-Cov) [38] was used on 30-min long time series 
of accelerations with a sampling frequency of 25 Hz to iden-
tify the modal properties of the structure, after application 
of eighth-order low-pass Butterworth filtering [39] with a 
cut frequency of 8.5 Hz. Model orders between 2 and 150 
were considered along with maximum lags of the correlation 
functions equal to 50 points, having in mind state-of-the-art 
recommendations [40] and tuning of the algorithm in some 
relevant setups.

The first five vibration modes were identified from time-
series recorded on December 8th, the first day of monitor-
ing, and the natural frequencies, damping values and modal 
configurations obtained are presented in Table 1. The first 
five vibration modes can be found between 3 and 7 Hz, with 
damping values between 1 and 1.5%. A three-dimensional 
representation of the modal configurations is presented in 
Fig. 5, where the modal ordinates are represented with blue 
dots and the full modal configurations were obtained using 

Fig. 4  Maxima and RMS 
accelerations measured between 
20/01/2018 and 0/022/2018

Table 1  Modal properties of Foz Tua dam—08/12/2017

Mode Frequency (Hz) Damping (%) Description

1 3.03 0.95 Antisymmetric
2 3.26 1.47 Symmetric
3 4.19 1.37 Symmetric
4 5.61 1.36 Antisymmetric
5 6.72 1.98 Symmetric
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interpolations. This representation considers only the results 
from accelerometers located from position 5–12 (see Fig. 3) 
with purpose of favouring the distinction between symmetri-
cal and anti-symmetrical shapes. In this case, the first and 
fourth modes are anti-symmetrical and the second, third, 
and fifth present symmetrical mode shapes. The identifica-
tion of other modes, even though possible, is conditioned 
by the number of sensors available in the same horizontal 
alignment (GV2), making it harder to correctly identify the 
mode shape of superior mode orders.

The modal properties here presented are used as fixed 
references in the automated operational modal analysis pre-
sented in the next section.

3.4  Preliminary analysis of natural frequencies 
variations

A straightforward method to perform a preliminary analy-
sis on the evolution of natural frequencies consists of the 
application of the singular value decomposition to each time 

series of acceleration and the assembly of the sample’s spec-
tra first singular values, allowing the construction of a colour 
map. In this type of figures, colours are functions of inten-
sity, with warm colours (red) associated with more energy 
in the respective frequency bands. Therefore, approximate 
estimates of the natural frequencies of the structure are indi-
cated by red zones.

A colour map with the evolution of natural frequencies 
for four days is presented in the left part of Fig. 6. It is pos-
sible to differentiate four red horizontal alignments between 
3 and 6 Hz, which corresponds to the first four vibrations 
modes, and a fifth alignment showing important variations, 
which corresponds to the fifth mode.

The shape of the frequency variations presented by the 
fifth mode follows the inverse shape of the evolution of the 
water level of the reservoir in the same period, which is pre-
sented in the right part of Fig. 6. Such a similarity suggests 
a strong influence of this operational condition on the modal 
properties of the structure, in accordance with the results 
presented by previous works on the monitoring of concrete 

Fig. 5  Modal ordinates of the 
first five vibration modes of Foz 
Tua arch dam at instrumented 
points

Fig. 6  On the left: colour map 
of natural frequencies; on the 
right: reservoir water level
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dams [25, 41]. It is worth noticing, though, that in the case 
of Foz Tua dam this effect seems to be unusually preponder-
ant, since variations of less than 3 m in the level of water in 
the reservoir led to variations of almost 1 Hz in the natural 
frequency of the fifth vibration mode.

4  Results

4.1  Validation of the proposed methodology

The standard AOMA procedure described in Sect. 2 was 
used to identify and track the modal properties of Foz Tua 
dam first five modes of vibration for 3 years. The natural 
frequencies and mode shapes presented in Table 1 and Fig. 5 
were used as fixed references and the values adopted for frange 
and  limitMAC were, respectively, 10% and 0.85.

The success rates for the identification of the first five 
vibration modes, between 01/01/2018 and 31/12/2020, using 
the standard procedure are presented in Table 3 (“previous 
success rate”). Though the first three modes of vibration 
were tracked in more than 70% of the analysed setups, modes 
4 and 5 could not be tracked in more than half of the setups.

To improve the results, the new methodology proposed in 
Sect. 2 is applied. First, a multiple linear regression model 
is built having in mind the case study presented in [27]. 

One year of data measured during 2018 was used to train de 
model, consisting of the following variables:

• Natural frequencies identified with the standard proce-
dure;

• Reservoir water level (see Fig. 7);
• The square values of the reservoir water level;
• Ambient temperature (see Fig. 8);
• 2-day moving average of ambient temperature, to account 

for thermal inertia in concrete.

Observing Fig. 7, it becomes clear that during the year of 
2018, the level of water in the reservoir varies only between 
166.5 and 170 m but presenting sudden variations. On the 
other hand, the ambient temperature evolution presented in 
Fig. 8 shows clear daily oscillations and the expected sea-
sonal wave.

Different vibration modes are dominated by different 
external conditions. This is clear through the analysis of 
Fig. 9 where the frequencies of the first and fifth modes 
are represented together with the external effect dominat-
ing their variations, temperature and reservoir water level, 
respectively.

The multiple linear regression models built for each 
vibration mode present a strong ability to predict the 

Fig. 7  Evolution of reservoir 
water level (above sea level) 
during 2018

Fig. 8  Evolution of ambient 
temperature and respective 
2-day moving average during 
2018
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values of natural frequencies at a certain moment, as 
shown by the coefficients of determination presented in 
Table 2, with values equal or above 0.85. The coefficients 
related with each variable composing the regression mod-
els are also presented in this table. Adding coefficients 
of variables related with water level and temperature, a 
relative preponderance of each effect is obtained for each 
vibration mode.

The process of modal tracking was then repeated, now 
considering the moving frequency references obtained from 
the application of the regression models, and the moving 
mode shape references as defined by Eq. 5. Additionally, 
MACX was used to compute the similarity between mode 
shapes and the values adopted for frange and  limitMAC were, 
respectively, 5% and 0.85.

The evolution of tracked natural frequencies is presented 
in Fig. 10, where each point represents a 30-min estimate. 
The observation of the evolution of natural frequencies sug-
gests that the first four modes are mostly affected by the 
seasonal thermal wave, while the behaviour of the fifth mode 
is dominated by the variations in the level of water in the 
reservoir.

The success rates for the modal tracking using the pro-
posed methodology are presented in Table 3, along with 
the statistical characterization of natural frequencies and 
damping values. All success rates increased comparatively 
to the application of the standard methodology, with spe-
cial emphasis to the cases of modes 4 and 5 which doubled 
the number of tracked estimates. The unusual variabil-
ity of the fifth mode natural frequency is also defined by 

Fig. 9  Relation between natural 
frequencies and respective 
dominant external effects

Table 2  Multiple linear 
regression model: coefficients 
of determination

Mode 1 2 3 4 5

Coefficient of determination R2 0.88 0.85 0.88 0.89 0.96
Linear regres-

sion coeffi-
cients

Intercept 3.068 3.287 4.310 5.730 6.631
Water level − 0.283 0.239 − 1.119 3.943 6.000
Squared water level 0.266 − 0.261 1.089 − 4.016 − 6.257
Ambient temperature 0.0043 0.0051 0.0091 0.0127 0.0287
2-day temperature average 0.0317 0.0155 0.0874 0.1149 0.0313

Fig. 10  Evolution of natural 
frequencies between 01/01/2018 
and 31/12/2020
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the abnormally high value of its standard deviation (fstd), 
which is equal to 0.276 Hz.

A 6-week zoom of the tracked natural frequencies is 
presented in Fig. 11 using black points, which are over-
lapped with the colourmap obtained with singular value 
decomposition for the same period, showing a synchro-
nous evolution of the natural frequencies with the hotter 
lines of the map. On the one hand, Fig. 11 proves the 
tracked frequencies follow the real evolution of the natural 
frequencies and not just the trend provided by the regres-
sion models used to predict the best possible frequency 
references. On the other hand, the few outliers that can be 
found throughout the figure prove that the tracking algo-
rithm does not force any specific path and that random 
variability is still permitted. Anyhow, it would be possible 
to reduce even more the number of outliers decreasing the 
value of frange.

Finally, dashed lines are used in Fig. 11 to point local 
maxima (dark blue) and minima (light blue) of reservoir 
water levels, which are in all cases close to global extreme 
values. The mode shapes obtained for modes 1 and 5 in these 
setups are presented in Fig. 12, using corresponding colours. 
Through the analysis of the two figures, it becomes clear that 
water level has a strong effect on the mode shape of mode 5, 
but limited influence on the mode shape of mode 1.

4.2  Additional considerations on the effect of water 
level

It was shown before that the variations in the reservoir water 
level have a strong effect not only on the fifth mode natu-
ral frequency, but on its mode shape as well. This is clear 
through the observation of Fig. 12, where mode shapes are 
presented for extreme values of water level. Additionally, 

Table 3  Characterization of 
the tracked modal properties 
between 01/01/2018 and 
31/12/2020, using the proposed 
methodology

Mode Previous success 
rate (%)

New success 
rate (%)

f
mean

 (Hz) f
std

 (Hz) �
mean

 (%) �
std

 (%)

1 86.9 95.5 3.07 0.046 1.02 0.345
2 98.5 99.2 3.29 0.039 1.29 0.326
3 69.0 93.8 4.33 0.120 1.43 0.353
4 44.6 93.3 5.75 0.159 1.32 0.311
5 36.9 80.7 6.64 0.276 1.26 0.496

Fig. 11  6-week evolution of 
tracked natural frequencies

Fig. 12  Mode shapes of modes 
1 and 5 at points defined in 
Fig. 11, corresponding to maxi-
mum and minimum values of 
reservoir water level
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the mode shapes of the fifth vibration mode are presented in 
Fig. 13 for four water level scenarios identified between the 
1st and 2nd of January 2019, gradually increasing from 168 
and 169 m, showing that the mode shape variation progres-
sively follows the increase in the level of water.

Additionally, the modal phase collinearity (MPC) [42], 
a measure of the level of complexity of a mode shape, 

decreases from 0.993 to 0.848 in the same period, suggest-
ing variations in water level are affecting mode complexity 
as well. In this context, a comparison between the evolution 
of water level and the MPC of the fifth mode for 10 days is 
presented in Fig. 14, showing an inverse correlation between 
the two variables, since the values of MPC decrease when 
the level of water in the reservoir increases, and vice versa. 
Finally, Fig. 15 presents the evolution of the MACX of mode 
5 relative to the fix reference, during the same period, show-
ing once more the effects of water level in this mode shape.

These results support the need for the use of moving 
mode shape references (as proposed in Eq. 5) and for the 
comparison between mode shapes using the extended ver-
sion of the modal assurance criterion (MACX).

5  Conclusion

A new methodology for modal tracking within the scope of 
automated operational modal analysis was proposed with the 
intention of improving the outcomes of the current standard 
procedure. The proposed methodology is especially prepared 
to deal with extreme and sudden modal variability due to the 
effects of environmental and operational conditions and with 
complex vibration modes.

Fig. 13  Mode shape of the fifth vibration mode for increasing values 
of water levels

Fig. 14  Comparison between 
the variation of the level of 
water in the reservoir and the 
modal phase collinearity of the 
fifth mode shape. Water level 
axis in reversed for comparison 
purposes

Fig. 15  Comparison of the 
evolution of MACX of mode 5 
relative to the fix reference
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The vibration-based monitoring of a concrete arch dam 
for three years was presented as case study and used to 
validate the proposed methodology through the comparison 
between results obtained with it and with a standard proce-
dure. It was possible to considerably improve the success 
rates in modal tracking using the methodology proposed, 
especially for the vibration modes that are more affected by 
external conditions.

The studied arch dam shows a quite unique behaviour, 
with different vibration modes being primarily affected by 
different external conditions. The behaviour of the dam’s 
fifth vibration mode is particularly peculiar, presenting fre-
quency variations of more than 1 Hz in just a few hours, 
constituting a true challenge for modal tracking tools. This 
behaviour is clearly triggered by the effect of water level 
variations, which has impact on the total vibrating mass and 
on the hydrostatic pressure in the arch, leading to the partial 
closing and opening of the dam’s contraction joints.

Though the proposed methodology is presently validated 
using data from an arch dam, it should be able to perform 
well also when applied in the monitoring of other types of 
structures, such as bridges and wind turbines. It presents 
the drawback of needing the a priori definition of the envi-
ronmental and operational conditions affecting the structure 
and their use as input variables in the characterization of the 
regression models estimating frequency references.

In future research, the authors intend to compare the suc-
cess rate of the methodology proposed with other methods 
using adaptive thresholds.
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