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ABSTRACT 

The Stockholm Waterfront Congress Centre houses a performance venue with a 
capacity of 3000 spectators, of whom 1650 will be seated on a stand in a 
cantilevered part of the building. Due to its structural design, the building has 
a number of natural frequencies in the range of what a jumping crowd can 
produce. As the venue may be used for pop concerts, it must be ensured that no 
excessive vibrations will occur. This study describes an operational modal 
analysis performed on the building, aiming to estimate its dynamic properties 
and compare these to the results from a finite element analysis (FEA).  The 
measurement series comprised 10 setups and the data was analyzed using the 
frequency domain decomposition method. A number of possible natural 
frequencies were estimated, of which three could be considered relatively 
reliable. Comparison with the FEA results indicated that the structure was 
stiffer than predicted. This is explained by the conservativeness of the FE 
model along with low excitation levels during the measurements. Furthermore, 
not all mass was in place at the time of the measurements, which is likely to 
have affected the results.  
 
 
An extended summary in Swedish can be found in Appendix B.  
 
 
Keywords: Operational modal analysis, OMA, Frequency Domain 
Decomposition, FDD, experimental dynamics, human-induced vibrations, 
spectator-induced vibrations, rhythmic excitation, Stockholm Waterfront 
Congress Centre. 
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1. Introduction 

1.1 Background 
The Stockholm Waterfront Congress Centre (SWCC) houses a performance 
venue with a capacity of 3000 spectators, of whom 1650 will be seated on a 
stand in a cantilevered part of the building. Due to its structural design, the 
building has a number of natural frequencies in the range of what a jumping 
crowd can produce. A finite element analysis (FEA) of the building was 
performed in the design phase, yielding estimates of these frequencies and the 
corresponding mode shapes. Because of the complexity of the structure, it was 
recognized that measurements should be performed on the finished building to 
verify the results from the FEA. The measurements were to be performed in 
two steps: first, the natural frequencies and mode shapes were to be estimated 
for verification and possibly updating of the FE model. After this, tests were to 
be performed with a group of people exciting the building at the identified 
natural frequencies. This thesis concerns the first of these two steps.  
 

 
Figure 1. The Stockholm Waterfront Congress Centre 

 

1.2 Aim and Scope 
The aim of the study was to perform an operational modal analysis of the 
SWCC to experimentally estimate its low-range natural frequencies. The 
experimental frequency estimates were then to be compared with the 
frequencies predicted by the FEA. The performance of and results from the 
OMA are presented and discussed in Appendix A; the following text provides 
additional insight into the theories behind the problem and the analysis 
technique, as well as more detailed descriptions of the measurement and 
analysis procedure. 
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2. Literature Study 
It is well established that a group of people can excite a structure to resonance 
by moving rhythmically at one of its natural frequencies [1]. The specific case 
of spectator-induced vibrations has caused problems on several occasions [2-5]. 
Besides the possibility of structural damage, which, indeed, has occurred [2], 
the mere perception of vibrations may cause the audience to fear for their 
safety, which could evolve into panic [6]. As displacement magnitudes are 
usually considerably overestimated by the individuals experiencing the 
vibrations, this reaction may occur long before there is any actual danger of 
collapse [6]. 
 
The literature study is confined to the two areas of immediate interest for the 
experiments: the phenomena of crowd-induced vibrations and the estimation of 
the dynamic properties of a structure.  
 

2.1 Crowd-induced Vibrations 
Crowd-induced vibrations have commonly been studied in the context of 
grandstands at sport venues, which are increasingly being used for music 
events. Research has included measurements at rock concerts [5,7] and sport 
events  [7-9], as well as laboratory experiments [10-13].  
 
Special attention has been given to load modeling and vibration limits, both 
associated with large scatter because of the human factor. People do not move 
in perfect synchronization, nor do they have the same vibration tolerance levels; 
furthermore, the very presence of the crowd changes the properties, thus the 
response of, the structure [9]. Much of the research has been aimed at finding 
design models for these highly stochastic processes. Some of the results are 
briefly discussed below.  

2.1.1 Load Modeling 

An individual is able to jump within a frequency range of 1.5-3.5Hz [14], 
extended to 7 Hz for bobbing, where the person’s feet do not lose contact with 
the floor. For jumping, the inability of a group of people to move in perfect 
synchronization reduces the effective range to 1.5-2.8 Hz, and the intensity has 
been found to be the largest between 2-3 Hz [15].  
 
Many studies [8,10,12] have shown that, for rhythmical loading, the load from 
a group of people will be smaller than the sum of their individual loads. This 
phenomenon is referred to as the group effect, and is caused by lack of 
synchronization between the group members.  Ebrahimpour and Sack (1992) 
[10] found that for groups greater than 10 people, the load reduction factor 
stabilized at 0.65; this is supported by Tuan (2004) [8], who reported a factor 
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of 0.53 after measurements on an existing stadium. The British Design Code 
BS6399 uses a reduction factor of 0.67. Kasperski (2002) found that the use of 
reduction factors produce overly conservative results [6]. In view of this, he 
proposed a probabilistic design model based on non-exceedance criteria. 
 
The rhythmic load from the crowd can be represented by a set of harmonics 
that are integer multiples of the fundamental load frequency; if the crowd 
jumps at 2 Hz, the first three harmonics will be at 2, 4 and 6 Hz [15]. The 
group effect attenuates the higher harmonics more than the lower ones, and 
jumping spectators can generally be modeled by the first and second harmonics 
only [14]. If one of these is close to a natural frequency of the loaded structure, 
resonance will occur.  
 

2.1.2 Vibration Limits 

The vibration level a person finds acceptable depends on the activity she is 
engaged in; larger vibrations can for instance be tolerated in a factory than in a 
restaurant [16]. Figure 1 shows a set of design curves based on tolerance 
criteria. The curves have been obtained by multiplying the base curve by the 
factors given in Table 1 [16]. 
 
As is clear from the table, location, time of day and duration all influence the 
tolerance level. A similar curve exists for horizontal vibrations, where 
perception levels are approximately 70% of those related to vertical vibrations.  
 
It is, thus, reasonable to assume that quiescent spectators are more likely to be 
disturbed by vibrations than audience participating in the jumping is. Results 
from Pernica (1984) [5] suggest that the jumping crowd is relatively insensitive 
even to large vibrations, and Comer et al. (2010) [12] reported that a test 
crowd found the vibrations enjoyable rather than unsettling. This may lead to 
continued and increased excitation. Kasperski (1993) has investigated the 
required vibration level for the onset of panic, reporting screams at 
accelerations of 0.35g [6] 
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Figure 1. Vibration tolerance levels [17]. 

 

Table 1. Vibration weighting factors. Adapted from [17]. 
 

Place Time 
Continuous or 
intermittent vibration 
and repeated shock 

Impulsive shock with 
several occurrences  
per day 

Critical working areas (e.g.  
an hospital operating room) 

Day 1 1 
Night 1 1 

Residential 
Day 2-4 60-90 
Night 1-4 20 

Offices 
Day 4 128 
Night 4 128 

Workshops 
Day 8 128 
Night 8 128 

 

2.1.3 Implications for Structural Design 

There are two ways of reducing the risk for human-induced vibrations in a 
structure: ensuring a high fundamental frequency or limiting the magnitude of 
the response at resonance. In the U.K., an Interim Guidance [14] has been 
developed for the design of grandstands, in which a lower frequency limit of 6 
Hz is recommended for stands intended for pop concerts. It is evident that it is 
important to investigate the natural frequencies of a structure that may be 
subject to rhythmic load. How to do this is the topic of the next section. 
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2.2 Experimental Estimation of System Properties 
Modal identification of a large structure is conveniently made by Operational 
Modal Analysis (OMA) [17], which does not require artificial excitation of the 
building. Instead, ambient vibrations from e.g. wind and traffic are used as 
input of unknown magnitude, and are then modeled as white noise in the modal 
identification algorithms. This is highly advantageous because no large and 
expensive excitation equipment needs to be used, which, besides being costly, 
also may damage the structure in the testing process.  
 
In this study, the measurement records are mainly analyzed using Frequency 
Domain Decomposition (FDD) and its enhanced version, EFDD. Attempts 
were also made to use Stochastic Subspace Identification (SSI), but no good 
results could be obtained. The theories behind FDD and SSI are outlined in 
Chapter 3, while this section focuses on previous experiences of the two analysis 
methods.  
 
Relevant reference tests can be found for buildings as well as bridges. A 
frequently mentioned example is the analysis of the Z24 Bridge in Switzerland; 
pending demolition, the bridge was used for destructive experiments and the 
data was analyzed using both FDD [18] and SSI [19]. De Roeck et al. reported 
good results from SSI analysis, which allowed separation of closely spaced 
modes. While recognizing the advantages of SSI, Brincker et al. argued that the 
user-friendliness of FDD might make it more suitable for less experienced 
analysts.  
 
Within building analysis, benchmark analyses were performed by Ventura on 
the Heritage Court Tower in Vancouver [20]. DeRoeck et al. analyzed the 
results using SSI and traditional peak-picking (PP) [21], noting that while SSI 
gave superior results, PP may still find its application in preliminary field 
analysis. Brincker and Andersen analyzed the results using FDD as well as SSI 
and obtained differences below 2 percent for the 11 considered frequencies, 
some of which were very closely spaced [22]. Ventura et al. successfully used 
the results for updating of an FE model of the building [23]. 
 
Another example of OMA used for FE model updating is the 48-story One Wall 
Centre tower, Vancouver, investigated by Ventura et al. [24]. Several 
successful studies have also been made in Portugal: Cunha et al. investigated 
the Vasco da Gama Bridge [25]; Mendes and Baptista analyzed the PT-
Marconi Building in Lisbon [26], and Magalhães et al. performed tests on the 
Braga Stadium [27]. In all three studies, the ambient testing was used to 
validate or update an FE model.  
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There is a great number of positive experiences of ambient vibration testing, of 
which the aforementioned studies are only a small selection. Cost savings and 
significantly reduced risk of structural damage are great advantages over forced 
vibration methods.  
 
OMA is, however, also associated with some limitations. Damping has proven 
more difficult to estimate than mode shapes and natural frequencies, which is 
explained by model uncertainties as well as variations in oscillation levels due 
to uneven ambient excitation [27]. Cunha notes that free vibration testing is a 
good complement to OMA for more accurate determination of modal damping 
[25].  
 
Another restriction is that the mode shapes obtained from OMA are not scaled, 
which makes some useful analysis tools unavailable. For instance, it is not 
possible to construct an input-output model of the system to investigate 
dynamic response [28]. However, Parloo et al. (2002) introduced an 
experimental scaling method based on the sensitivity of the system to mass 
alterations [29]; application of the method on a road bridge gave results in very 
good agreement with those from a reference input-output test [28]. 
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3. Theoretical Background 
The experimental determination of structural modes can be divided into two 
categories: Experimental Modal Analysis (EMA) and Operational Modal 
Analysis (OMA). Experimental modal analysis requires knowledge of both 
input and output, which can be combined to yield a transfer function that 
describes the system [30]. This means that the structure has to be artificially 
excited by vibrators or drop-weights so that the input load can be measured 
[21]. 
 
Operational modal analysis, on the other hand, only requires measurement of 
the output from the system.  This is advantageous for structural engineering 
purposes, since expensive excitation equipment can then be replaced by 
ambient vibration sources, such as wind and traffic. OMA is also referred to as 
output-only analysis, ambient response analysis, and ambient modal analysis 
[17].  
 
There are a number of different output-only analysis procedures; the methods 
described here are Frequency Domain Decomposition (FDD) and Stochastic 
Subspace Identification (SSI). Note that, due to overlapping conventions, some 
of the variables used in section 3.1 are redefined in section 3.2.  
 

3.1 Frequency Domain Decomposition 
Frequency domain decomposition is an extension of the classical peak picking 
technique, in which modes are identified by finding the peaks in the power 
spectrum. In FDD, the spectral matrix for the multi-degree of freedom 
(MDOF) system is decomposed into a set of individual spectral densities for the 
modal single-degree of freedom (SDOF) systems. FDD is a strictly non-
parametric method, which operates directly on the measured data after 
transformation to the frequency domain [30]. The following explanation of the 
FDD is largely taken from [31].  
 
A linearly elastic, proportionally damped MDOF system can be represented as 
a linear combination of modal responses, which for a lumped-mass model takes 
the form 
 

(1) 
1

( ) ( ) ( )
N

i i
i

t q tx Φqφ
=

= =∑ t  

 
Where x(t) is the response vector, φi is the mode shape vector for mode i, and 
qi(t) is the motion of mode i in generalized (modal) coordinates. We now define 
the covariance matrix, which for a stochastic process will take the form of 
expected values.  

(2) 
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( ) ( ) ( )Txx τ E t τ t⎡ ⎤= +⎣ ⎦C x x    

 
In (2), E[⋅] denotes expected value and τ represents a time shift. Inserting the 
modal representation yields 
 

(3) 
( ) ( ) ( ) ( )T T T

xx qqτ E t τ t τ⎡ ⎤= + =⎣ ⎦C Φq q Φ ΦC Φ  

 
The matrix Cqq holds the modal autocorrelation functions on the diagonal, 
whereas the off-diagonal entries are the cross-correlation functions between the 
modes. If the modal responses in generalized coordinates are assumed 
uncorrelated, Cqq is a diagonal matrix containing only the modal 
autocorrelation functions. By using the fast Fourier transform (FFT), we 
obtain a diagonal matrix containing the individual spectral densities of the 
modes. Application of the FFT yields: 
 

(4) ( ) ( ) T
xx qqf f=G ΦG Φ  

 
Where f is a frequency in the spectrum, Gxx contains the power spectral 
densities (PSD) of the response, and Gqq is a diagonal matrix containing the 
modal spectral densities in generalized coordinates. Because Cqq is diagonal, so 
is Gqq. By observing that the mode shape vectors are orthogonal and Gqq is 
diagonal, Equation 4 can be identified as a singular value decomposition (SVD) 
of the response power spectral density matrix. In agreement with Equation 4, 
the decomposition will be of the form  
 

(5) ( ) ( ) ( )Txx f f f=G U ΣV  

 
Where U and V are orthogonal matrices and Σ is a diagonal matrix with 
positive values on the diagonal. The columns of U are the singular vectors, 
which represent the mode shapes, and the entries on the diagonal of Σqq are the 
singular values, which represent the modal spectral densities in generalized 
coordinates. In (4), U and V are identical.  
 
The conclusion is that by performing a singular value decomposition of the 
spectral density matrix at a frequency f, we can obtain estimates of the 
individual spectral densities of the modes contributing to the response at that 
frequency, as well as estimates of their mode shapes. This is the concept of 
FDD.  
 
The SVD reveals the rank of the spectral matrix, which represents how many 
modes significantly contribute to the response at the frequency f. For a setup 
with n sensors, the PSD matrix will be n-by-n, which means that we at most 
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can find n contributing modes. Usually, the response can be described by only 
one or two dominating modes [32].   
 
The singular vector matrix is a function of frequency because the SVD sorts the 
singular values in descending order. Thus, the spectral density of the dominant 
mode will always be in position (1,1) in Gqq, and the corresponding mode shape 
will be in the first column of U [31]. If the singular value matrix is plotted 
against the frequency spectrum, the uppermost graph will at each frequency 
represent the spectral density of the mode dominating response at that 
frequency. Modes will appear as peaks in the graph at their corresponding 
natural frequencies and can be identified by peak-picking. When a peak has 
been determined, the mode shape estimate is given by the corresponding 
singular vector [31].  
 
To ensure that the found peak is indeed a natural frequency and not mere 
noise, the identified singular vector can be compared to an adjacent singular 
vector. The function used for this is referred to as modal coherence [31] and is 
defined by the expression 
 

(6) 1 0 1 1 0( ) ( ) ( )Td f f f= u u  

 
where f0 represents the identified peak frequency, f  is an adjacent frequency 
and u1 is the first singular vector. If the considered peak is noise, the vectors 
will be uncorrelated and d1 will have an expected value of zero; if the peak is a 
mode, d1 will approach unity.  
 
If the peak exceeds a defined modal coherence limit, the next step is to 
determine the range over which the mode dominates, referred to as the modal 
domain [31]. The expression is similar to Equation 6, but the limit is a function 
of the neighboring frequency instead of the peak frequency 
 

(7) 
2 1 1 0( ) ( ) ( )Td f f f= u u  

 
Over a range where d2 is large, the mode corresponding to f0 dominates 
response. By defining minimum limits for d1 and d2, the validation of natural 
frequencies and modal domains can be systematized.  
 
The FDD described above has been extended to the Enhanced Frequency 
Domain Decomposition (EFDD), which increases accuracy further. The 
individual modal power spectra are first identified by observing the correlation 
of each modal vector at frequencies close to its peak. Using the inverse Fourier 
transform, the modal spectra are then transferred back to the time domain, 
where they take the form of modal autocorrelation functions. The natural 
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frequencies can now be determined as the zero crossing times, which gives a 
more accurate estimate because it is not limited by the frequency resolution of 
the Fourier transform. The modal damping is estimated by the logarithmic 
decrement [33]. 
 

3.2 Stochastic Subspace Identification 
SSI is a parametric method, meaning that it fits a parametric model to the time 
data series. While FDD operates in the frequency domain, SSI is performed 
directly in the time domain. The theory behind SSI is only schematically 
outlined below; a more comprehensive explanation can be found in [34].  
 
An n-degree of freedom system can be described by a set of n second-order 
differential equations, given in matrix form in Equation 8. M, C and K are the 
mass, damping and stiffness matrices, respectively, U(t) is the displacement 
vector and F(t) is the load vector. 
 

(8) ( ) ( ) ( ) ( )t t t+ + =MU CU KU F t

k

k

 

 
This representation is inconvenient for experimental analysis, which requires an 
expression in discrete time with possibility of noise modeling. Furthermore, the 
above formulation suggests that all modes are included, which is not always the 
case [35]. The equation can instead be rewritten to a set of n first-order 
differential equations by using the state space model. For a system evaluated in 
discrete time, the representation will be of the form 
 

1k k kx Ax Bu w+ = + +  (9) 
 
where 

 

k
k

k

⎡ ⎤
= ⎢ ⎥
⎣ ⎦

U
x

U
 

 
The vector xk contains the velocities and displacements associated with sample 
k. The state matrix A contains the mass, damping and stiffness properties of the 
system and the input matrix B describes how the deterministic input uk 
influences the next state. The last term, wk contains the process noise [34]. 
 
The measured output can be expressed as a function of the actual state of the 
system: 
 

k k ky Cx Du v= + +          (10) 
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The vector yk is the output of sample k and the output matrix C describes how 
the true state of the system is represented by the measurement; the matrix D is 
referred to as the direct feedthrough term. The term vk is the measurement 
noise [34].  
 
Because SSI is an output-only analysis, the input vector uk is unknown and can 
therefore not be distinguished from the noise. Thus, the state space equations 
are reduced to: 
 

1k k

k k k

x Ax w

y Cx v
+ = +

= +
k  (11) 

 
The SSI matrix operations require that wk and vk are assumed to be white 
noise. It is important to note that if the input has a component that cannot be 
modeled as white noise, the calculation model will interpret this as a pole in the 
state matrix [21]. 
 
The idea of subspace identification is to use the Kalman filter states to find the 
state matrices A and C, from which the modal parameters can be estimated. An 
intuitive explanation is given below.   
 
The Kalman filter produces an optimal prediction of the output xk+1 based on 
the responses up to time k and the system matrices A and C [35]. In classical 
identification, the system matrices are determined from input-output analysis, 
after which the Kalman filter states can be found. SSI is based on the discovery 
that the process can be reversed; the Kalman states can be found directly from 
the output data, followed by estimation of the system matrices [34]. 
 
The algorithms used to find the Kalman states include QR-factorization and 
singular value decomposition. With the Kalman states identified, the system 
matrices become the unknowns in a overdetermined set of linear equations, 
which can be solved by the least squares method. The natural frequencies, 
mode shapes and damping ratios can then be determined by solving the 
eigenvalue problem associated with the equation of motion [34]. 
  
3.3 Normalization of Mode Shapes 
As mentioned in Section 2.2, output-only analysis does not produce scaled 
mode shapes, which prevents the construction of an input-output model of the 
structure. That is, although we have estimates of the mode shapes, we cannot 
estimate the total response to a given load [28]. 
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It is, however, possible to estimate normalization factors using a sensitivity-
based modal scaling method [29]. The procedure consists of placing additional 
loads on the structure, thereby lowering its eigenfrequencies; the difference 
between the natural frequencies obtained with and without load, respectively, is 
then used to calculate scaling factors for normalization of the mode shapes [29]. 
Obviously, the applicability of the method depends on whether it is possible to 
put the additional weights in place. The larger the structure, the larger the 
required increase in mass to produce a sufficient reduction of eigenfrequencies. 
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4. Ambient Vibration Measurements on the SWCC 
A description of the structural design of the building is available in the author’s 
paper presented in Appendix A. This text will focus on the performed 
measurements and the employed analysis procedures. 
 

4.1 Equipment  
All measurements were performed using the MEMS1 accelerometers Si-Flex 
SF1500S.A, which have a nominal sensitivity of 1.2 V/g and a noise floor of 
300 ngrms/√Hz [36]. The electricity was taken from the temporary power 
service, which also supplied electricity to tools such as welders.  
 

4.2 Measurement Region Designations 
Measurements were performed on the raked beams carrying the stand, the truss 
and the concrete sidewalls of the overhang, as well as on the wooden steps on 
top of the stand. The overhang was divided into four areas:  A, B, C and D. 
Sections A, B, and C refer to the areas marked in Figure 2, including adjacent 
walls, truss segments and raked steel beams under the respective sections. 
Section D refers to the floor of the 6th story, visible beneath the stand in 
Figure 2.  

 
 
Figure 2. The stand sections. Each section comprises all elements on, beneath and in the vicinity 
of the section, including concrete sidewalls (sections A and C) and truss elements in the 
overhang. 

                                                       
1 Micro-Electro-Mechanical Systems 
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4.3 Measurement Procedure 
First, a set of preliminary measurements were made to determine what 
excitation levels and resonant frequencies may be expected; a full-scale test was 
then performed that contained a larger number of sensors and setups to obtain 
mode shape estimates as well as frequencies.  
 
Because the measurements were performed before the building was completed, 
the structure was excited by various construction work activities, which could 
produce electrical as well as mechanical disturbances. It was recognized that 
this diverges from the white noise assumption used in the OMA algorithms; 
however, experiments have shown that good results can be obtained in spite of 
contamination of the white noise [37]. The wind speed in the city region was in 
the range of 1.3-4.2 m/s during the measurements, corresponding to 1-3 on the 
12-step Beauford scale [38]. 
 

4.3.1 Preliminary Measurements 

Preliminary measurements were performed using three unidirectional 
accelerometers mounted as a unit measuring in three orthogonal directions. 
Measurements were performed at the three locations shown in Figure 3. The 
measurement period was 300 seconds and the sample rate was 100 Hz.  
 

 
 
Figure 3. Measurement points at the preliminary measurements. The circle signifies a point  
on top of the stand, while the triangles signify points on the 6th story beneath the stand.  
 

4.3.2 Full-scale Measurements 

Because it was difficult to gain access to a sufficient number of measurement 
points on the load-carrying structure, measurements were performed on top of 
the steps as well. These records would include local vibrations in the steps, 
which would have to be separated from the global, structural vibrations. The 
strategy for identifying the local frequencies was to select a few measurement 
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points such that the sensor on the steps was placed on the same vertical axis as 
a sensor on the load-carrying beam below. By comparing the spectral densities 
from the two measurements, it would theoretically be possible to identify the 
frequencies belonging to the steps and remove these by applying filters to the 
time-histories.   
 
Figures 4 and 5 show the measurement points on the load-carrying elements 
and on top of the stand, respectively. The points are numbered based on the 
section they are in. A filled circle indicates that the point is located on a 
structural element, whereas a point on the upper side of the stand is indicated 
by a non-filled circle and an asterisk in the name. For instance, C3 and C3* 
were located on the same vertical axis; C3 was glued to the raked steel beam 
and C3* was screwed to a step. The locations of all points are detailed in 
Table 2.  
 
a) 

 
 
 
Figure 4.  
a)Measurement points on the 
structural elements, top view. The 
exact point locations are detailed in 
Table 2. 
 
 b) Measurement points on the raked 
steel beam (A3) and on the hanging 
column (A5).   
 

b)  

Point C3, located on the raked beam under section C, was a reference point in 
the x-, y-, and z-directions throughout the tests. During the first four tests, 
point B2 acted as a second reference point in the y- and z-directions, while 
during the last six tests point A3 was a reference in the x-, y- and z-direction. 
Point C3* on top of the stand was a reference point in the z-direction in all 
setups. All setups are presented graphically in Appendix C. 
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Figure 5. Measurement points on the wooden steps on top of the stand. 
 

 Table 2. Locations of measurement points. 
Points Location 
A1*- A5* On top of the stand 
B1*- B4* On top of the stand 
C1*- C5* On top of the stand 
A3, B2, C3 On the raked beams carrying the stand 
A5, C5 On the columns hanging from the stand 
A6, B5, C6 On the steel truss 
A7, C7 On the concrete side walls 

 
 
 
 
 
 
 
 
 
 
The sensors were mounted on custom-made bases glued or screwed to the 
structure; bases placed on the raked beams were designed as wedges so that all 
vertical sensors were parallel to the z-axis. In general, the sensors were placed 
parallel to coordinate axes defined in Figure 4. In points A3, C3 and C6 the 
sensors were set up to measure in three orthogonal directions, and could thus be 
placed in the direction of the beams for greater accuracy; the recordings were 
then decomposed into x- and y-components in the analysis.  
 
Each setup was measured for 15 minutes at 100 Hz, which corresponds to a 
Nyquist frequency of 50 Hz and a bandwidth of 0.0011 Hz. During the majority 
of the measurements, construction work was being performed on the building, 
in some cases relatively close to the sensors. The construction work may have 
caused mechanical as well as electrical disturbances, as the measurement 
equipment was connected to the temporary power service. This also supplied 
electricity to tools such as welders, which are known to cause disturbances in 
the time-series.  
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4.4 Analysis Procedure 

4.4.1 Preliminary Measurements 

The records from the preliminary measurements were evaluated using Matlab 
[39], where the time histories were inspected. The data was band-pass filtered 
between 1 and 6 Hz using 8th order Butterworth filters and the power spectral 
densities were calculated using Welch’s periodogram. The principle of Welch’s 
method is to divide the data into a number of equally long segments, which are 
evaluated separately and averaged to improve the quality of the estimation. 
The segments are chosen with a specified overlap to avoid data loss at 
windowing. In this case, the data was divided into eight equally long segments 
with an overlap of 50% and evaluated using a Hamming window. The resulting 
power spectra were squared to amplify the peaks.  

4.4.2 Full-scale Measurements 

An initial analysis of the data was performed in Matlab. The time histories 
were inspected and the four statistical moments (mean, variance, skewness and 
kurtosis) were calculated for all records to get an indication of the divergence 
from white noise. The PSD was calculated using the same method and 
parameters as in the analysis of the preliminary measurements. At locations 
where measurements were made during more than one setup, the resulting 
power spectra were averaged. All power spectra were squared to enhance the 
peaks. 
 
The OMA was performed using the commercial program Artemis [40], which 
allows analysis using FDD and EFFD as well as SSI. Figure 6 shows the wire-
frame model used in the analysis. A Matlab program was written that 
generated the node locations and connections needed to define the model in the 
Artemis input file.   
 
 

 
 

Figure 6. The wireframe model used in the OMA. The green arrows signify 
the locations and measurement directions of the sensors used in the setup. 

 

19 
 



 
It is beyond the scope of this work to give a detailed presentation of the 
functionalities of Artemis, but a short summary is provided below. In brief, 
Artemis performs the singular value decomposition for each setup and plots the 
singular values against the frequencies as described in Section 3.1. The user 
may then peak-pick singular values in the curves, and view the corresponding 
singular vectors (mode shape estimates) graphically represented in the user-
defined wireframe model. It is also possible to estimate modes automatically by 
specifying parameters for the verification that the peak indeed represents a 
mode. The estimated modes can be validated using the Modal Assurance 
Criterion (MAC), which quantifies the similarity between singular vectors 
found at adjacent frequencies on a scale from 0 to 1, 1 representing perfect 
consistency. The interested reader is referred to [40] for more extensive 
information about Artemis. 
 
All records were analyzed without decimation and with a frequency line density 
of 4096, parameters selected based on trial and error. The setups were analyzed 
separately as well as in different combinations. The procedure is outlined below.  
 
Individual Setups 
FDD and EFDD analyses were performed on each individual setup using only 
the sensors mounted on the load-carrying system. The analysis was limited to 
the modes that were automatically detected by Artemis. To capture all possible 
modes, the Modal Coherence and Frequency Lines parameters were changed 
over a rather generous range; for each estimated mode, the current settings 
were noted.  
 
Combinations 1a – 1i 
The setups that had yielded good individual results were combined in 10 
different constellations; if the same measurement point appeared in more than 
one setup in a combination, only one of these records were included. The 
combinations contained a progressive number of sensors, so that while 
Combination 1a contained two setups, Combination 1f contained five setups 
with only a few sensors included in each of them. Tables 3 and 4 display the 
setups and channels included in Combinations 1a and 1f, respectively. 
 
Combinations 2a and 2b 
Because the excitation noise is assumed stationary (constant over time), 
records taken from different setups could theoretically be treated as though 
they had been obtained simultaneously. Eight fictive setups were put together 
by selecting the best individual records from the squared PSD plots. These 
fictive setups were analyzed in two combinations: 2a, which was comprised of 
two larger setups, and 2b, which consisted of five smaller setups.  
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Table 3. Points included 
from the setups used in 
Combination 1a. 

Combination 1a 

Setup 2 Setup 4 
A7 xy A6 y 
B2yz B2 yz 
C3 xyz C3 xyz 
C6 xyz C7 xz 

 
 
 
 
 
 
 
 
 
 
 Table 4. Points included from the setups used in 

Combination 1f. 

Combination 1f 

Setup 2 Setup 4 Setup 5 Setup 6 Setup 9 
A7 xy C3 xyz A3 xyz A6 yz A5 z 
B2 yz C7 x C3 xyz C3 xyz B5 yz 
C3 xyz   C7 yz C3 xyz 
C6 xyz    C5 z 

 
 
 
 
 
 
 
 
 
Combination 3 
This combination consisted of only one fictive setup, which only contained 
sensors mounted on the concrete sidewalls and the truss. The purpose was to 
exclude disturbances caused by construction work on the stand and to focus on 
the overall motion of the building.   

Combination 4 
Upper-level sensors were now added to the combination that had yielded the 
best results among 1a-1h. In a first step, all available good-quality records were 
included; sensors that appeared to disturb the general mode shapes or 
contributed excessively to the response were subsequently removed in a trial 
and error process.  
 
Combination 5 
This combination included only sensors placed in the x- and, for diagonally 
placed sensors, y-direction. The aim was to identify modes that mainly involved 
displacement in the x-direction. 
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5. Results and Discussion 

5.1 Preliminary Measurements 

5.1.1 Time-history and PSD Plots 

Figures 7 and 8 show a two representative squared PSD plots from the second 
measurement at point P1 on top of the stand. The spectra have peaks around 
2.1 Hz and 2.8 Hz, and a flatter increase in power content around 5 Hz. We will 
later see that these results are representative for the findings at the full scale 
measurements.  
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Figure 7. Squared PSD from the preliminary measurements at point P1, y-directional 
accelerometer. 
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Figure 8. Squared PSD from the preliminary measurements at point P1, vertical 
accelerometer. 
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5.2 Full-scale Measurements 

5.2.1 Time-history and PSD Plots 

The time-history plots showed large variations in the noise level between setups 
as well as within individual time-series. Most records also contained large 
spikes, attributed to mechanical or electrical input from the construction work. 
A typical example of this is the z-directional time-history from point A6 in 
Setup 4, shown in Figure 9. Additional time-histories are shown in Appendix C.  
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Figure 9. Time-history from sensor placed in the vertical direction at A6 during Setup 4. 

 
A signal’s proneness to outliers can be quantified by calculating the kurtosis; 
this is equal to zero for perfect white noise, while 3 represents normal 
distribution. Table 5 shows the kurtosis values of the sensors on the load-
carrying structures in setups 1-10. For readability, the sensor locations are not 
displayed.  
 
Table 5. Kurtosis of records corrected for drift. 
* Last 400 s. out of 900 s.  
** Last 900 s. out of 2700 s. 

Kurtosis without Spike Limits for Setups 1-10 [ - ] 

1* 2 3 4 5 6 7 8 9 10** 
377 31 234 188 157 580 2478 141 651 13 
336 484 73 25062 379 360 7974 218 2272 14 
178 187 1536 41 315 414 7997 404 12184 25 
77 239 289 60 168 144 620 7118 24 11 
17 14 52 124 62 366 450 654 1526 1526 
715 615 106 84 180 35 121 353 128 13 
77 53 63 87 974 1094 9 15 9 - 
221 186 49 44 637 644 13 41 161 - 
135 398 40 53 31672 4409 9 33 128 - 
115 75 23 - 11306 1868 10 303 29 - 
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During the Artemis analysis it was discovered that the energy increase caused 
by the spikes obscured weak modes and hampered the peak-picking. To reduce 
the energy content, an amplitude limit was imposed on each time series, such 
that any acceleration value exceeding the limit was set equal to the limit. The 
specific limit was set manually for each time-history to ensure that the limit 
only affected excessive peaks. Table 6 shows the Kurtosis values from Table 5 
after spike-reduction. 
 
Table 6. Kurtosis of records corrected for drift and spikes. 
*Last 400 s. out of 900 s.  
**Last 900 s. out of 2700 s. 

Kurtosis with Spike Limits for Setups 1-10 [ - ] 

1* 2 3 4 5 6 7 8 9 10** 
13 8 15 5 8 13 10 8 7 11 
15 16 5 19 5 14 11 5 9 12 
10 16 15 11 8 25 8 9 12 20 
9 16 16 11 10 10 11 9 6 10 
8 12 14 11 6 11 9 10 7 11 
10 16 14 21 14 6 13 9 6 12 
9 15 14 20 14 9 9 8 5 - 
9 18 14 14 14 10 8 11 10 - 
9 17 11 17 6 6 8 10 10 - 
8 14 10 - 7 7 8 10 11 - 

 
 
The spike attenuation reduced the overall PSD level and removed some 
mysterious effects that had been observed in the uncorrected spectra. Figures 
10 and 11 illustrate the improvement of the vertical sensor at A6 in Setup 4. 
Additional such comparisons are included in Appendix D.  
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Figure 10. Squared PSD  from vertical sensor at A6 during Setup 4 before spike attenuation. 
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Figure 11. Squared PSD  from vertical sensor at A6 during Setup 4 after spike attenuation. 
 
As a side effect of the crude limit algorithm the number of harmonics in the 
PSD increased. This is because the truncation of the peaks in the time domain 
results in a square wave, which can be represented by a Fourier series of 
superposed sine waves; when the FFT is performed on the time series, these 
appear as spikes in the frequency domain. The spikes were examined in Matlab 
and found to be several orders of magnitude smaller than the PSD. 
Furthermore, harmonics can be automatically detected in Artemis. Therefore, 
the algorithm for spike reduction was considered admissible.  
 
Some of the setups could not be used at all for the OMA. Setup 1 had to be 
discarded because of instabilities in the acceleration records, caused by the 
sensors not having warmed up enough before the measurement was started. An 
analysis was made using only the second half of the time histories but no good 
results could be obtained. Similarly to the results from the preliminary 
measurements, the PSD plots indicated natural frequencies around 2.1 Hz, 2.8 
Hz and 5.1 Hz; these frequencies occurred in many of the setups. A typical 
spectrum is included in the article in Appendix A, and additional spectra can 
be found in Appendix D. 
 

5.2.2 Artemis Analysis 

Individual Setups 
Most setups had a clear peak at 2.1 Hz and several setups also had peaks at 2.3 
Hz and 2.8 Hz. Around 5.1 Hz, there appeared to be a range of frequencies with 
increased power content but there was no single clear peak. In many setups, 
huge resonance peaks were detected around 14 Hz and 33 Hz; as these are not 
in the range of what a jumping audience can produce they have not been 
considered further in this study.  
 

26 
 



Combinations 
The best results were obtained from Combinations 1a-1i, which consisted of 
different constellations of real setups; Combination 1f and 1h yielded 
particularly good results. The singular value spectrum of Combination 1f is 
shown in Appendix A. 
 
The modes obtained by peak-picking on the top singular value line of 
Combinations 2a and 2b yielded several modes that resembled those found in 
1a-1i, but the mode shapes were more irregular. In particular, points that had 
been moving in phase in previous observations of a mode were now phase-
shifted relative each other.  
 
The records from the sensors on the steps were much noisier than expected. 
The PSD plots showed that local vibrations in the plate coincided with and 
obscured the underlying structural vibrations. Thus, the initial strategy to 
identify and filter out the natural frequencies of the steps had to be abandoned. 
In Setup 4, the upper-level sensors were added without any corrections (apart 
from spike removal). After disabling sensors whose response overpowered the 
general response, some of the previously found modes could be distinguished, 
but not as clearly as previously.  
 
Natural Frequencies and Mode Shapes 
In the following, the estimated natural frequencies and corresponding estimated 
mode shapes will for brevity be referred to simply as natural frequencies and 
modes. This is to be understood as possible natural frequencies and modes, as 
many results are associated with considerable uncertainty. The reliability of the 
results is discussed in section 4.3. 
 
Table 7 shows the natural frequencies obtained by FDD of Combinations 1f, 1g, 
and 1h, which yielded the best results. The bold faced frequencies were very 
clear, whereas italicized frequencies should be considered uncertain. 
 
Modes 2, 5 and 13 are presented in detail in Appendix A; a selection of the 
remaining modes is shown below, all taken from Setups 1f and 1h, where they 
appeared the clearest. Larger illustrations of the mode shapes are given in 
Appendix E. To facilitate description of the mode shapes, the overhang has 
been divided into three parts, as shown in Figure 12.  
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Table 7. Estimated frequencies based on the three most 
useful setup combinations: 1f, 1g and 1h. 

Mode 
no 

Frequency 
[Hz] 

Combination 
1f 1g 1h 

1 1.60 1.60 1.60 1.60 
2 2.09 2.09 2.09 2.09 
3 2.32 2.32 - 2.32 
4 2.44 2.44 2.44 2.44 
5 2.82 2.82 2.82 2.82 
6 3.26 3.26 - 3.26 
7 3.78 3.78 - 3.78 
8 4.02 4.02 - 4.02 
9 4.18 4.18 - 4.18 
10 4.38 - - 4.382 
11 4.74 4.74 4.76 4.74 
12 4.98 4.98 - 4.96 
13 5.21 5.21 5.21 5.23 

 
 
 

 

 

A 
B 

C 

Figure 12. Division of the overhang 
 
Mode 1 
Frequency: 1.60 Hz 
Mode: Parts A and C moved alternately up and down in the z-direction, with B 
acting as a link between them. The response was greater in Part A than in B 
and C. The entire overhang had a small x-component, though it was less visible 
in part A because of the heavy vertical motion.  In Figure 13, part A is moving 
downward and part C is moving upward. Figure 13a shows the displacements of 
the individual measurement points; Figure 13b is simply an interpolated 
representation based on these points. It should be remembered that all points 
were not instrumented in all directions, and that the grid of points was rather 
coarse considering the size and complexity of the structure.  
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a) b) 

Figure 13. Mode at 1.60 Hz as represented by a) discrete displacements, b) interpolated  
displacements 
 
The modal domain appeared to be very narrow. The MAC value was 0.92 
between the singular vector at 1.60 Hz and the adjacent one at 1.61 Hz; the 
vectors on both sides of this peak had MAC values around 0.7 with the peak 
modes.  
 
Mode 3 
Frequency: 2.32 Hz 
Mode: Part A moved up and down with large amplitude, while part C moved 
slightly back and forth in the x-direction. Part A had a small x-component as 
well, but it seemed to be out of phase with the one of part C. In Figure 14, part 
A is moving upward from its maximum downward deflected position and part 
C is moving inward toward parts A and B. The MAC value was around 0.8-0.9 
between the singular vector at 2.32 Hz and those at neighboring frequencies. 
Outside of this peak region, MAC values varied between 0.2 and 0.7.   
 

a) 
 

b) 

Figure 14. Mode at 2.32 Hz: Part A is moving upward and part C is moving inward toward parts 
A and B. a) front view, b) 3d view 
 
Mode 6 
Frequency: 3.26 Hz 
Mode: Parts A and C alternated diagonally back and forth in the yz-direction; 
there was also an x-component, so that the two parts were pulled apart 
diagonally. In Figures 15a and 15b, part A is in its upward deflected position, 
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while part C is deflected downward. Figures 15c and 15d illustrate the X-
component. Part A deflects more than part C.  
 
a) b) 

c) d) 

 
Figure 15. Mode at 3.26 Hz: a) discrete displacements, b) interpolated  displacements, c) 
maximum downward displacement, d) maximum upward displacement. 
 
Mode 7 
Frequency: 3.79 Hz 
Mode: Close to this frequency, Combinations 1f and 1h had a number of modes 
that were visually very similar. All modes were characterized by parts A and C 
moving in phase up and down in the z-direction; part A moved with 
significantly larger amplitude than part C, which instead had a small X-
component. This description is true for all modes in the range except that at 
3.81 Hz in Combination 1h, where part A had a large y-component as well.  
 
Figures 16a through 16c show the mode at 3.79 Hz, which can be considered 
representative for the majority of the modes in the range.  
 
a) 

 
Figure 16. a) Mode at 3.79 Hz, interpolated displacements 
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b) c) 

 
Figure 16. Mode at 3.79 Hz: b) front view, c) side view 

 
Modes 8-10  
Frequencies: 4.00 Hz, 4.18Hz, 4.38 Hz 
Modes: These modes were very similar to the 3.79 Hz mode; the predominant 
movement was in the z-direction, part A deflected more than parts B and C, 
and part C had an x-component. Figure 17 shows the mode at 4.18 Hz, which 
can be considered representative for all three modes. In Figure 17a, part A is in 
its maximum downward deflected position. In Figure 17b part A is moving 
upward, while parts C and B are moving in the negative x-direction; this 
suggests some skew torsion of the entire truss about the z-axis.   
 
 
 
a) 
 
 
 

b) 

 
Figure 17. Mode at 4.18 Hz: a) downward displacement, b) upward displacement 

 
 
All modes were characterized by very narrow regions of high MAC (0.8-0.9), 
only present in some combinations. The possible peaks were surrounded on 
both sides by visually similar modes, yet MAC values were as low as 0.5 with 
the apparent peak frequency. In several cases, mode shapes looked identical, 
only 180 degrees out of phase with one another.  The mode at 4.18 was the 
clearest one, having a MAC value of 0.9 with the singular vector at 4.16 Hz. It 
was surrounded by a wide region of modes that look very similar, even though 
their MAC with the peak was rather low. 
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As discussed in the paper in Appendix A, it is possible that the irregular 
consistency reflect different local modes in the truss, which produce similar but 
not identical response in the overhang. Another possibility is nonlinearities due 
to frequency-dependent modes of the foundation.   
 
Mode 11 
Frequency: 4.74 Hz 
Mode: The entire cantilever moved up and down in the z-direction, but part A 
and part C are slightly out of phase. In Figure 18a, part A is at its maximum 
position, while part C already is on its way down. The displacements were 
larger in part A than in part C, and part A had a diagonal component in the 
xy-plane as shown in Figure 18b. MAC values of 0.8-0.9 appeared in a range of 
4.71-4.75 Hz, while pure visual consistency could be observed over 4.69-4.81 Hz, 
in spite of low MAC values.  
 
a)  

 
 
 
 
 

 

b) 

 
Figure 18. Mode at 4.74Hz: a) 3d view, b) front view 

ode 12 
requency: 4.94 Hz 
ode: At 4.94 Hz all parts moved up and down in the z-direction as shown in 
igure 19, where the overhang is in its most deflected position. Part A 

experienced slight he large response 
5.  

 
Figure 19. Mode at 4.94Hz: a) 3d view, b) front view 

M
F
M
F

ly larger displacements than part C. Note t
at point A
 
a) b) 
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MAC values were above 0.8 in a regio f 4.91-4.97 Hz. At the neighboring 
frequencies, other component displacements altered the mode shape. In 
particular, part A deflected exceedingly more than part C and the two sides 
started moving out of phase. When gradually higher frequencies were inspected, 
the mode started to resemble mode 13, which was characterized by parts A and 
C moving alternately up and down, 180 degrees out of phase with one another. 
Mode 13 is discussed in more detail in Appendix A.  
 

5.3 Quality and R

d; to ensure that no mode 
as missed, peak-picking was performed in very flat parts of the singular value 

spectra, which produces very uncertain estimates.  

For these reasons, it must be underlined that the only frequency estimates that 
liable are 2.09 Hz, 2.82 Hz and 5.21 Hz. These appeared 

of the frequencies can be 
vestigated by considering whether the damping is reasonable. This was tested 

ing coefficient was 
alculated using the logarithmic decrement. To verify that the chosen segment 

represented the intended mode, the frequency was back-calculated from the 
e estimated damping ratios, which were somewhat 

n o

eliability 

5.3.1 Uncertainties 

As discussed in the paper in Appendix A, many of the estimated frequencies are 
very uncertain. Firstly, due to the measurement records; low excitation levels 
have been associated with increased stiffness, thus higher frequencies than 
predicted, and noisy signals diverge from the white-noise assumption of the 
FDD algorithm. Secondly, due to the analysis metho
w

 

can be considered re
both in the preliminary and in the full-scale measurements, which were 
separated by several months. It therefore seems unlikely that they would be a 
result of construction work or some other circumstance.   
 

5.3.2 Testing of the results 

Besides studying the MAC values, the validity 
in
by a simple Matlab script. A frequency identified by Artemis was selected and 
isolated in MATLAB by filtering out all other frequencies. A measurement 
point that was displaced significantly in the considered mode was selected and 
its time history was plotted. A segment which appeared to represent free, 
underdamped vibration was selected and the damp
c

damping.  Table 8 shows th
high considering the low vibration levels. 
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Table 8. Results from damping evaluation in Matlab. An estimated 
frequency was isolated and the damping was calculated by the 
logarithmic decrement.  

ESTIMATED DAMPING RATIOS 

Mode fest [Hz] ζ [%] fcalc [Hz] 
1 1.60 5.16 1.60 
2 2.09 4.33 2.11 
3 2.32 7.49 2.31 
4 2.44 5.72 2.50 
5 2.81 4.61 2.82 
6 3.26 4.49 3.16 
7 3.78 2.31 3.75 
8 4.03 4.5/5.8 4.00 
9 4.18 5.47 4.17 
10 4.55 4.38 5.41 
11 4.74 3.58 4.67 
12 4.94 3. 6 97/4.4 5.00 
13 5.21 4.21 5.00 
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6. Comparison with the FEA Results 
When the building was designed, a finite element analysis (FEA) [41] was 
made to investigate the natural frequencies and modes of vibration, as well as 
the response to crowd load at some of the resonant frequencies. The comparison 
of the OMA results and the FEA results are discussed in section 4.4 in 
Appendix A. Additional FEA mode shape plots are displayed in Appendix D. 
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ABSTRACT 
The Stockholm Waterfront Congress Centre houses a performance venue with a 
capacity of 3000 spectators, of whom 1650 will be seated on a stand in a cantilevered 
part of the building. Due to its structural design, the building has a number of natural 
frequencies in the range of what a jumping crowd can produce. As the venue may be 
used for pop concerts, it must be ensured that no excessive vibrations will occur. This 
study describes an operational modal analysis performed on the building, aiming to 
estimate its dynamic properties and compare these to the results from a finite element 
analysis (FEA).  The measurement series comprised 10 setups and the data was 
analyzed using the frequency domain decomposition method. A number of possible 
natural frequencies were estimated, of which three could be considered relatively 
reliable. Comparison with the FEA results indicated that the structure was stiffer than 
expected. This is explained by the conservativeness of the FE model along with low 
excitation levels during the measurements. Furthermore, not all mass was in place at 
the time of the measurements, which is likely to have affected the results.  
 

 
 

Figure A1. The Stockholm Waterfront Congress Centre 
 
1. INTRODUCTION 
It is well established that a group of people can excite a structure to resonance by 
moving rhythmically at one of its natural frequencies [1]. The specific case of 
spectator-induced vibrations has on several occasions caused problems in stands during 
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sports or music events [2-5]. Besides the possibility of structural damage, which indeed 
has occurred [2], the mere perception of vibrations may cause the audience to fear for 
their safety, which could evolve into panic [6]. As displacement magnitudes are usually 
considerably overestimated by people exposed to the vibrations [6], this reaction may 
occur long before there is any actual risk of collapse.  
 
Crowd-induced vibrations have commonly been studied in the context of grandstands 
at sport venues, which are increasingly being used for music events. Research has 
included measurements at rock concerts [5,7] and sport events [7-9], as well as 
laboratory experiments [10-13]. In the UK, an Interim Guidance [14] has been 
developed, which addresses the design of grandstands with regard to spectator-induced 
vibrations. 
 
The frequencies that need to be considered are in the range of 1.5-3.5 Hz [14,15], 
though synchronization difficulties in a large group of people (the group effect) reduces 
the range to 1.5-2.8 Hz [14]. An intensity peak has been identified around 2-3 Hz [16]. 
The rhythmic load from the crowd can be represented by a set of harmonics, which are 
integer multiples of the fundamental load frequency; if the crowd jumps at 2 Hz, the 
first three harmonics will be at 2, 4 and 6 Hz [16]. The group effect attenuates the 
higher harmonics more than the lower ones, and jumping spectators can generally be 
modeled by the first and second harmonics only [14]. If one of these is close to a 
natural frequency of the structure, resonance will occur. The importance of 
investigating the dynamic properties of a structure intended for rhythmic activities is, 
thus, evident.   
 
For a larger structure, the natural frequencies are conveniently estimated by 
Operational Modal Analysis (OMA), which does not require artificial excitation of the 
system. OMA has successfully been used on grandstands [17-19] as well as high-rise 
[20-23] and low-rise [22,24] buildings. The technique has also frequently been used on 
bridges [25-28]. In many cases [17,22,25,26], OMA has been used to validate or update 
a finite element model of the structure.  
 
This study describes an operational modal analysis of the Stockholm Waterfront 
Congress Centre (SWCC), which houses a stand with a capacity of 1650 spectators. 
Due to the structural design of the building, it has a number of low natural frequencies, 
which makes it susceptible to crowd-induced vibrations. The objective of this study 
was to estimate the low-range natural frequencies of the building by OMA and 
compare the results to those predicted by a finite element analysis (FEA). To the 
author’s knowledge, no structure similar to the SWCC has previously been 
investigated by OMA. 
 
The building was instrumented with 15 unidirectional accelerometers, combined in 10 
different setups. An initial analysis in Matlab [29] formed a basis for extensive analysis 
in the OMA software Artemis [30] using the Frequency Domain Decomposition 
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method. The estimated modes were then compared to the results obtained from the 
FEA. 
 
2. THE STRUCTURE 
The load-carrying system in the SWCC consists of a 14 m tall truss structure 
supported by five columns. On the northeast side, the truss forms a 14 m deep and 60 
m wide overhang, connected to two of the supporting columns by diagonal compressive 
struts, balanced with horizontal ties in the truss. Figure A2 shows the building as 
represented in the FE model [31], made in the program Lusas [32]. 
 
 

Truss 

Concrete wall 

Truss 
overhang 

5th story 

6th story 

Diagonal struts 

Stand 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure A2. FE model of the structure 
 
In the overhang, there is a large stand with a capacity of 1650 spectators. The stand 
consists of a cast-in-place concrete slab resting on raked steel beams, which are hanging 
from the roof truss at the overhang. The parts of the 5th and 6th stories that are located 
at the overhang are, in turn, hanging from the stand. Due to the large load on the 
overhang, it has a number of low natural frequencies, which may be achieved by the 
audience on the stand.  
 
The stand is divided into three sections; between two of these there is a gap in the 
concrete slab, intended for a folding wall. The gap works as a joint, providing some 
flexibility between the two stand sections. On top of the slab, there is a large wooden 
staircase, where each step carries one row of seating. 
 
3. METHOD 
3.1 Operational Modal Analysis  
The natural frequencies of the building were investigated using operational modal 
analysis, in which ambient vibration sources are used as input of unknown magnitude; 

A3 
 



the vibrations are then modeled as white noise in the modal estimation algorithms. In 
this study, the estimations were made using Frequency Domain Decomposition (FDD) 
[33] and its enhanced version, EFDD [34].  
 
The concept of FDD is to decompose the spectral density matrix into individual modal 
contributions. The decomposition is performed at each frequency, and yields the 
spectral densities and mode shapes of the modes that dominate the response at that 
frequency. Usually, one or two modes suffice to portray the total response. The modal 
spectral densities are sorted by magnitude and if they are plotted against the 
frequencies, the dominant modes will appear as peaks in the greatest-magnitude graph. 
When several setups are available the spectral densities can be averaged at each 
frequency. In mathematical terms, the matrix decomposition is a singular value 
decomposition (SVD), where the singular values correspond to the modal spectral 
densities, and the singular vectors represent the relative mode shape estimates [33,34].  
 
To investigate whether a peak represents a mode and to identify the region over which 
it dominates, the mode shape estimation can be compared with the estimations at 
adjacent frequencies. This can be done using the Modal Assurance Criterion (MAC) 
[36], which quantifies the consistency between two modal vectors on a scale of zero to 
unity. If the MAC value is close to unity, the vectors are consistent. The MAC does 
not say anything about the correctness of the modes, it only reflects their similarity 
[36]. 
 
In EFDD, the estimated modal components are taken back to the time domain by the 
inverse fast Fourier transform; natural frequencies can then be more accurately 
estimated by considering zero-crossings, and damping estimates can be obtained using 
the logarithmic decrement [34]. 
 
A limitation of OMA is that modal masses cannot without great effort [37] be obtained 
from the measurements. This means that the modes cannot be mass-normalized, nor 
can the mass participation factors (MPF) be calculated, which reflect how much each 
mode participates in the response. 
 
3.2 Measurement Procedure 
The measurements were performed using the MEMS1 accelerometers Si-Flex 
SF1500S.A, which have a nominal sensitivity of 1.2 V/g and a noise floor of 
300 ngrms/√Hz [38]. All sensors were mounted on custom-made bases glued or screwed 
to the structure; bases placed on the raked beams were designed as wedges so that all 
vertical sensors were parallel to the z-axis.  
 
The measurement series comprised 10 different setups involving up to 15 unidirectional 
accelerometers, 10 of which were placed directly on the load-carrying elements. 

                                                 
1 Micro-Electro-Mechanical Systems 
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Because it was difficult to access enough points on the structural members, five sensors 
were placed on top of the staircase construction. These records turned out to be less 
useful in the analysis due to large local vibrations; they are therefore not included in 
the following presentation.  
 
Figures A3 and A4 show the measurement points on the load-carrying structure and 
the directions in which they were instrumented. The stand sections are, from left to 
right, designated A, B and C, and the aforementioned gap is indicated by the two 
parallel beams separating sections A and B.   
 
  

Figure A3. Top view of the measurement points on the load-
carrying structure. A, B and C represent the stand sections 
and x, y and z indicate the directions of measurement in each 
point. The z-axis is positive toward the viewer. 
 

Figure A4. Section parallel to the x-
axis. Point A3 is located on one of 
the steel beams carrying the stand, 
and point A5 is located on a column 
hanging from the stand. 

 
Points A3, B2 and C3 were located on the underside of the raked steel beams; points 
A6, B5 and C6 were placed on the truss structure; points A7 and C7 were situated on 
the concrete side-walls and points A5 and C5 were located on the columns hanging 
from the stand. Table A1 details the combinations of measurement points in the 
setups. 
 

Table A1. Locations of accelerometers. 

Setup Measurement Points 

1-3 A7, B2, C3, C6 
4 A6, B2, C3, C7 

5-6 A3, A6, C3, C7 
7-9 A3, A5, B5, C3, C5 
10 A3, B2, A6(z), C6(z) 

 
All sensors were placed either perpendicular or parallel to the member they were 
mounted on; the records were then divided into x- and y-components based on the 
angle of the member. Each setup was measured for 15 minutes at 100 Hz, which 
corresponds to a Nyquist frequency of 50 Hz and a bandwidth of 0.0011 Hz. During the 
majority of the measurements, construction work was being performed on the building, 
in some cases relatively close to the sensors. The electricity was taken from the 
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temporary power service, which also supplied electricity to tools such as welders. The 
wind speed was in the range of 1.3-4.2 m/s, corresponding to 1-3 on the 12-step 
Beauford scale. [39]  
 
3.3 Analysis Procedure  
An initial analysis was performed using Matlab. A few records had to be removed due 
to poor signal quality, attributed to some of the sensors not being warm enough at the 
start of the measurement. Statistical moments were calculated to quantify the signal 
quality. The data was bandpass filtered between 1 and 6 Hz and the power spectral 
density (PSD) was calculated by Welch’s method using a Hamming window and an 
overlap of 50%. By studying the time-history and PSD of each sensor, good-quality 
records could be selected for the subsequent OMA. 
 
The OMA was performed using the software Artemis, in which ambient vibration 
measurements can be evaluated using either FDD or stochastic subspace identification 
(SSI) [40]. In this case, the former method turned out to be more useful. Selected 
records were analyzed by EFDD for greater accuracy.   
 
In Artemis, the spectral estimation was made with 4096 frequency lines up to the 
Nyquist frequency, without any decimation or filtering. Welch’s method was used for 
the FFT with a Hanning window and an overlap of 66.67%. The resonant frequencies 
were identified using Artemis’ automatic mode detection feature, as well as by manual 
peak-picking in the singular value diagram. Where manual peak-picking was employed, 
the plausibility of the mode was assessed based on the MAC with adjacent frequencies. 
MAC values above 0.8 were regarded to indicate acceptable mode shape consistency.   
 
First, all setups were analyzed individually, predominately by automatic mode 
detection followed by EFDD. Based on the results, a series of combinations were 
specified that involved an increasing number of setups. Where two setups contained 
the same measurement point, only one of the records was included in the combination; 
thus, as the number of included setups increased, the number of active sensors in each 
setup decreased.  
 
4. RESULTS AND DISCUSSION 
4.1 Time-History and PSD 
The time-histories were characterized by large variations in the magnitude of the noise 
as well as by large spikes, presumably originating from the ongoing construction work. 
The spikes could be a result of mechanical input as well as electrical disturbances, such 
as the starting of a welding machine [41]. Figure A5 shows a time-history that can be 
considered representative for many records, although significantly more dramatic 
examples exist.  
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Figure A5. Acceleration in the vertical direction at point A3 during Setup 5. 

 
The variations in the signal can be quantified by the kurtosis value, which reflects the 
signal’s proneness to outliers. Kurtosis 3 corresponds to normal distribution. The 
uncorrected signals had Kurtosis values between 4 and 28 375, with variations both 
within and between setups. The large spikes added energy at all frequencies, and in 
some cases this obscured peaks in the power spectrum; the spikes were therefore 
attenuated by a Matlab script. After spike-reduction the kurtosis values lay between 2 
and 24. 
 
When viewed in the frequency domain, many records showed increased power content 
around 2.1 Hz, 2.8 Hz and 5.1 Hz. A representative spectrum is shown in Figure A6, 
where the data has been band-pass filtered at 1-6 Hz and the spectrum has been 
squared to enhance the peaks. As can be seen in the graph, the power magnitude was 
very small. 
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Figure A6. Squared PSD of the vertical vibrations at point A3 during Setup 5. 
 
 
4.2 Operational Modal Analysis 
4.2.1 Singular Value Plots 
The FDD analyses of the individual setups confirmed the results from the PSD plots. 
In particular, several plots had distinct peaks at 2.1 Hz, while the peaks around 2.8 Hz 
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and 5.1 Hz were more modest. Figure A7 shows a representative singular value plot 
from a combination of 5 setups. At any frequency in the figure, the top curve 
represents the response contribution of the dominant mode at that frequency, the 
second graph the contribution of the next largest mode and so on. The three vertical 
lines mark estimated modes at 2.09 Hz, 2.82 Hz and 5.21 Hz. These are discussed 
further in the next section.  
 
 

 
Figure A7. Averaged singular values from a combination of five setups. The top curve represents the PSD 
of the dominant mode at each frequency, and the red lines mark the estimated modes at 2.09 Hz, 2.82 Hz 
and 5.21 Hz. 
 
 
4.2.2 Natural Frequencies and Mode Shapes 
The estimated modes will here, for brevity, be referred to as modes; the reliability of 
the results is discussed in 4.3. To facilitate discussion of the mode shapes, the overhang 
has been divided into three parts: A, B and C, as shown in Figure A8. The wireframe 
model in the figure is the one that was used in the Artemis analysis. The model does 
not have any mass or stiffness properties, but is merely a set of interconnected nodes. 
Table A2 displays a selection of the natural frequencies considered most probable 
based on MAC values as well as visual inspection of the mode shapes. Modes that were 
very clear have been bold faced in the table.  
 
The majority of the modes were dominated by movement in the y- and z-directions. In 
many cases, the magnitude of the response was greater in part A than in parts B and 
C, though in some cases part B exhibited large response as well. In several modes, parts 
A and C appeared to be moving independently of one another, with part B acting as a 
link between them. The apparent division of the building into two parts was thought 
to be due to the gap in the stand between parts A and B. Because parts B and C can 
interact and stabilize each other it seems reasonable that they should move less than 
part A. 
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 Table A2. Selected natural 
frequency estimates. 

Mode Frequency [Hz] 

1 1.60 
2 2.09 
3 2.32 
5 2.82 
6 3.28 
7 3.80 
9 4.18 

Figure A8. Designated stand sections. 13 5.21 
 
 
The clearest mode occurred at 2.09 Hz, represented by a marked peak in the singular 
value plot in Figure A7. In this mode, all measurement points moved simultaneously in 
the yz-plane but with slightly different inclinations; the interpolated displacement is 
shown in Figure A9. MAC-values were close to 1 in a range of 2.04-2.11 Hz, and then 
gradually decreased with increasing distance from the peak. In the OMA model, only 
the overhang is displaced because this is the only part that was instrumented; in reality 
the entire building participates in the motion.   
 
Many Matlab PSD graphs indicated a clear peak around 2.8 Hz, which was much less 
pronounced in the singular value plots in Artemis. When peak-picking in a range 
around this frequency however, a torsional mode was found at 2.82 Hz. Parts A and C 
moved alternately back and forth in predominately the y- and z-directions, as shown in 
Figure A10. A hint of an x-component indicated torsion about the z-axis. In the 
position shown in the figure, part A is displaced upward and in the positive x-direction; 
as A starts to move downward, the x-component becomes negative.  
 

 

 

Figure A9. Estimated Mode 2 – 2.09 Hz. 
 

Figure A10. Estimated Mode 5 – 2.82 Hz. 
 

A 
B 
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The displacements in part A was larger than in B and C and had a more pronounced z-
component, which may be explained by either the flexibility at the gap or the 
asymmetric shape of the building (not portrayed in the Artemis model). Note that the 
mode shapes in Figures A9 and A10 are interpolated representations based on the 
displacements of the 10 points shown in Figure 3. 
 
MAC-values lay between 0.9 and 1 in a small region of 2.76-2.84 Hz; the values then 
seemed to vary randomly between 0.5 and 0.8 in a wider region around the peak, with 
boundaries around 2.65 Hz and 2.99 Hz. The discontinuous mode shape variations may 
be caused by slight changes in the response of the truss, which could result in many 
close modes involving similar response of the overhang. Alternatively, frequency-
dependent response in the foundation may have produced a non-linear mode; an effect 
that can occur at low frequencies [42]. Because measurements were only performed on 
the cantilevered part, there is no evidence to validate either theory. 
 
Similar regions with resembling but not identical modes were found in several 
frequency ranges, notably around 4.2 Hz and 5.2 Hz. While the Matlab plots showed a 
large, noisy peak around 5.2 Hz, its reciprocal in Artemis was significantly flatter, as 
can be seen in Figure 7. MAC values lay between 0.9-1 in a range of 5.02-5.41 Hz, 
flanked by MAC values between 0.5-0.9 in an interval bounded at approximately 
4.96 Hz and 5.55 Hz. Figure A11 shows a representative mode shape found at 5.21 Hz. 
This mode was strongly dominated by Z-directional motion. Parts A and C move up 
and down at a phase difference of 180 degrees, with part B acting as a connecting link 
between them. The displacements are of greater magnitude in part A than in parts B 
and C. 
 
 

Figure A11. Estimated Mode 13 – 5.21 Hz. 
 
Modes 2, 5 and 13 could all be investigated by EFDD as well, which gave damping 
ratios between 0.3% and 0.9%. However, the ratios between standard deviation and 
estimated damping lay in the range of 30% to 90%, which makes the results extremely 
uncertain. All that could be concluded was that the damping did not seem to be 
excessively large. 
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4.3 Quality and Reliability 
As shown in Figure A5, excitation levels were very low, which has been known to 
influence the response of a structure. In particular, lower excitation levels have been 
reported to yield higher estimated frequencies, as non-structural elements contribute to 
the stiffness at low amplitudes [43]. Moreover, not all mass was in place at the time of 
the measurements; about 200 tonnes of gravel were yet to be placed on the roof of the 
building. In particular, this should affect the frequency of Mode 2. The unevenness of 
the time-histories indicates that the excitation was not perfect white noise. FDD has, 
however, been known to give good results even with noisy signals [44]. Another source 
of error is the combination of uniaxial accelerometers into triaxial units as the 
measurement axes may not be perfectly orthogonal.  
 
Due to the relatively flat singular value spectrum, most modes could not be found 
automatically in Artemis but were peak-picked manually. In several cases the modal 
domain was narrow and the MAC validation results varied between different setup 
combinations. Furthermore, the limited number of measurement points gives very 
rough representations of the mode shapes, which can affect the impression of similarity.  
 
A way to test the validity of a mode is to check if the damping is reasonable. Because 
FDD does not yield damping ratios, crude approximations were obtained by using the 
logarithmic decrement on a band-pass filtered time-history in Matlab. The estimated 
damping ratios lay in the range of 0.025-0.07, which is somewhat high considering the 
low excitation levels. In some cases the spectral bell was very noisy.  
 
The only relatively reliable estimates are the modes found at 2.09 Hz, 2.82 Hz and 5.21 
Hz. While it cannot be excluded that the other estimates represent modes as well, they 
should be viewed with considerable caution. When the analysis was performed, the 
philosophy was to rather include an erroneous estimate than exclude an actual mode. 
As a result, some of the included results are very uncertain. 
 
4.4 Comparison with Finite Element Model 
When the building was designed, a finite element analysis (FEA) [31] was made to 
investigate the natural frequencies and modes of the structure, as well as the response 
to crowd load at selected resonant frequencies. The analysis yielded 178 natural 
frequencies below 5 Hz, but only a small number of these would contribute significantly 
to the response [31]. Some of the important modes could be identified by their large 
modal participation factors (MPFs) [31], which loosely speaking is the percentage of 
structural mass that is activated by each mode. While a large MPF indicates that a 
mode contributes significantly to the response, a small MPF does not guarantee that a 
mode is irrelevant. An additional number of important modes could therefore be found 
by visual inspection of the mode shapes in the FE results [43].  
 
Table A3 displays the natural frequencies considered relevant in the FEA [31]. 
Frequencies recognized as particularly important in [31] have been bold faced and 
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italicized. Table A2 is repeated for comparison purposes, with the most reliable 
estimates bold faced.  
 

Table A2. Selected 
OMA frequencies. 

 Table A3. 
Selected FEA 
frequencies. 

Mode OMA [Hz]  FEA [Hz] 

1 1.60  1.60 
2 2.09  1.63 
3 2.32  2.16 
5 2.82  3.42 
6 3.26  3.86 
7 3.78  4.05 
9 4.18  4.16 
13 5.21  4.17 
   4.24 
   4.32 
   4.45 
   4.46 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
When the corresponding mode shapes were compared, it was seen that the predicted 
modes at 1.60 Hz and 1.63 Hz resembled the experimentally estimated mode at 2.09 
Hz. The FEA representation had an x-component not present in the OMA mode, but 
the characteristic sway in the yz-direction was clearly recognizable. Figure A12 shows 
the predicted mode at 1.63 Hz.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A12. Predicted mode at 1.63 Hz. This mode was very  
similar to the estimated mode at 2.09 Hz, shown in Figure 9. 

 
The fact that the OMA mode at 2.09 Hz appeared to correspond to the FEA mode at 
1.63 Hz indicated that the building was lighter and/or stiffer than predicted. It was 
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known that 200 tonnes of gravel was yet to be placed on the roof at the time of the 
measurements, which would particularly influence a sway mode like the one at 2.09 Hz. 
With another 200 tonnes of material added to the roof, this frequency should decrease. 
The apparent greater stiffness could be related to the model as well as to the 
measurement circumstances. The model was made much on the conservative side, as 
all design parameters were chosen as unfavorable as possible. This may have resulted 
in accumulated inaccuracies on the safe side, resulting in lower stiffness in the model 
than in reality. The measurements in turn were made at very low acceleration levels, 
which has been associated with increased structural stiffness. This is due to the non-
structural parts contributing to the stiffness at low amplitudes, in effect making the 
natural frequencies amplitude-dependent. This could also explain why the x-directional 
component was not present in the experimentally estimated mode.  
 
For the torsional OMA modes at 2.82 Hz and 5.21 Hz no obvious counterparts could be 
found among the FEA modes. This does not mean that they are not represented in the 
FEA results. It was, however, more difficult to compare torsional modes than 
translational ones due to the coarse grid of measurement points.  
 
The FEA had indicated a translational mode at 2.16 Hz, which had an MPF of 86% in 
the x-direction. No such mode could be detected in the OMA, where x-directional 
movements were very modest. The absence of this mode could be explained by the 
greater stiffness discussed above, and by the low ambient loads, which may have been 
insufficient to excite the mode. The main reason is, however, thought to be that the 
boundary conditions used in the model differed from the real ones, so that the building 
is more restrained than predicted. 
 
No conclusive explanation has been found to why displacements were greater in part A 
than in parts B and C in the OMA results. Several FEA modes did, however, show 
similar tendencies. Some of the time-histories from sensors in A had slightly higher 
average acceleration levels than in C (after spike-reduction), which may be part of the 
explanation. There may also be other measurement disturbances not related to 
acceleration amplitudes. The FE model used for the comparison only included part of 
the gap between sections A and B, but results from an updated version of the model 
indicated that this had no significant impact on the results [43]. It is of course possible 
that the gap has greater influence in reality than in the model, at least at low 
excitation levels.  
 
5. CONCLUSIONS  
An operational modal analysis (OMA) has been performed on the Stockholm 
Waterfront Congress Centre, aiming to estimate its low-range natural frequencies and 
corresponding modes of vibration. The dynamic properties of the building are of 
interest due to its susceptibility to crowd-induced vibrations, previously investigated 
by finite element analysis (FEA). The measurements consisted of 10 setups involving 
up to 15 unidirectional sensors, and the modes were estimated using (enhanced) 
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frequency domain decomposition. A comparison was then made between the FEA 
results and the experimental ones.  
 
The OMA yielded a number of possible natural frequencies in the range of what a 
rhythmically moving crowd can produce. Most of the results were associated with 
considerable uncertainty due to low acceleration amplitudes and noisy signals. The 
most reliable natural frequency estimates were 2.09 Hz, 2.82 Hz and 5.21 Hz. Although 
possible modes were found at other frequencies as well, those estimates were much less 
reliable. 
 
A comparison between FEA results and OMA results showed that the experimentally 
estimated 2.09 Hz mode was similar to an FEA mode found at 1.63 Hz. The frequency 
shift is thought to be due to the roof gravel not being in place at the time of the 
measurements, the model being much on the conservative side, and the measurements 
being performed at low excitation levels, which is associated with greater structural 
stiffness. Larger stiffness could also explain why a global x-directional mode found in 
the FEA did not appear in the measurement results. Another factor is that the 
building may be more restrained in reality than in the FE model.  
 
The experimentally estimated modes at 2.82 Hz and 5.21 Hz had no obvious 
counterparts amongst the FE-modes, but they may still be represented in the results. 
Because these modes were torsional, it was more difficult to make comparisons based 
on so few measurement points.  
 
It should be noted that only low-range natural frequencies and mode shapes have been 
investigated in this study; response magnitudes at resonance have not been tested.  
 
6. FURTHER WORK 
The measurement results suggest that the building is stiffer than expected, presumably 
due to the conservativeness of the FE model combined with low excitation levels at the 
measurements.  It would therefore be motivated to increase the stiffness of the FE 
model as well as to perform measurements at higher excitation levels, preferably after 
the roof gravel has been added to the building. The measurements could be made using 
a sweeping sine, which excites the building successively at all frequencies within a 
specified range. The subsequent comparison with the FEA results would be facilitated 
by using more measurement points. A possibly more convenient way to increase 
excitation levels would be to let a large crowd jump at random frequencies on the 
stand. Such a test would, however, not guarantee that all frequencies were excited. 
 
Once the important natural frequencies have been established, it would be relevant to 
perform a full-scale test with a crowd jumping rhythmically on the stand. The group 
would be guided by a prompt to stay on beat with the important frequencies, so that 
the acceleration magnitudes at resonance could be measured.    
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UTDRAG 
Stockholm Waterfront Congress Centre är ett kongresscenter med plats för 
3000 åskådare, varav 1650 platser är belägna på en läktare i en utkragande del 
av byggnaden. På grund av sin utformning har strukturen ett antal 
egenfrekvenser inom ett intervall som kan nås av en hoppande folkmassa. 
Eftersom kongresshallen kan komma att användas som konsertarena är det 
viktigt att säkerställa att inga oacceptabla vibrationer kan uppkomma. Denna 
studie beskriver en operationell modal analys av strukturen (eng. Operational 
Modal Analysis, OMA), gjord i syfte att experimentellt estimera egenfrekvenser 
och egenmoder för jämförelse med existerande FEM-resultat. Resultaten tyder 
på att strukturen är styvare än väntat, vilket tros bero på att FE-modellen är 
konservativt byggd och att mätningarna utfördes vid låga excitationsnivåer. 
Vidare fanns inte hela strukturens massa på plats vid mätningarna, vilket 
sannolikt påverkat resultaten.  
 
INLEDNING 
Det är välkänt att en grupp människor kan excitera en struktur till resonans 
genom att röra sig rytmiskt vid en av dess egenfrekvenser [1]. Problem med 
sådana vibrationer har i flera fall inträffat på läktare vid sport- och 
musikevenemang [2-5] och fenomenet har studerats både experimentellt [10-13] 
och genom fältmätningar [5,7-9]. Det aktuella frekvensintervallet brukar anges 
som 1.5-3.5 Hz [14,15], men svårigheterna för en stor grupp människor att 
synkronisera sitt hoppande ger en teoretisk övre gräns på 2.8 Hz [14]. 
Vibrationerna från en hoppande person kan uttryckas som en serie 
sinuskomponenter [16]; om någon av dessa ligger i närheten av en av 
strukturens egenfrekvenser uppkommer resonans.  
 
Egenfrekvenserna hos en större struktur kan på ett smidigt sätt uppskattas 
genom så kallad operational modal analysis (OMA), vilket inte kräver artificiell 
excitation av strukturen. Istället antas byggnaden vara exciterad av omgivande 
dynamiska laster såsom vind och trafik, vilka sedan modelleras som vitt brus i 
frekvensanalysen. I denna studie har OMA utförts på Stockholm Waterfront 
Congress Centre. Syftet med studien var att estimera byggnadens låga 
egenfrekvenser och egenmoder och jämföra resultaten med dem från en tidigare 
FE-analys.  
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STRUKTUREN 
Strukturen består förenklat av ett 14 m högt fackverk som vilar på fem 
betongpelare och på ena sidan av huset kragar ut i en 60 m bred och 14 m djup 
konsol. I det utkragande fackverket hänger läktaren, och från denna hänger i 
sin tur de utkragande delarna av de två underliggande våningarna (plan 5 
och 6).  Läktaren består av tre platsgjutna segment, i fogen mellan två av dessa 
finns en slits. Ovanpå läktaren finns en gradäng i trä på vilken stolsraderna 
placeras. Figur B1 visar strukturen som den framställts i FE-modellen [31], 
utvecklad i programmet Lusas [32].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fackverk 

Betongvägg 

Utkragande 
fackverk 

Plan 5 

Diagonalstag 

Plan 6 

Gradäng 

 
Figur B1. FE-modell av byggnaden. 

 

METOD 
Mätningarna utfördes med 15 enaxliga MEMS-accelerometrar av modell Si-
Flex SF1500S.A [38]. Mätserien bestod av 10 mätningar med totalt 15 enaxliga 
accelerometrar, placerade i olika konstellationer på stommen vid utkragningen, 
samt på gradängens ovansida. Mätningarna gjordes med en samplingshastighet 
på 100 Hz och en mätperiod på minst 15 minuter.  Figurerna B2 och B3 visar 
de mätpunkter som använts.  
 
Insamlad data analyserades först med hjälp av Matlab [29], där tidsseriernas 
kvalitet utvärderades med statistiska moment och frekvensspektra beräknades 
med Welchs metod. Mätdata av acceptabel kvalitet användes sedan för analys i 
programmet Artemis [30], där egenfrekvenser estimerades genom Frequency 
Domain Decomposition (FDD) [33]. Denna metod innebär i korthet att 
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frekvensspektrumet bryts ned i modala bidrag, varefter egenfrekvenser 
återfinns där spektraltätheten domineras av ett eller möjligtvis två bidrag.   
  

Figur B2. Mätpunkter samt riktningar för mätning. 
Punkterna A3, B2 och C3 finns belägna på stålbalkarna 
under läktaren, A6, B5 och C6 på det yttre, vertikala 
fackverket, A7 och C7 på de yttre betongväggarna och A5  
och C5 långt ned på hängpelarna. 
 

Figur B3. Sidovy av mätpunkterna 
A3, på en stålbalk under läktaren, 
och A5, långt ned på hängpelaren. 
 

 
RESULTAT 
Tidsserierna karaktäriserades av mycket brus och spikar, vilka tros bero på 
mekaniska eller elektriska störningar från byggarbetet, och 
accelerationsnivåerna var generellt sett mycket låga. Många frekvensspektra 
hade hög effekttäthet runt 2.1 Hz, 2.8 Hz och/eller 5.2 Hz; Figur B4 visar ett 
kvadrerat effekttäthetsspektrum där alla tre finns representerade.  
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Figur B4. Kvadrerat effekttäthetsspektrum från vertikala accelerationer vid punkt A6 
under mätning 5.  

 
 
Frekvensanalysen i Artemis resulterade i ett antal möjliga lågfrekventa moder, 
vars egenfrekvenser återfinns i Tabell B1. Merparten av estimeringarna är 
behäftade med avsevärda osäkerheter på grund av de låga excitationsnivåerna 
och de brusiga signalerna. De tydligast framträdande och vanligast 
förekommande estimerade moderna låg vid 2.09 Hz, 2.82 Hz och 5.21 Hz.  
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Figurerna B5 till B7 visar respektive modformer representerade av 
trådmodellen i Artemis. Notera att modformerna har interpolerats från endast 
10 mätpunkter, alla förlagda i utkragningen. I verkligheten deltar naturligtvis 
hela byggnaden i rörelsen. 

 Tabell B1. Estimerade egen-
frekvenser från Artemis. 

Mod Frekvens [Hz] 

1 1.60 
2 2.09 
3 2.32 
5 2.82 
6 3.28 
7 3.80 

Figur B5. Estimerad mod vid 2.09 Hz representerad  
av en trådmodell i Artemis. 

9 4.18 
13 5.21 

 
 

  

Figur B6. Estimerad mod vid 2.82Hz 
representerad av trådmodell i Artemis. 
 

Figur B7. Estimerad mod vid 5.21Hz 
representerad av trådmodell i Artemis. 

 
 
I FE-analysen (FEA) hittades 178 moder under 6 Hz, av vilka ett mindre antal 
identifierades som väsentliga för byggnadens respons. Dessa återges i Tabell B2 
[31]. Jämförelse med de experimentella resultaten visade god överensstämmelse 
mellan OMA-moden vid 2.09 Hz och FE-moden vid 1.63 Hz, visad i Figur B8.  
 
Att den förutspådda moden vid 1.63 Hz uppenbarar sig vid 2.09 Hz tyder på att 
strukturen är lättare och/eller styvare än modellen anger. Vid mätningarna 
saknades fortfarande 200 ton grus på byggnadens tak, vilket torde höja 
frekvensen för i synnerhet denna typ av mod. 
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 Tabell B2. Egen-
frekvenser från 
FE-analys. 

FEA [Hz] 

1.60 
1.63 
2.16 
3.42 
3.86 
4.05 
4.16 
4.17 
4.24 

Figur B8. Förutspådd mod vid 1.63 Hz, representerad av FE-modell i Lusas. 
Denna mod bär stora likheter med den experimentellt estimerade moden vid 
2.09 Hz, visad i Figur 5.  

4.32 
4.45 
4.46 

 
 
Skillnaden i styvhet kan bero på dels att FE-modellen är mycket konservativt 
byggd, dels att strukturen har ett styvare verkningssätt vid låga 
accelerationsnivåer. Högre styvhet kan även förklara varför moden vid 2.16 Hz, 
dominerad av translation av hela byggnaden i x-led, inte återfunnits i 
mätresultaten. En annan förklaring till detta är att byggnaden kan vara mer 
fasthållen i verkligheten än vad gränsvillkoren i FE-modellen anger.  
 
För de estimerade vridmoderna vid 2.82 Hz och 5.21 Hz har inga lika tydliga 
motsvarigheter hittats bland frekvenserna i Tabell 2. Detta utesluter inte att de 
finns representerade bland FE-resultaten. Det begränsade antalet mätpunkter 
gör det emellertid svårare att jämföra vridmoder än att jämföra 
translationsmoder. 
 
SLUTSATS 
En operationell dynamisk analys har genomförts på Stockholm Waterfront 
Congress Centre. Byggnadens dynamiska egenskaper är av intresse då den har 
egenfrekvenser i ett intervall som kan nås av en hoppande publik. Syftet med 
mätningarna var att estimera byggnadens låga egenfrekvenser och egenmoder 
för jämförelse med en redan utförd FE-analys.  
 
Ett antal möjliga egenfrekvenser kunde uppskattas ur mätdata, men på grund 
av låga excitationsnivåer och brusiga signaler är estimaten behäftade med stora 
osäkerheter. De mest pålitliga uppskattade egenfrekvenserna finns vid 2.09 Hz, 
2.82 Hz respektive 5.21 Hz. Det finns en tydlig likhet mellan modformen 
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tillhörande 2.09 Hz och en av FE-analysen förutspådd mod vid 1.63 Hz. 
Frekvensförskjutningen tros bero på att takmassa fattades vid tidpunkten för 
mätningarna samt att strukturen är styvare än vad FE-modellen anger. Den 
högre styvheten kan förklaras dels av att FE-modellen gjorts mycket 
konservativ, dels av att mätningarna utförts vid låga accelerationsnivåer, vilket 
förknippas med ett styvare strukturellt verkningssätt. Vidare tros byggnaden 
ha lägre rörelsefrihet än vad gränsvillkoren i FE-modellen anger.  
 
FORTSATT ARBETE 
Eftersom de låga excitationsnivåerna tros ha påverkat överensstämmelsen 
mellan modell och verklighet vore det lämpligt att undersöka egenfrekvenserna 
vid högre excitationsnivåer. Detta kan exempelvis göras genom excitation med 
en svepande sinus över det aktuella frekvensintervallet. Jämförelsen med FE-
modellen skulle även underlättas av ett ökat antal mätpunkter. Ett enklare sätt 
att öka excitationsnivån är att låta en publik röra sig slumpmässigt på 
läktaren; denna metod garanterar emellertid inte att alla frekvenser exciteras. 
 
När egenfrekvenserna bestämts kan strukturens respons vid resonans testas 
genom att låta ett antal försökspersoner hoppa rytmiskt på läktaren. En 
prompt kan användas för att se till att hoppandet sker nära de funna 
egenfrekvenserna.  
 
REFERENSER 
Se referenslista i Appendix A.  
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Measurement Setup Plans 

 
Table of Contents 

Locations of Measurement Points ............................................................................ C3 

Setup 1 ................................................................................................................... C3 

Setup 2 ................................................................................................................... C3 

Setup 3 ................................................................................................................... C4 

Setup 4 ................................................................................................................... C4 

Setup 5 ................................................................................................................... C4 

Setup 6 ................................................................................................................... C5 

Setup 7 ................................................................................................................... C5 

Setup 8 ................................................................................................................... C5 

Setup 9 ................................................................................................................... C6 

Setup 10 ................................................................................................................. C6 

 

  

C1 
 





 

 Points Location 
A1*- A6* On top of the stand 
A3, B2, C3 On the raked beams carrying the stand 
A5, C5 On the columns hanging from the stand 
A6, B5, C6 On the steel truss 
A7, C7 On the concrete side walls 

 

 

 

 

 

 

 

Point on load-carrying element 

Point on top of the staircase 

Point on the floor of the 6th story 
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Figure C1. Setup 1 
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Figure C2. Setup 2 
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Figure C3. Setup 3 
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Figure C5. Setup 5 

C4 
 



Setup 6 

Figure C6. Setup 6 
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Figure C7. Setup 7 
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Figure C8. Setup 8 
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Figure C10. Setup 10 
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Time-Histories and Power Spectral Densities 
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Squared PSD – Setup 5  
Before Spike Attenuation 

Horizontal axes: Frequency [Hz] Vertical axes: Squared PSD [((m/s2)/Hz)2] 
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Squared PSD – Setup 5 
After Spike Attenuation  

Horizontal axes: Frequency [Hz] Vertical axes: Squared PSD [((m/s2)/Hz)2]
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PSD Before Spike Attenuation – Setup 5 C7 Y 
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Appendix E 
Mode Shapes from Operational Modal Analysis 
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Estimated Natural Frequencies 
The frequencies that are considered reasonably reliable have been bold faced in the 

table.  

 
Table E1. Experimentally 
estimated natural frequencies. 

 
Mode no Frequency 

[Hz] 
1 1.60 
2 2.09 
3 2.32 
4 2.44 
5 2.82 
6 3.26 
7 3.78 
8 4.03 
9 4.18 
10 4.38 
11 4.74 
12 4.98 
13 5.21 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Estimated Damping Ratios 
Damping ratios could only be estimated for the frequencies that were investigated by 
Enhanced Frequency Domain Decomposition.  
 

Combination 
2.1 Hz 2.8 Hz 5.1 Hz 

Damping 
[%] 

Stand.dev. 
[%] 

Damping 
[%] 

Stand.dev. 
[%] 

Damping 
[%] 

Stand.dev. 
[%] 

1f 0.63 66 0.51 66 - - 
1g 0.72 57 0.29 41 - - 
1h 0.83 42 0.49 81 0.25 62 
2a - - 0.55 8 0.22 29 
2b 0.93 56 0.69 87 - - 

Table E2. Estimated damping ratios of the most reliable modes. 
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Mode 1 – 1.60 Hz 

b) a) 

  c) 

Figure E1 
a) Displacements in measurement points 
b) Interpolated representation 
c) MAC-values around the peak 
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Mode 2 – 2.09 Hz 

 
a) 

  

b) 

c) 

Figure E2 
a) Displacements in measurement points 
b) Interpolated representation 
c) MAC-values around the peak 
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Mode 3 – 2.32 Hz 

 

 

 

 

 

 

 

 

 

 

 

 

c) 

b) a) 

Figure E3 
a) Interpolated representation 
b) Interpolated representation 
c) MAC-values around the peak 
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Mode 4 – 2.44 Hz 

  
a) 

Figure E4 
a) Front view 
b) Side view 
c) MAC-values around the peak 
 

b) 
c) 
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Mode 5 – 2.82 Hz 

a) b)  

c) 

Figure E5 
a) Position 1 
b) Position 2 (180 degrees later) 
c) MAC-values around the peak 
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Mode 6 – 3.27 Hz 

  

c) 
b) 

a) 

Figure E6 
a) Position 1 
b) Position 2 (180 degrees later) 
c) MAC-values around the peak 
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Mode 7 – 3.80 Hz 

 

  

c) 
b) 

a) 

Figure E7 
a) Front view 
b) 3d view 
c) MAC-values around the peak 
 

E10 
 



Mode 8-10 – 4.00 Hz, 4.18 Hz & 4.38 Hz  

  a) b) 

c) d) e) 

4.38 Hz 4.18 Hz 4.02 Hz 

Figure E8 
a) Mode at 4.18 Hz, position 1; b) Mode at 4.18 Hz, position 2;  c,d,e) MAC-values around the peaks at 4.02 Hz, 4.18 Hz and 4.38 Hz. 
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Mode 11 – 4.72 Hz 

  

c) b) 

a) 

Figure E9 
a) Front view 
b) 3d view 
c) MAC-values around the peak 
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Mode 12 – 4.98 Hz 

 

  a) 

b) 

Figure E10 
a) Front view 
b) 3d view 
c) MAC-values around the peak 
 

c) 

E13 
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Mode 13 – 5.21 Hz 

c) 

b) 

 

Figure E11 
a) Displacements in measurement points 
b) Interpolated view 
c) MAC-values around the peak 
 

a)  
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Appendix F 
Mode Shapes from the Finite Element Analysis 

 

 

Table of Contents 

Frequency 1.60 Hz .................................................................................................. F3 

Frequency 1.63 Hz .................................................................................................. F4 

Frequency 2.14 Hz .................................................................................................. F5 

 

 

 

 

F1 
 



 



Frequency 1.60 Hz 
a) 

 
Figure F1. Mode at 1.60 Hz 
a) 3d view 
b) Top view 

 

 

  

  

b) 

F3 
 



Frequency 1.63 Hz 

 

 

  

a) 

Figure F2. Mode at 1.63 Hz. 
a) 3d view 
b) Top view 

b) 

F4 
 



F5 
 

Figure F3. Mode at 2.14 Hz 
a) 3d view  
b) Top view  

b) 

Frequency 2.14 Hz 

  

a) 
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