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Abstract: Clip detachment is found to be a common failure mode for metal 
roofs. It leads to the stiffness reduction at some supports of the metal roof and 
alter its dynamic characteristics. Therefore, it is possible to detect the damage 
of clips by monitoring the modal properties. To assess the dynamic properties 
of metal roofs, part of a full-scale standing seam metal roof was constructed on 
a supporting steel frame in the laboratory. Modal parameters were identified 
from the measured acceleration responses using frequency domain 
decomposition method (FDD). The finite element model of the system was 
developed, and the clip stiffness was estimated by Markov chain Monte Carlo 
(MCMC)-based Bayesian model updating method. Both the modal 
identification and model updating results are reported in detail. The results 
presented in this paper are valuable and important for the development of a 
structural health monitoring system for metal roofing system. 
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1 Introduction 

A standing seam metal roofing system can be characterised as an assembly of metal 
panels (usually made of steel or aluminium) adjacently connected to each other using a 
roll-forming machine (see Figure 1 as an example). The edges of the adjacent metal 
panels are rolled along to form a double lock seam, called ‘standing seam’, providing an 
excellent water tightness lock seam that stands above the run-off water line. A standing 
seam metal roofing system is among the most cost-efficiency and durable of existing 
roofing systems. It can be designed with various types of aesthetical roof profiles and the 
construction process is fast and easy. Therefore, the standing seam metal roofing system 
has been widely adopted in public facilities, such as airport terminals, railway stations 
and exhibition halls. The metal panels are supported by roof purlins through clip fasteners 
along the seam lock, forming a stable seam-clip-purlin connection. Current researches 
mainly focus on the performance of metal roofs under wind load by undertaking static 
property evaluation of various structural components under design loads. In Serrette and 
Pekoz (1995a), the analytical estimation for the elastic distortional buckling stress of 
metal panels based on elastic foundation model is presented. The proposed formulation 
was verified by the comparison between the analytical results and the results from elastic 
finite-strip buckling experiment. Based on the proposed formulation, Serrette and Pekoz 
(1995b) proposed two design methods for the interaction between local and distortional 
buckling of metal panels. The proposed new design methods were proved more accurate 
in the approximation of the maximum resistance of standing seam metal panels. Later, 
Sinno et al. (2001) discovered that the standing seam metal roofing system is susceptible 
to wind pressure and the uplifting effect of wind force is one of the main causes of clip 
damage of the metal roofs. To simulate this effect, a magnetic uplift load test was carried 
out. Farquhar et al. (2005) carried out a series of tests on a scaled standing seam metal 
roof, which was designed to fail at clip, to quantify the relationship between uniform  
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uplift pressure using pressure chamber and the dynamic pressures of real wind loading 
using wind tunnel test. Based on the test results, an effective external pressure coefficient 
was proposed. To understand the uplift behaviour of standing seam metal roofs, Damatty 
et al. (2003) developed a three-dimensional finite element model of a standing seam roof, 
in which the seam and clip were modelled by equivalent springs. In the modelling of 
standing seam metal roof, the most challenging part is the modelling of connections 
between adjacent metal panels (i.e., the seam joint) and the connections among the metal 
panels and the clips (i.e., the seam-clip-purlin joint). To quantify the stiffness values of 
the equivalent springs, a series of static experiments were conducted. 

Like all types of roof systems, standing seam metal roofing system is susceptible to 
wind load and clip detachment is the most common failure mode. Visual inspection for 
potentially damaged clips is extremely difficult because clips are often hidden by the 
panels and purlins. Water leakage accompanied by a wind storm through a failed roofing 
system can lead to severe damage to interior essential facilities and occupants. Moreover, 
undetected damage may accumulate and increase the chance of unexpected catastrophic 
collapse. One alternative solution for the detection of clip damage is to conduct a 
continuously vibration monitoring to obtain the vibration responses and identify the  
clip stiffness of the system by structural model updating using the identified modal 
parameters. Structural model updating utilising measured vibration responses has been 
applied in numerous types of structures  (Yuen and Katafygiotis, 2003; Feng and Feng, 
2017), while very few researches have been carried out on metal roofing system. This 
paper presents a step by step work for the ambient vibration test, modal identification and 
model updating of a full-scale standing seam metal roof panel. The test panel was 
constructed in the heavy structures testing laboratory of the City University of  
Hong Kong (CityU). The ambient vibration condition was simulated using an electricity 
fan and the modal parameters were identified following the frequency domain 
decomposition (FDD) method. The Markov chain Monte Carlo (MCMC)-based Bayesian 
model updating method was applied in the model updating to quantify the stiffness of 
clip. A finite element model of the test panel was built and updated using the identified 
modal parameters. Finally, the measured and model-predicted results were compared and 
discussed. The research findings are helpful in the understanding of the vibration 
characteristics and the development of an accurate finite element model for capturing the 
dynamic characteristics of this kind of roofing system in the future. 

2 Indoor panel test and experimental results 

2.1 Indoor panel test 

Figure 1(a)  (Hu et al., 2016) shows the indoor test panel constructed in the laboratory. 
The full-scale test panel is comprised of three full-size metal strips at the middle together 
with two half-size strips at the two edges. The test panel is connected to the three purlins 
using 12 clips on top of a steel frame. Figure 2 shows the clip employed to connect the 
metal roof to the purlin of the steel frame. The dimension of the indoor test panel is  
1.84 m width by 2.7 m long, as shown in Figure 1(b), in which the red dots and blue 
crosses show the locations of sensors on the test panel and the locations of clips, 
respectively. In total, 18 measurement locations were planned. The vibration time history  
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data were measured by 18 uniaxial accelerometers with a sampling frequency of  
2,048 Hz in a single setup. To simulate the ambient vibration condition, an electricity fan 
was used to generate wind load on the test panel [see Figure 1(a)]. Figure 3 shows the 
measured vibration at the first channel (the measured signals at other channels are 
similar). It is clear from Figure 3 that the largest amplitude of vibration is about 0.1 g. 

Figure 1 The metal roof test panel, (a) the physical panel supported by steel purlins  
(b) the dimensions (in m), sensor locations (red dots) and clip locations (blue crosses) 
(see online version for colours) 

  

 

 
(a) (b) 

Note: (a) The indoor test panel and (b) the measurement plan. 
Source: Hu et al. (2016) 

Figure 2 The clip employed in connecting the metal roof onto the purlin (see online version  
for colours) 
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Figure 3 Time-history data from the first measurement channel (see online version for colours) 

 

 

2.2 Modal identification using FDD 

To extract the modal parameters from the measured data, FDD is adopted in this paper. 
To be self-contained, the basic theory of FDD is briefly reviewed in this section. 
Interested readers should refer to the original development (Brincker et al., 2001). At 
frequency ω, the power spectrum density (PSD) matrix is written as 

(i ) (i ) (i ) (i )T
y xω ω ω ω=G H G H  (1) 

where Gy(iω) is the n by n PSD matrix of the measured output responses; n is the number 
of measured degrees of freedom (DOFs), i2 = –1, Gx(iω) is the m by m PSD matrix of the 
inputs, m is the number of inputs, H(iω) is the n by m frequency response function (FRF) 
matrix, the overbar denotes the complex conjugate and the superscript T denotes the 
transpose. The FRF matrix is further expressed in the partial fraction form: 

1

(i )
i i

mN
j j

j jj

ω
ω λ ω λ=

= +
− −∑ R R

H  (2) 

where Nm is the number of modes, λj is the jth pole and Rj is the residue given by 

T
j j j=R φ β  (3) 

where φj is the mode shape of the jth mode and βj is the modal participation vector of the 
jth mode. If the input is white noise, substituting equation (2) into equation (1) gives the 
output PSD matrix in the following form 
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(i )
i ii i

mN
j j j j

y
j jj jj

ω
ω λ ω λω λ ω λ=

= + + +
− −− −∑ K K R R

G  (4) 

where Kj is the jth residue matrix of the output PSD matrix. When the damping is small, it 
can be shown that the residue matrix is proportional to the mode shape: 

T
j j j jg∝K φ φ  (5) 

where gk is a constant. The output PSD matrix can then be expressed explicitly as 

1

(i ) .
i i

mN T T
j j j jj j

y
j jj

g g
ω

ω λ ω λ=

≈ +
− −∑ φ φ φ φ

G  (6) 

To identify modal parameters using FDD, the first step is to conduct singular value 
decomposition (SVD) for output PSD matrices at every frequency and construct the 
singular value spectra. The natural frequencies can be identified at the peaks of the curve 
corresponding to the largest singular values while the mode shapes can be obtained as the 
singular vectors of the output PSD matrices at the natural frequencies. 

2.3 Experimental results 

Figure 4 shows the first singular value spectrum calculated from the measured  
time-domain data from all 18 channels and only vertical vibration was considered in the 
modal identification analysis. From the singular value spectrum, four vertical modes were 
clearly observed. 

Figure 4 First singular value spectrum (see online version for colours) 
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Figure 5 The identified modal parameters, (a) Mode 1: 19.42 Hz, 0.67% (b) Mode 2: 22.30 Hz, 
0.52% (c) Mode 3: 27.25 Hz, 0.57% (d) Mode 4: 30.30 Hz, 0.37% (see online version 
for colours) 

 
(a) 

 
(b) 



   

 

   

   
 

   

   

 

   

    Operational modal analysis and Bayesian model 11    
 

 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 5 The identified modal parameters, (a) Mode 1: 19.42 Hz, 0.67% (b) Mode 2: 22.30 Hz, 
0.52% (c) Mode 3: 27.25 Hz, 0.57% (d) Mode 4: 30.30 Hz, 0.37% (continued)  
(see online version for colours) 

  
(c) 

 
(d) 
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Figure 5 shows natural frequency, modal damping and mode shape of the four  
vertical vibration modes, which were identified from the ambient vibration data.  
Figure 5(a) is the first identified mode (Mode 1) with a natural frequency of 19.42 Hz and 
a damping ratio of 0.67%. It is clear that when the measurement points on the centre 
metal strip move downward, the measurement points on the two side strips move upward. 
Figure 5(b) shows the second identified mode (Mode 2) with a natural frequency of 22.30 
Hz and a damping ratio of 0.52%. The vibration at the measurement locations on the 
centre strip is very small. However, the vibrations at the two side strips are obvious and 
they are in opposite directions. This mode is like a rigid body rotational mode of the 
panels about the centre line. Figure 5(c) depicts the third vertical modes (Mode 3) with a 
natural frequency of 27.25 Hz and a damping ratio of 0.57%. The vibration of the test 
panel can be divided by the central axis along y-axis into two parts and they are 
antisymmetric. Figure 5(d) is the fourth identified mode (Mode 4) with a natural 
frequency of 30.30 Hz and a damping ratio of 0.37%. Similar to Mode 3, the vibration of 
the entire test panel can be divided into two parts, when the front part goes upward, the 
back part moves downward. 

3 Finite element modelling and model updating of the metal roof test panel 

3.1 Modelling method 

The modelling of the seam-clip-purlin connection is a challenge in the development of 
the numerical model of metal roofs. Since the two adjacent metal strips is not rigid 
connected, the relative displacements in three directions (in the global x, y and  
z directions) together with the relative rotation should be considered. To simulate those 
relative displacements in the FE model, the seam-clip-purlin connection between  
two metal strips was modelled using equivalent springs  (Damatty et al., 2003) as shown 
in Figure 6. Since the vibration amplitude is small in this study, all springs are assumed to 
be linear elastic. Figure 6(a) depicts the schematic figure of the seam-clip-purlin  
joint model. The relative displacements in the three perpendicular directions between  
two adjacent metal strips are captured by the three translational springs with stiffness 
values kx, ky and kz and the relative rotation between the two adjacent metal strips is 
simulated as the rotational spring with stiffness value kr. The clip is simulated as  
two longitudinal springs each with a stiffness value of kc / 2 (i.e., the total stiffness of a 
clip is equal to kc). The top of the clip is connected to the two metal panels, whereas the 
bottom is connected to the purlin. 

Figure 6(b) shows the schematic figure of the seam joint model far from the clip 
location and the modelling strategy for the relative displacement is the same as the  
seam-clip-purlin connection. When compared to the modelling of the seam joint and 
seam-clip-purlin joint, the modelling of other components of metal roofing system is 
relatively simple. The columns, beams and purlins of the supporting steel frame were 
modelled using beam element and the metal strips were modelled using shell elements in 
ANSYS as shown in Figure 7. 
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Figure 6 Finite element modelling of (a) seam-clip-purlin and (b) seam joint (see online version 
for colours) 

  
(a)     (b) 

Figure 7 Finite element model of the metal roof test panel (see online version for colours) 

 

3.2 Bayesian model updating by MCMC 

To be self-contained, the basic theory of the MCMC-based Bayesian model updating 
method is briefly introduced here. To appropriately address measurement noise and 
modelling error, the fractional errors of the natural frequencies and mode shapes are 
assumed to follow the zero-mean Gaussian distribution with variance κ2. One can 
formulate the likelihood function as 

2 2
1

( ) 1( | ) exp
2 2

n

i

Jp
κ πκ=

 = − 
 ∏

θθD  (7) 

where D denotes the set of identified modal parameters that is the set of measured data in 
the model updating process, subscript i denotes the mode index, n is the total number of 
modes to be considered in the model updating process, θ denotes the uncertain model 
parameter vector and J(θ) is the measure-of-fit function given by 
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( )2

1

ˆ ( ) ˆ( ) 1 ( )ˆ

n
i i T

ii
ii

f fJ
f=

  −
= + −      
∑ θθ Φ Φ θ  (8) 

where îf  denotes the measured natural frequency in Hz, fi(θ) is the calculated natural 

frequency whose dependence on uncertain model parameters θ is emphasised and ˆ iΦ  
and Φi(θ) denote the measured and calculated mode shapes, respectively. 

The posterior PDFs of the uncertain parameters are formulated following the works 
presented in   Lam et al. (2017a), as 

2

( )( | ) exp
2
Jp c
κ

 = − 
 

θθ D  (9) 

where c is a normalising constant. 
The bridge PDF is at the jth sampling level and pj is thus constructed according to the 

posterior PDF, as in (Lam et al., 2017a): 

2

( )exp
2j j

j

Jp c
κ

 = − 
 

θ  (10) 

where 2
jκ  controls the size of the region covered by the bridge PDF and decreases 

gradually from level to level. In each level, sampling is conducted using the  
Metropolis-Hastings (MH) algorithm  (Metropolis et al., 1953; Hastings, 1970) with the 
proposal PDF constructed by the kernel density (Au and Beck, 1999). The important 
regions of the posterior PDF are gradually reached as the sampling goes on. The 
procedures of MCMC-based model updating are summarised below. The MCMC 
algorithm for Bayesian model updating can be summarised as follows: 

1 Determine the algorithm parameters such as sample number N, sample level l and 
changing rate A of the bridge PDFs between two successive sampling levels and 
construct the objective function J(θ) based on the identified modal parameters. 

2 In the first level, generate N samples using the MH algorithm. A uniform PDF is 
used as the proposed PDF. 

3 In a general level j, the sampling procedure is similar to that in the first level except 
that the proposed PDF in the MH algorithm is constructed by kernel density 
estimation based on the samples generated in the previous level j – 1. 

4 Repeat Step (3) until the samples in the final level are generated. The posterior 
marginal PDFs can be efficiently calculated by analytically integrating the kernel 
density based on the samples in the final sampling level. The posterior uncertainties 
can then be assessed based on the posterior marginal PDFs. 

3.3 Model updating results 

In this study, the equivalent spring between two adjacent metal strips were treated as 
constant and only the stiffness of clip (nominal value kc / 2 = 2.2 × 106 N/m) was 
considered as the uncertain model parameters. Based on the developed finite element 
model, the model-predicted mode shapes in the vertical direction were calculated and 
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matched with the measured one. In the model updating process, the stiffness of the clip 
was calculated by multiplying the nominal values of kc / 2 by the non-dimensional scaling 
factors θc. Based on the generated MCMC samples from the Bayesian model updating, 
the posterior PDF of the uncertain parameters were determined. The solid line in Figure 8 
shows the posterior marginal PDF of the scaling factor for the clip. The posterior 
marginal PDF were fitted by Gaussian distribution (the dashed line in Figure 8 to 
calculate the mean and COV). It is found that the MPV of the scaling factors is 1.31, 
which is close to unity indicating a reasonable selection of nominal value of the stiffness 
of clip. It is believed that a value of 5.76 × 106 N/m can be employed as the axial 
stiffness, kc, of this kind of clips for dynamic analysis. It is found that the COV of the 
scaling factor is 39.3%, indicating a relatively large uncertainty. It is believed that 
modelling error is a major contributor to this result. 

Figure 8 Marginal PDFs of the stiffness scaling factor for clip (see online version for colours) 

 

Table 1 and Table 2 show the discrepancies between the measured and model-predicted 
natural frequencies and mode shapes in terms of modal assurance criterion (MAC) for the 
four identified modes after model updating. From Table 1, the largest percentage error in 
natural frequency is about 5% for Mode 2. From Table 2, it is very clear that the MAC 
values for all the modes are very close to 100% implying that the matchings between the 
measured and model-predicted mode shapes were very good. The MAC values for  
modes 1 and 2 are basically the same and they are a bit larger than the MAC values of 
modes 3 and 4. This may be caused by the fact that the mode shapes for higher modes are 
usually more complicated when compared to those for lower modes. To show the 
accuracy of updated the finite element model, the measured mode shapes (blue solid line) 
are plotted together with the model-predicted ones (red dashed line) in Figure 9. The 
matchings between measured and model-predicted mode shapes are in general 
reasonable. 
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Table 1 Percentage errors between the measured and model-predicted natural frequencies 

Mode Measured Model-predicted Discrepancy 
Mode 1 (Hz) 19.42 19.83 2.11% 
Mode 2 (Hz) 22.30 23.42 5.02% 
Mode 3 (Hz) 27.25 28.14 3.27% 
Mode 4 (Hz) 30.30 31.05 2.48% 

Figure 9 Model-predicted mode shape for (a) Mode 1, (b) Mode 2, (c) Mode 3 and (d) Mode 4 
(see online version for colours)  

  
(a) 

 
(b) 
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Figure 9 Model-predicted mode shape for (a) Mode 1, (b) Mode 2, (c) Mode 3 and (d) Mode 4 
(continued) (see online version for colours)  

  
(c) 

 
(d) 

Table 2 MAC values between the measured and model-predicted mode shapes 

Mode MAC 
Mode 1 93.71% 
Mode 2 93.25% 
Mode 3 89.93% 
Mode 4 90.34% 
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4 Conclusions 

This paper presents a comprehensive study of ambient vibration test, modal identification 
and model updating of a steel frame supported standing seam metal roofing model under 
laboratory condition. Modal parameters were extracted from the vibration data using 
FDD method and four vertical vibration modes were identified. To further quantify the 
stiffness of clips, a finite element model was developed in ANSYS and was updated 
following the MCMC-based Bayesian model updating method. The results show that an 
axial stiffness of 5.76 × 106 N/m can be used for this kind of clips for dynamic analysis. 
The matching between measured and model-predicted modal parameters is in general 
acceptable after model updating. This study demonstrates the feasibility in identifying the 
clip stiffness of this kind of standing seam metal roofing system based on a set of 
measured vibration data. Based on the experience obtained from the indoor panel test, an 
in-situ field test will be carried out in the future to study the dynamic characteristics of 
metal roofs under operational condition. The findings presented in this paper are 
important for the development of a structural health monitoring system for metal roofing 
system in the future. 
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