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Abstract: Metal roof systems are widely used in various landmark buildings. Understanding the
natural vibration characteristics and primary influence of the roof system is useful for improving
the roof system’s service life and maintaining the project’s safety. In addition, it is helpful to analyze
the vibration force of the structure under earthquake and wind load. In this paper, the experimental
investigation of the natural vibration characteristics (NVC) of two commonly used structural forms of
standing-seam metal roof systems is carried out, and the influence of different boundary conditions,
specimen width, panel width, and other parameters on the NVC are considered. The influence of
different factors on the NVC of the roof system is analyzed in detail, and the main influencing factors
and secondary influencing factors are studied. The research results show apparent differences in
the NVC of the side and middle span of the roof panel under different parameters. The structural
form has the most significant influence on the NVC of the roof panel, and the maximum influence
on the peak acceleration (PA) and the fundamental frequency (FF) of the roof panel are 83.7% and
60%, respectively. The width of the specimen has a minor influence on the FF of the roof panel, and
the minimum influence range is 6.9%. The influence of structural form, constraint form, specimen
width, and panel width on the PA of the roof panel is far more significant than it is on the FF, with the
difference between the two reaching 44.2%.

Keywords: metal roof system; large span; roof panel; natural vibration characteristic; experimental
investigation; parametric analysis

1. Introduction

The mature application of cold bending forming technology brings excellent devel-
opment opportunities for applying thin metal roof panels in building envelopes, and the
metal roof system has been increasingly widely used [1,2]. In terms of materials, from the
initial galvanized steel sheet, it has developed into aluminized zinc steel sheet, titanium
zinc sheet, aluminum alloy sheet, copper sheet, and stainless steel sheet. From the per-
spective of structural form, from the initial form of self-tapping screw penetration, it has
developed into a safer, more attractive and practical new structural form in areas such
as occlusion, curling, locking, and welding. In terms of application scope, it has been
widely used everywhere from civil public buildings to industrial factory buildings [3].
With the increase of practical application cases, more and more problems of metal roofs are
gradually exposed, including insufficient wind resistance, roof leakage, and durability [4].
The natural frequency and modal analysis of the structure are carried out, which increases
understanding of the dynamic characteristics of the structure. The research results showed
that the structure’s resonance can cause significant harm to the structure [5]. As a typi-
cal large-span structure, it is of great significance for engineering design and application
to understand the natural vibration characteristic of metal roof systems and reduce the
resonance phenomenon between the structure and the external environment.

The existing research on metal roof systems mainly focuses on wind resistance. Sivap-
athasundaram carried out experimental and numerical simulation studies on standing-seam

Buildings 2023, 13, 2855. https://doi.org/10.3390/buildings13112855 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings13112855
https://doi.org/10.3390/buildings13112855
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://doi.org/10.3390/buildings13112855
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings13112855?type=check_update&version=3


Buildings 2023, 13, 2855 2 of 19

aluminum alloy roof systems. The failure curves of purlins were established to determine
the damage degree of roof panels under extreme wind loads, and feasible reinforcement
measures were proposed [6,7]. Morrison simulated the standing-seam metal roof with
wind clips and solved its wind-resistance capacity [8]. The validity of the numerical simu-
lation method is verified by comparing the experimental results. Kumar [9] proposed a
method for assessing wind-induced fatigue damage using Miner’s rule and Goodman’s
method. The rain flow technique was used to analyze the wind pressure data, and the
probability method was used to evaluate the fatigue characteristics of the long-term wind
climate and pressure in the region. Myuran carried out a dynamic fatigue loading test
on the mechanical properties of the standing-seam roof system. A calculation method for
the fatigue performance of the roof system is proposed [10,11]. Schroter measured the
wind-resistance capacity of a specific plate type by static pressure test [12]. In addition, Ali
replaces the contact between the standing-seam roof panels with contact elements, obtains
the metal roof’s vibration mode and natural frequency through modal analysis, and further
determines the dynamic characteristics of the roof system under dynamic loads [13]. Li [14]
carried out a modal analysis on the roof panel of a continuous welded stainless steel roof
system using a test and finite element. The research shows that the fundamental frequency
of roof panels is 16.72 Hz.

Many scholars have conducted studies on the natural vibration characteristic of large-
span structures. The structure’s natural frequency is one of the important indexes to
measure the dynamic characteristics, which will provide an essential theoretical basis for
the wind resistance, seismic design, and structural health monitoring of the box girder
bridge [15]. The analysis methods of natural vibration characteristics of box girder bridges
include the energy variational method, matrix analysis method, finite element method,
and test method. Among them, the energy variational method is the most commonly used
analytical method to study the natural vibration frequency of box girder bridges [16–18].
Zhang et al. derived the variational solution of the bending natural vibration characteristics
of composite box girder bridges with corrugated steel webs considering the influence
of shear lag and the accordion effect. They revealed two kinds of results [19]. Based
on Hamilton’s principle, Jiang et al. established an analytical method for the bending
natural frequency of box girders considering the effects of shear deformation, shear lag, and
moment of inertia [20]. Based on higher-order theory and the Carrera closed-form solution,
Shen et al. analyzed the free vibration characteristics of steel–concrete composite beams [21].
In addition, Liu et al. conducted theoretical analysis on the vibration characteristics of
fiber metal laminates thin plates under cantilever boundary conditions and compared the
experimental results to verify the reliability of the calculation model [22]. In addition,
many scholars have conducted a series of theoretical and numerical analysis studies on the
bending and vibration characteristics of thin plate and beam members [23–27]. The above
research is mainly based on the background of nonlocal continuum theory, and considers
the free vibration and forced vibration of plates from macro to nano. The modal-based
method is used to analyze the vibration of the above structure. These methods are more
advanced than the commonly used elastic theory used to analyze the macro structure. This
paper can refer to the relevant research methods and conclusions to carry out the dynamic
characteristics analysis of the metal roof system.

In summary, the study on the metal roof system considered its wind resistance per-
formance and rarely analyzes the natural frequency and modal distribution of the metal
roof system itself. The research on the NVC of large-span structures, thin plate and beam
members is mainly focused on long-span bridges, and there is little analysis of the natural
vibration frequency and modal analysis of large-span metal roof systems. This paper refers
to the research methods and ideas of the NVC of large-span bridge structures. It conducts
experimental research on the NVC of the standing-seam metal roof system. The effects of
different roof system structure forms, sizes, occlusion forms, and boundary conditions on
the dynamic characteristics of the standing-seam roof system are considered. The influence
of different parameters on the NVC of the roof system is compared and analyzed, and the
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primary factors and secondary factors are understood. The research results of this paper
can provide some reference for other types of metal roof systems and provide critical data
support for engineering design and application.

2. Experimental Program
2.1. Test Specimens

In this paper, the experimental study of the natural vibration frequency of four test
specimens is carried out. The four roof systems consider different parameters, and the
parameters’ influence on the roof system’s NVC is compared and analyzed. The four
specimens are all standing-seam metal roof systems. The plane and section diagrams
of the specimens are shown in Figure 1. The length of all specimens was 7500 mm. In
specimen A, the width of the roof system and a single roof panel are 2000 mm and 420 mm,
respectively. The roof system is 360◦ occlusion form, and the roof panel used 0.8 mm thick
aluminized zinc profiled steel sheet. The purlin is a square steel tube with a cross-section
length of 150 mm and a width of 100 mm. Figure 1a shows specimen A’s plane and section
diagrams. In specimen B, the width of the roof system and a single roof panel are 3660 mm
and 420 mm, respectively. The occlusion and structural form of specimen B is the same
as that of specimen A, and the plane diagram of specimen B is illustrated in Figure 1b.
In specimen C, the width of the roof system is 3860 mm, and the width and thickness
of a single roof panel are 300 mm and 1.0 mm, respectively. The roof panel is made of
aluminum–magnesium–manganese material, and specimen C is 270◦ occlusion form. The
plane and section diagrams of specimen C are plotted in Figure 1c. In specimen D, the
width of the roof system is 3660 mm, and the width and thickness of a single roof panel are
400 mm and 1.0 mm, respectively. The occlusion and structural form of specimen D is the
same as that of specimen C, and the plane diagram of specimen D is drawn in Figure 1d.
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Figure 1. Diagram of specimens.

2.2. Sensor Arrangement

In this paper, the natural frequency of the four specimens is tested by the uTekL8916
dynamic signal analysis system and 941B ultra-low frequency vibrometer. In the four
specimens, the sensors are selected at different positions of the roof panel’s side and middle
span to analyze the NVC. Six sensors are arranged for each specimen, as shown in Figure 2.
The sensors of A1~A6 are arranged on specimen A, among which A1~A3 are arranged at
the roof panel of the side span purlin position, and A4~A6 are arranged at the non-purlin
roof panel of the middle span. The sensors of B1~B6 are arranged on specimen B, where
B1~B3 are set in the side span, and B4~B6 are set in the middle span. The sensors of
C1~C6 are installed on specimen C, where C1~C3 is on the side span, and C4~C6 is on
the middle span. The sensors of D1~D6 are installed on specimen D, in which D1~D3 are
arranged in the side span, and D4~D6 are laid in the middle span. The difference between
the natural frequency of the side span and the middle span roof panel and the frequency
variation law at different positions along the length direction of the roof panel are compared
and analyzed.
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2.3. Test Scheme

As seen above, this paper arranges three sensors in the specimen’s side and middle
span, respectively, and analyzes the natural vibration frequency at different spans of the
test specimens. To further analyze the influence law of the dynamic behavior of the test
specimens, the influence of different boundary constraint forms on the natural vibration
frequency of the roof panel is considered. Further, the relationship between the natural
frequency of the roof panel and the external environmental load frequency can be analyzed,
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and whether the two will produce a resonance phenomenon can be judged. This paper
shows the specific cases and parameters of the four specimens in Table 1. Specimen A
considers three types of boundary constraints, namely, four-sided free (4SF), four-sided
constraint (4SC), and two-sided constraint (2SC). Specimen B only is considered the form
of four-sided constraint (4SC). Specimen C applies three types of constraints, namely,
two-sided constraint (2SC), three-sided constraint (3SC), and four-sided constraint (4SC).
Specimen D is applied in the form of four-sided constraint (4SC). In cases S1~S3 and
S5~S6, the influence of different constraints on the NVC of aluminum–zinc alloy (AZA)
and aluminum–magnesium–manganese (AMM) roof panels are studied. In cases S3 and
S4, the influence of different specimen widths on the natural frequency of the roof panel is
researched. The specimen widths of cases S3 and S4 are 2000 mm and 3660 mm, respectively.
Cases S7 and S8 are considered the influence of roof panel width on the dynamic behavior
of the roof system. The roof system widths of cases S7 and S8 are 2000 mm and 3660 mm,
respectively. The boundary of the roof system is constrained and fixed by steel angle codes
and bolts, and the constraint test diagram is shown in Figure 3. In addition, the influence of
different roof system structure forms on the dynamic property is compared. In this paper,
the hammering method is used to measure the natural vibration characteristics of the roof
system. Each case is hammered three times, and the average value of the three results is
selected for analysis. The specimen is basically in an elastic state, without considering
the wear of the component. The acquisition equipment mainly includes the uTekL8916
dynamic signal analysis system and 941B ultra-low frequency vibrometer. The dynamic
load is applied to the specimen by the rubber hammer, and the comprehensive results are
obtained by setting different sensors on the roof panel. Then, the roof panel’s PA and FF
are analyzed.

Table 1. The specific parameters and test cases of the specimen.

Cases Specimen Panel Material Panel Width (mm) Occlusion Form (◦) Boundary Conditions

S1 A AZA 420 360 4SF
S2 A AZA 420 360 4SC
S3 A AZA 420 360 2SC
S4 B AZA 420 360 4SC
S5 C AMM 300 270 2SC
S6 C AMM 300 270 3SC
S7 C AMM 300 270 4SC
S8 D AMM 400 270 4SC
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3. Analysis of Test Results
3.1. Case S1

The acceleration time–history curve of case S1 is illustrated in Figure 4. The accelera-
tion change rules of the side span and middle span are similar. The PA of sensors A1~A6
is shown in Figure 5. The PA of A1~A6 were 4.24 m/s2, 4.48 m/s2, 4.46 m/s2, 3.17 m/s2,
4.16 m/s2, 4.13 m/s2, respectively. The PA of the side span roof panel is greater than that of
the middle span, and the maximum difference is 25.2%. Along the length direction of the
roof panel, the PA of the side span and the middle span show an increasing trend, and the
maximum decline was 5.2% and 31.2%, respectively.
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The frequency and acceleration curves of S1 are drawn in Figure 6. It can be found that
the frequencies of sensors A1~A6 under the FF are 15.00 Hz, 15.00 Hz, 13.50 Hz, 15.00 Hz,
15.00 Hz, and 13.50 Hz, respectively. The frequency difference between the side and middle
span under the FF is insignificant. The primary frequencies of the side and middle span
appear at 13.50 Hz and 33 Hz, respectively. The natural frequency of the S1 roof panel is
about 15 Hz. Compared with the reference results [14], the maximum error is about 10.2%.
As can be found, the test results of this paper have a certain accuracy.
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Figure 6. Frequency and acceleration curve of case S1. Figure 6. Frequency and acceleration curve of case S1.

To further analyze the dynamic characteristics of the roof panel, the damping ratio
of the roof panel is calculated. The general methods for solving the damping ratio mainly
include the half-power bandwidth and time-domain attenuation methods [28,29]. In
this paper, the half-power bandwidth method is used to calculate the damping ratio
of the roof panel. Taking the working condition S1 as an example, the damping ratio
is calculated for the measuring points A1~A6, and then the average value is taken. The
fundamental frequencies of measuring points A1~A6 are given in Figure 6. Two frequencies
corresponding to the fundamental frequency of 0.707 are selected and calculated according
to Formula (1). The damping ratio of the roof panel is calculated to be 0.02.

ξ =
f 2 − f 1
f 2 + f 1

(1)

3.2. Different Boundary Conditions

(1) Specimen A

Specimen A’s acceleration time–history curves under different constraint forms are
similar, as shown in Figure 7. With the change of the constraint form, the variation of
acceleration in cases S1~S3 is different. The PA of each sensor under three cases is plotted
in Table 2. The acceleration peaks of S1~S3 were 4.48 m/s2, 4.81 m/s2 and 3.84 m/s2,
respectively. The PA of S2 is significantly greater than that of S1 and S3. The variation of
the PA of each sensor is illustrated in Figure 8. With the change in the constraint form, the
variation law of the PA of the sensor is quite different. In the side span, the PA of A2 in case
S2 (4FC) has a sudden change. The maximum difference in PA of the three cases is 47.4%.
In the middle span, the PA of the sensor A5 in case S2 changes suddenly. The maximum
difference in PA of the three cases is 29.3%. The PA of sensor A4 is the smallest under three
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cases. With the change of the constraint form, the influence on the acceleration of the side
span is greater than that of the middle span.
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To further analyze the NVC of specimen A, the frequency spectrum curves of cases 
S2 and S3 are shown in Figure 9. With the change of the constraint form, the PA of the 
spectrum curve of specimen A is different. The natural frequency of the first order of the 
roof panel is analyzed. The natural frequency of the first order under three cases is listed 
in Table 3. In the side span, the maximum values of the first-order natural frequencies of 
the cases S1~S3 are the same, and the minimum values are 13.5 Hz, 14.4 Hz, and 14 Hz, 
respectively. With the change of constraint form, the minimum value of the natural fre-
quency of the first order increases, and the maximum increase is 6.7%. In the middle span, 
the maximum value of the natural frequency of the first order of the cases S1~S3 appears 
in case S1, and the minimum values are 13.5 Hz, 14.5 Hz, and 13.7 Hz, respectively. With 
the change of the constraint form, the minimum value of the FF increases by 7.4%. It can 
be seen that the change of the constraint form has little effect on the natural frequency of 
the side span and the middle span roof panel. 
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Figure 7. Acceleration time-history plot of cases S2 and S3.

Table 2. The PA of cases S1~S3 (m/s2).

Cases Specimen Constraint Forms 1 2 3 4 5 6

S1 A 4SF 4.24 4.48 4.46 3.17 4.16 4.13
S2 A 4SC 3.43 2.35 4.81 3.39 2.94 4.48
S3 A 2SC 2.56 2.52 2.53 2.26 3.84 3.22
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To further analyze the NVC of specimen A, the frequency spectrum curves of cases 
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To further analyze the NVC of specimen A, the frequency spectrum curves of cases
S2 and S3 are shown in Figure 9. With the change of the constraint form, the PA of the
spectrum curve of specimen A is different. The natural frequency of the first order of the
roof panel is analyzed. The natural frequency of the first order under three cases is listed
in Table 3. In the side span, the maximum values of the first-order natural frequencies
of the cases S1~S3 are the same, and the minimum values are 13.5 Hz, 14.4 Hz, and
14 Hz, respectively. With the change of constraint form, the minimum value of the natural
frequency of the first order increases, and the maximum increase is 6.7%. In the middle
span, the maximum value of the natural frequency of the first order of the cases S1~S3
appears in case S1, and the minimum values are 13.5 Hz, 14.5 Hz, and 13.7 Hz, respectively.
With the change of the constraint form, the minimum value of the FF increases by 7.4%. It
can be seen that the change of the constraint form has little effect on the natural frequency
of the side span and the middle span roof panel.
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Table 3. The FF of cases S1~S3 (Hz).

Cases Specimen Constraint Forms 1 2 3 4 5 6

S1 A 4SF 15.0 15.0 13.5 15.0 15.0 13.5
S2 A 4SC 14.4 14.5 15.0 14.5 14.5 14.5
S3 A 2SC 15.0 15.0 14.0 13.7 14.5 14.5

(2) Specimen C

The acceleration time–history curve of each sensor under different constraint forms
(Specimen C) is shown in Figure 10. With the change of constraint form, the PA of each
sensor is different. The PA of each sensor under different cases is plotted in Table 4. In
the side span, the acceleration at the sensor C1 is the largest, and the acceleration of the
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sensor C6 is the smallest. With the change of constraint form, the acceleration of each sensor
shows a downward trend. The maximum decrease of sensors C1~C3 was 25%, 7.8%, and
43.5%, respectively. In the middle span, the acceleration at the sensor C5 is the largest, and
the acceleration at the sensor C6 is the smallest. With the change of constraint form, the
acceleration of each sensor shows a downward trend. The maximum decrease of sensors
C4~C6 was 25.2%, 26%, and 3.3%, respectively. It can be seen that the maximum influence
of the change of the constraint form on the PA of the side span and the middle span of the
specimen C is 43.5% and 26%, respectively.
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Table 4. The PA of cases S5~S7 (m/s2). 
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S5 C 2SC 14.4 7.7 6.9 13.9 15 6.1 
S6 C 3SC 11.0 7.5 3.9 10.4 13.8 5.9 
S7 C 4SC 10.8 7.1 4.4 12.3 11.1 6.0 

To analyze the influence of constraint form on the natural frequency of specimen C, 
the frequency spectrum curves under different working conditions are shown in Figure 
11. Under different constraint forms, the FF of each sensor is listed in Table 5. With the 
change in the constraint form, the FF of the sensor shows a downward trend. The maxi-
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Table 4. The PA of cases S5~S7 (m/s2).

Cases Specimen Constraint Forms 1 2 3 4 5 6

S5 C 2SC 14.4 7.7 6.9 13.9 15 6.1
S6 C 3SC 11.0 7.5 3.9 10.4 13.8 5.9
S7 C 4SC 10.8 7.1 4.4 12.3 11.1 6.0

To analyze the influence of constraint form on the natural frequency of specimen C,
the frequency spectrum curves under different working conditions are shown in Figure 11.
Under different constraint forms, the FF of each sensor is listed in Table 5. With the change
in the constraint form, the FF of the sensor shows a downward trend. The maximum
decrease of sensors C1~C6 are 14.3%, 14.3%, 20%, 17.1%, 19.4% and 17.1%, respectively. It
can be found that the maximum influence of the constraint form on the FF of specimen C is
about 20%.
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Table 5. The FF of cases S5~S7 (Hz).

Cases Specimen Constraint Forms 1 2 3 4 5 6

S5 C 2SC 17.5 17.5 17.5 17.5 18.0 17.5
S6 C 3SC 17.0 17.0 17.5 17.5 17.5 17.5
S7 C 4SC 15.0 15.0 14.0 14.5 14.5 14.5

3.3. Different Specimen Width

Cases S2 and S4 are considered with different specimen widths, and the acceleration
time–history curve of S4 is shown in Figure 12. The acceleration peaks of cases S2 and S4
are plotted in Table 6. In the side span, the PA of case S4 is greater than that of S2. The
PA of cases S2 and S4 are 4.8 m/s2 and 5.0 m/s2, respectively. The maximum difference
between the sensors is 50%, appearing at the sensor 2 position. In the middle span, the
PA of case S4 is less than that of S2. The PA of cases S2 and S4 are 4.5 m/s2 and 2.3 m/s2,
respectively. The maximum difference between the sensors is 51.1%. The comparative
analysis shows that the specimen’s width significantly influences the PA of the roof panel,
and the maximum influence amplitude is 51.1%, appearing at the sensor 6 position.
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Figure 13. Frequency and acceleration curve of case S4. 

Table 7. The FF of cases S2 and S4 (Hz). 

Cases Specimen Constraint Forms 1 2 3 4 5 6 
S2 A 4SC 14.4 14.5 15 14.5 14.5 14.5 
S4 B 4SC 14.5 15.5 14.5 14.5 14.5 14.5 

Figure 12. Acceleration time-history plot of case S4.

Table 6. The PA of cases S2 and S4 (m/s2).

Cases Specimen Constraint Forms 1 2 3 4 5 6

S2 A 4SC 3.4 2.4 4.8 3.4 2.9 4.5
S4 B 4SC 5.0 4.8 5.1 2.3 2.2 2.2

The spectrum curve of case S4 is shown in Figure 13. The first-order natural frequencies
of cases S2 and S4 are drawn in Table 7. It can be seen that with the change in the width of
the specimen, the changing trend of the FF of the roof panel is similar. The FF of specimens
A and B at each roof panel position remains unchanged. The width of the specimen has
little effect on the first natural frequency of the roof panel, and the maximum influence
amplitude is about 6.9%.
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Figure 12. Acceleration time-history plot of case S4. 

Table 6. The PA of cases S2 and S4 (m/s2). 

Cases Specimen Constraint Forms 1 2 3 4 5 6 
S2 A 4SC 3.4 2.4 4.8 3.4 2.9 4.5 
S4 B 4SC 5.0 4.8 5.1 2.3 2.2 2.2 

The spectrum curve of case S4 is shown in Figure 13. The first-order natural frequen-
cies of cases S2 and S4 are drawn in Table 7. It can be seen that with the change in the 
width of the specimen, the changing trend of the FF of the roof panel is similar. The FF of 
specimens A and B at each roof panel position remains unchanged. The width of the spec-
imen has little effect on the first natural frequency of the roof panel, and the maximum 
influence amplitude is about 6.9%. 
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Figure 13. Frequency and acceleration curve of case S4. 

Table 7. The FF of cases S2 and S4 (Hz). 

Cases Specimen Constraint Forms 1 2 3 4 5 6 
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Figure 13. Frequency and acceleration curve of case S4.

Table 7. The FF of cases S2 and S4 (Hz).

Cases Specimen Constraint Forms 1 2 3 4 5 6

S2 A 4SC 14.4 14.5 15 14.5 14.5 14.5
S4 B 4SC 14.5 15.5 14.5 14.5 14.5 14.5

3.4. Different Panel Width

The cases S7 and S8 are considered with different panel widths and the acceleration
time–history curve of S8 is plotted in Figure 14. The acceleration peaks of cases S7 and S8
are illustrated in Table 8. The PA of case S8 is greater than that of case S7. In the two cases,
the acceleration at the position of sensor 3 is the smallest. The PA of case S7 appears in the
side span sensor 4, and the PA of case S8 appears in the middle span sensor 2. The PA of
cases S7 and S8 are 12.3 m/s2 and 15.0 m/s2, respectively. The maximum difference in PA
of cases S7 and S8 in the side and middle span is 52.6% and 54.2%, respectively.
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Figure 14. Acceleration time-history plot of case S8.

Table 8. The PA of cases S7 and S8 (m/s2).

Cases Specimen Constraint Forms 1 2 3 4 5 6

S7 C 4SC 10.8 7.1 4.4 12.3 11.1 6.0
S8 D 4SC 9.0 15.0 5.5 10.6 13.5 13.1

The spectrum curve of case S8 is shown in Figure 15. The first-order natural frequencies
of cases S7 and S8 are drawn in Table 9. It can be found that the FF of case S7 is significantly
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larger than that of case S8. The FF of the two cases at different roof panel positions remains
unchanged. The maximum FF of cases S7 and S8 are 15.0 Hz and 9.0 Hz, respectively. The
maximum difference between the side and middle spans is 40% and 37.9%, respectively.
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Figure 15. Frequency and acceleration curve of case S8.

Table 9. The FF of cases S7 and S8 (Hz).

Cases Specimen Constraint Forms 1 2 3 4 5 6

S7 C 4SC 15.0 15.0 14.0 14.5 14.5 14.5
S8 D 4SC 9.0 9.0 8.8 9.0 9.0 9.0

3.5. Different Structure Forms

Cases S4 and S8 are selected to compare and analyze the influence of different struc-
tural forms on the NVC of the roof system. The material of the S4 roof panel is AZA, and
the width and occlusion form are 420 mm and 360◦, respectively. The material of the S8
roof panel is AMM, and the width and occlusion form are 400 mm and 270◦, respectively.
The variation of PA and FF of cases S4 and S8 are drawn in Figure 16. The PA of case S8
is significantly greater than that of case S4, and the maximum difference is 83.7%. The
maximum acceleration under cases S4 and S8 appear in the side span. Along the roof
panel’s length direction, each sensor’s acceleration, in the case of S8, fluctuates wildly. The
FF of case S8 is the same, about 9 Hz, and the FF of case S4 is about 15 Hz. The FF of case
S4 is greater than that of case S8, and the difference between the two is about 60%.
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4. Conclusions

In this paper, the experimental investigation of the NVC of two kinds of typical
structural form metal roof systems is carried out. The natural vibration frequency and PA of
the roof panel at different spans of the side and middle span are analyzed, and the influence
of different parameters on the natural frequency of the roof panel is further considered.
The following conclusions can be drawn.

1. The test results of this paper have a certain reliability. The PA of the side span in
case S1 is generally more significant than that of the middle span. The PA increases
roughly along the length of the roof panel, with a maximum increase of 31.2%.

2. With the change of the boundary conditions, the influence on the acceleration of the
side span of specimens A and C is greater than that of the middle span. Specimens A
and C’s maximum influence is 47.4% and 43.5%, respectively. The maximum influence
of the boundary conditions on the first-order natural frequencies of specimens A and
C is 7.4% and 20%, respectively.

3. The maximum influence of specimen width on specimens A and B’s PA and the first
natural frequency is 51.1% and 6.9%, respectively. The maximum influence of roof
width on the PA and the FF of specimens C and D is 54.2% and 40%, respectively.

4. Under different structural forms, the PA of cases S4 and S8 appear in the side span.
The FF of cases S4 and S8 are 9 Hz and 15 Hz, respectively. The maximum influence
of the structural form on the PA and the FF of the roof systems is 83.7% and 60%,
respectively.

It is worth noting that this paper only considers the dynamic characteristics of the roof
system in the elastic stage, and does not consider the influence of external environmental
loads and various influencing parameters on the mechanical properties and component
damage of the roof system. After taking into account various factors related to the technical
issue at hand, such as the geometry and mechanical properties of the panels, their boundary
conditions, dissipation energy mechanism, and type of connections to the steel profiles
below, it becomes evident that the dynamic behavior of the structure can be affected [30,31].
This, in turn, makes it challenging to evaluate natural frequencies and acceleration peaks.
However, a possible solution to this dilemma would be to develop a comprehensive
analytical or numerical model and incorporate deep learning and artificial intelligence
techniques [32–34]. In the next step, the authors will use deep learning and artificial
intelligence (DL & AI) methods [35–37] to carry out experimental and theoretical analysis
of the mechanical properties and dynamic characteristics of the roof system under external
environmental loads.
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