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Abstract: Equivalent load cycle sequence (ELCS) is important basic information to know that affects
the reliability of the evaluation of wind-induced fatigue on metal roof claddings. In this study,
an estimation method of wind-induced fatigue of metal roof claddings is proposed. Based on the
measured wind pressure–time history data of the roof claddings on a full-scale low-rise building
located along the coast of South China during a typhoon, a new ELCS (NELCS) that reflects typhoon
and actual structure wind pressure characteristics in China’s coastal areas is obtained by using the
rainflow counting method. The locations of fatigue hot spots of metal roof panels are analyzed by
using the finite element analysis method, and the relationship between hot spot stress and wind
pressure is obtained. The fatigue damage accumulation of metal roof claddings under the ELCS of a
typhoon process is counted by the linear cumulative fatigue theory, commonly known as Miner’s
rule. The fatigue damage accumulation of roof claddings with different purlin distances and design
wind loads is analyzed using this method and then compared with the results from the dynamic
loading test of an air chamber. Results show that the physical test findings are close to the numerical
calculation results, which proves that the numerical calculation method has high accuracy and
reliability. The comparison between NELCS in this study and the Australian standard low-high-low
(LHL) sequence shows that the LHL loading sequence is conservative.

Keywords: roof claddings; wind-induced fatigue; equivalent load cycle sequence; numerical analysis;
wind-resistance fatigue test

1. Introduction

Metal roof claddings are widely used in various long-span structural enclosure sys-
tems, such as industrial buildings, gymnasiums, airport terminals, and railway stations,
because of their advantages of light weight, high strength, unique shape, and flexibility.
However, the stress change of roof claddings under typhoon loading may cause the accu-
mulation of fatigue, consequently affecting usage and raising safety concerns. Emanuel [1]
pointed out that the records of net power dissipation of hurricanes are highly correlated
with sea surface temperature, and the tropical cyclone intensity increases as the climate
warms up. Knutson et al. [2] indicated that the greenhouse effect will lead to a 2–11%
increase in the average intensity of tropical cyclones by 2100, and the frequency of the
strongest cyclones will increase significantly. Webster et al. [3] analyzed the number, days,
and intensity of tropical cyclones under the climatic conditions of rising sea surface temper-
ature in the past 35 years, and suggested that the number and proportion of hurricanes of
category 4 and category 5 have increased significantly. Mei et al. [4] found that typhoons
hitting east and southeast Asia have increased by 12–15% over the past 37 years, and
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that the annual incidence of category 4 and category 5 typhoons has more than doubled.
Li et al. [5] found that the tropical cyclones that make landfall in China have become more
destructive in recent decades. Typhoon No. 22 Mujigae landed in Zhanjiang in 2015,
causing serious damage to space-enclosing structures of several of Baosteel’s projects that
were under construction, in addition to the roofs of several venues of Zhanjiang Olympic
Sports Center (Figure 1a). Typhoon Meranti landed in Xiamen in 2016, causing serious
damage to the Xiamen hangar (Figure 1b). In 2017, Typhoon No. 13 Hato landed in Zhuhai
and destroyed a large number of metal roofs (Figure 1c). The analysis and detection of
anti-fatigue effects of metal roof claddings under fluctuating wind load of typhoons are
important factors in the wind-resistance design of long-span metal roof systems. Typhoon
equivalent load cycle sequence (ELCS) is important basic information required for the
wind-induced fatigue evaluation of metal roof claddings.
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Figure 1. Typhoon-induced failure of metal roof: (a) roof damage of Olympic Sports Center Stadium
in Zhanjiang; (b) wind-related disaster of hangar roof of Xiamen Airport; (c) wind-related disaster on
roof system in Zhuhai.

Tropical cyclone Tracy destroyed a great number of roof claddings in 1974. Therefore,
it is necessary to develop a typhoon equivalent loading sequence in order to verify the
fatigue strength of roof claddings. The standard fatigue test sequence of DABM [6] adopts
10,000 cycles with the design wind load as the standard amplitude. However, the constant
amplitude cycle of this sequence does not reflect the wind load distribution characteristics
of tropical cyclones. Melbourne [7] defines the ELCS according to the hourly mean pressure
and the rms of the pressure fluctuations, which is equivalent to the 1-hour random wind
load under the maximum design wind speed in the 50-year return period. The equivalent
load sequence of 5000 cycles per hour is recommended to be repeated three times in order
to simulate the load of tropical cyclones. Jancauskas et al. [8] researched the fatigue char-
acteristics of a corrugated metal roof under the action of a simulated tropical cyclone by
combining the wind tunnel pressure and cyclic load tests, counting the damage accumula-
tion of metal roof claddings, and comparing the calculated results with the results of low
and high three-level loading sequence tests of TR440 [9]. Mahendran [10,11] summarized
the wind-induced damages of low-rise buildings in Australia for years, and proposed that
the roof panels are often damaged under the action of strong winds; this resulted from
insufficient strength of the joint parts or from wind-induced fatigue. The author further
reviewed the fatigue loading sequences of various countries. Based on the wind tunnel
test pressure data of a typical house model and the wind speed and direction data of a
typical simulated cyclone, the LHL four-level load cycle sequence is proposed to simulate
the action of a cyclone, which is the ELCS closest to the actual situation in existing fatigue
testing sequences. The current fatigue design of metal roof in Australian cyclonic regions
is based on the LHL loading sequence specified in the National Construction Code [12].
Wu et al. [13] used ABAQUS software to analyze the damage of the finite element model
of aluminum alloy roofing system standard specimens under the action of eight load
sequences in the load cycle, as recommended by CSA. According to the damage results ob-
tained from numerical analysis, a simplified load sequence based on a CSA-recommended
load cycle was proposed.
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The wind resistance performances of metal roof systems are complex. Henderson et al. [14,15]
studied the low-cycle fatigue response of a corrugated metal roof cladding by subjecting
cladding specimens to a series of static, cyclic, and simulated tropical cyclone loadings.
They pointed out that the peak value of cyclic loading and the corresponding amplitudes
are the main determinants of the generation and development of fatigue cracks. When the
cyclic loads exceed the local plastic deformation load of cladding, the number of cycles to
failure is significantly reduced. Lovisa et al. [16] investigated the mechanism of fatigue crack
initiation in roof cladding, and established a fatigue crack initiation criterion based on strain.
Myuran et al. [17–19] investigated the fatigue performance of metal roof batten to purlin
screw fastener connections, and proposed fatigue design equations for crack initiation
and complete failure of roof batten to purlin connections. Sivapathasundaram et al. [20,21]
studied roof battens’ pull-through capacity by using experimental methods and numerical
analysis; they provided design criterion and capacity reduction factors for the pull-through
capacities calculation of roof battens. Lu et al. [22] used experimentation and simulations
to analyze the wind-resistance performance and failure pattern of the 360� vertical seam-
locked metal roof system, and proposed a method to improve the wind resistance of metal
roof systems.

It is important to analyze and predict wind-induced damage for long-span roofs.
Rocha et al. [23] used a numerical analysis model and measured wind pressure–time
history to evaluate the reliability of roof panels exposed to a specific hurricane event. They
proposed that finite element analysis can be simplified by using a series of sequential
linear–elastic static analyses. Ji et al. [24] proposed a probability analysis method for
wind-induced damage of metal roof claddings based on wind tunnel test data, and used
the Copula function to study the influence of wind load correlation on roof damages.
Huang et al. [25] proposed a wind-induced damage estimation method of roof claddings by
considering the correlation of roof wind load, and pointed out that ignoring the correlation
of wind load will underestimate the risk of roof cladding damage. Huang et al. [26] studied
the wind-induced fatigue failures of long-span lattice structures. They used numerical
methods to estimate the fatigue damage to the grid and spherical joints in the steel lattice
structure, considering the joint distribution of wind speed and direction, and based on
wind tunnel pressure test data and the fatigue accumulation theory.

At present, the ELCS closest to actual situations uses only the roof wind pressure–
time history data obtained by analyzing the wind tunnel pressure test data, and through
simulated typhoon wind speed and direction data. Given the differences between the
model tests and the full-scale prototype measured results and the regional differences of
typhoons, a gap exists between these simulated data and the wind pressure distribution
of the actual full-scale roof structure under the action of actual typhoons. Therefore, the
existing typhoon ELCS cannot be fully applicable to typhoon-prone areas in the southeast
coast of China.

This study proposes a new ELCS (NELCS) that conforms to the typhoon characteristics
in the southeast coast of China and reflects the wind pressure distribution characteristics of
actual structures based on the measured data of wind pressure–time history of a typical
typhoon in the southeast coast of China. Based on this sequence, the estimation method of
wind-induced fatigue damage to metal roofs is established by using finite element analysis
and Miner’s linear cumulative fatigue theory. This study used YX35-760 self-drilling
screw-fastened metal roof claddings as examples to estimate the fatigue damage degree
of roof claddings with different purlin distances and design wind loads. Subsequently,
the measured wind pressure–time history and LHL sequence are compared. The dynamic
loading test of an air chamber under the same working condition is carried out in order
to check the results of the numerical analysis, and the differences between numerical
simulation and physical test results are analyzed. The YX35-760 self-drilling screw-fastened
metal roof claddings test specimens were produced by Chess Lab in Zhuhai, China.
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2. Fatigue Analysis Methods

The relationship between load and fatigue life needs to be established in order to
estimate the fatigue life of materials or structures. The relationship curve between the cyclic
load and its corresponding number of cycles to failure obtained through the fatigue test is
called the S–N curve, as shown in Figure 2, which is given as follows:

NSm = K, (1)

where N is the number of cycles to failure for stress amplitude S; and m and K are material
parameters to be determined. Then, the logarithms on both sides of Equation (1) are taken
as follows, in order to obtain the S–N curve in logarithmic form:

lgN = a + b � lgS, (2)

where a and b are constants to be determined, which are taken from reference [27].
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according to Equation (1), where ni is the number of cycles with amplitude Si, and Ni is
the number of cycles to failure for stress amplitude Si. When D = 1, fatigue failure will
take place.

The S–N curve is obtained from fatigue tests when the mean value of stress cycle
Sm = 0. The mean stress value also affects the cumulative fatigue damage. When the mean
stress Sm < 0, the fatigue life increases; when Sm > 0, the fatigue life decreases. Given that
the mean value Sm is typically non-zero, the following Goodman method is used to provide
an equivalent stress amplitude with zero mean level:

Sa = S�1(1� Sm

Su
), (5)

where Sa is the stress amplitude at non-zero mean value, S�1 is the stress amplitude at the
zero-mean value, Sm is the average stress, and Su is the tensile strength of the material.

The rainflow counting method [29] is widely used in the study of structural fatigue
performance. The stress–time or load–time history is counted, one by one, and divided into
independent cycles in order to calculate the fatigue life, or to compile the load spectrum of
fatigue tests. The occurrence times of each stress amplitude and their corresponding average
stresses under a certain stress–time history can be obtained by using this method. After all
stress amplitudes and stress mean values are counted, the equivalent stress amplitudes are
provided by the Goodman method. Then, the accumulated fatigue damage under a certain
stress–time history can be obtained by using the material S–N curve and linear cumulative
fatigue theory.

3. NELCS of a Typhoon

During the typhoon field measurement process, the external pressures on the roof of
the moveable instrumented building are monitored by using the wind pressure transducers,
and the 3D wind velocity information provided by anemometers. Typhoon Chanthu
(201003) was generated in the sea area about 900 km south-southeast of Hong Kong on 19
July 2010 and moved northwest. On 20 July, Chanthu intensified into a tropical storm and
moved westwards for a while during that night. Chanthu intensified into a severe tropical
storm on 21 July. Then, Chanthu resumed a northwesterly track and intensified into a
typhoon. At 13:45 on 22 July, Chanthu landed near Wuchuan City, Guangdong Province,
and weakened into a severe tropical storm.

The moveable instrumented building was located on the seashore near Diancheng
Town, Wuchuan City, at latitude 20�400 N and longitude 111�300 E. The instrumented
building is 6 m � 4 m � 4 m. A drainage gradient of 2% was set on the flat roof. Wind
pressure transducers were installed on the roof of the instrumented building. A 10-meter
meteorological tower was located 7 m away from the building. Three RM young anemome-
ters were mounted on the tower at heights of 4, 7.5, and 10 m from the ground. Moreover, a
Wind Master Pro 3D ultrasonic anemometer (UK Gill Instruments, Lymington, UK) was
installed at a height of 10 m on the tower. The locations of pressure taps on the roof of the
building are shown in Figure 3 [30].

The ultrasonic anemometer measurement at the height of 10 m shows that the max-
imum 3-second gust wind speed of typhoon Chanthu was 41.4 m/s, and the maximum
10-minute mean wind speed was 30.3 m/s. Tap12 located at the windward leading edge
on the corner was consistently subjected to the most severe suction pressures for quarter-
ing winds; the peak suction pressure recorded during the typhoon was �4.24 kPa. The
pressures during the strongest storm from 8:00 to 13:00 are shown in Figure 4.

The pressure records were counted and analyzed by using the rainflow method.
Each cycle in the pressure record was sorted according to its mean value and range. The
pressure ranges and mean values were simplified and divided into 10 levels to form a
10 � 10 matrix. The number of cycles of each cell was counted, as shown in Figure 5. The
matrix is composed of the cycles of the combinations of different wind pressure range cells
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and mean value cells. The range cells and mean cells are displayed in the ratio to the peak
suction pressure recorded during the typhoon.
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After the rainflow statistics and simplification division, the wind loading matrix is still
complex and is not acceptable for use in an engineering test. Accordingly, the matrix still
needs to be further simplified. Mahendran [11] researched the fatigue behavior of metal roof
claddings and pointed out that the maximum load and the range have a more significant
influence on the fatigue performance of metal roof claddings than the mean value. Twenty-
four non-zero loading cells represent the pressure records during the typhoon in Figure 5.
The ratio of the average maximum load of each cell to the peak suction pressure during
the typhoon is defined as the load ratio, and the corresponding cycle times are counted
according to the load ratio of each cell. Then, the 24 non-zero cells were further simplified
into a four-level loading sequence with a zero minimum load and a maximum load of 0.4,
0.6, 0.8, and 1.0 times the ultimate design load. All the cells of loading in Figure 5 with a
load ratio of between 0 and 0.4 were allocated to the four-level loading sequence with a
load ratio of 0–0.4. The loading cells with a load ratio of between 0.4 and 0.6 were allocated
to the loading sequence with a load ratio of 0–0.6. Meanwhile, the loading cells with a load
ratio of between 0.6 and 0.8 were allocated to the loading sequence with a load ratio of
0–0.8. Furthermore, the loading cells with a load ratio of between 0.8 and 1.0 were allocated
to the loading sequence with a load ratio of 0–1.0. The four-level loading sequence is similar
to the distribution characteristics of non-zero loading cells in Figure 5.

The linear damage model is used based on the assumption that the damage generated
by a single cycle of variable amplitude load can be calculated by the fatigue-life equation
and Miner’s rule. The damage caused by a single cycle constituting the wind loading time
history is assumed to linearly accumulate. Different cycles are independent of each other
and do not delay or accelerate the damage accumulation. According to Equation (1), the
fatigue equivalent calculation rule for a similar level is:

Ns = Nt(St/Ss)
m, (6)

where Ss is the stress amplitude of the loading cell in the four-level loading sequence; St
is the stress amplitude of each loading cell in the typhoon matrix; m is the parameter of
the fatigue life curve; and Nt and Ns are the cycles to fatigue failure corresponding to
St and Ss, respectively. The fatigue life equation will not be the same for different roof
claddings. Mahendran [11] pointed out that the value of m is generally two or three, and
the value of m is one for the typhoon ELCS. The number of equivalent cycles for each cell
was carried out according to Equation (5). Then, the number of cycles at the same load level
was accumulated. The typhoon equivalent load sequence is further simplified according to
the above method, as shown in Table 1.

Table 1. ELCS of typhoon.

Stage Cycles Load

A 4000 0–0.4 P

B 300 0–0.6 P

C 25 0–0.8 P

D 3 0–1.0 P

E 25 0–0.8 P

F 300 0–0.6 P

G 4000 0–0.4 P
P indicates the test wind loading, which is obtained by multiplying the design wind loading with the correspond-
ing assurance coefficients.

4. Fatigue Damage Analysis
4.1. Finite Element Analysis

The locations of fatigue hot spots of metal roof claddings under wind load were
analyzed by the finite element method, and the relationship between hot spot stress and
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wind pressure was obtained. This study used YX35-760 self-drilling screw-fastened metal
roof cladding as an example to introduce the stress analysis process of metal roof cladding
under wind loading.

4.1.1. Model Establishment and Loading

Xu [31] suggested that the wind load resistance performance of a profiled metal roof
can be studied through two-span roof panels. Moreover, Xu [32] pointed out that when the
roof is large, the lap joints between the roof panels have little effect on its wind resistance
performance, and the roof can be treated as an infinite continuous plate. Henderson [14]
proposed that the wind resistance behavior of a profiled roof panel system can simulate the
effect of wind load by uniformly distributed pressure.

Finite element software ANSYS 14.5 was used to establish a one-span model with YX35-
760 self-drilling screw-fastened metal roof claddings as the prototypes. The dimensions of
the roof panel are shown in Figure 6. The material parameters of the roof panel are shown
in Table 2 according to the tensile test results of the specimens, and the graded loading
method was adopted for finite element analysis.
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4.1.2. Load–Stress Relationship

The analysis results show that the element nodes close to fastener holes bear heavier
stress. The element stress values near the fastener holes were obtained by post-processing.
The nodes with the most severe stresses near the fastener holes were selected as the fatigue
hot spots. The von Mises equivalent stress was used to calculate the fatigue damage
accumulation. Figure 8 shows the stress distribution of the finite element model when the
purlin distance is 600 mm. The subsequent fatigue analysis adopted the hot spot stress for
the calculation.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 9 of 16 
 

Given that the roof claddings were screw-fastened at each crest, symmetry conditions 
were assumed along each crest. Figure 7 shows the boundary conditions used. 

Figure 8. Stress distribution of the finite element model when the purlin distance is 600 mm.

Nine groups of finite element models with a purlin distance from 600 mm to 1000 mm
were established. After loading and analysis, the relationships between hot spot stress and
pressure of different purlin distance models are obtained, as shown in Figure 9. The hot
spot stress of nine groups of finite element models increases with an increase in purlin
distance. With graded loading, the hot spot stress of each model increases gradually in the
bilinear model.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 10 of 16 
 

 
Figure 9. LoadFigure 9. Load–stress relationship of different purlin distances.

4.2. Fatigue Damage Statistics

The purlin distances of roof claddings were set from 600 to 1000 mm (600, 800, and
1000). When the stress time history of Typhoon Chantu was loaded, the hot spot stress
time history of roof claddings was calculated according to the pressure records during the
typhoon and the finite element analysis results. The stress time history was counted and
analyzed using the rainflow statistics method. When the NELCS and the LHL sequence
were loaded on the roof claddings, the wind loading P is the maximum value of the pressure



Appl. Sci. 2022, 12, 6785 10 of 16

record during the typhoon (4.24 kPa). The hot spot stress cycles were obtained based on
finite element analysis results. Then, the fatigue damage accumulation of the roof claddings
was counted in combination with the material S–N curve, the Goodman formula, and
Miner’s linear damage accumulation rule. The fatigue damage calculation results are
shown in Table 3.

Table 3. Statistical results of roof fatigue damage.

Load Mode
Purlin Distance (mm)

600 800 1000

Typhoon Chantu 0.009 0.167 0.643

NELCS 0.076 0.504 1.193

LHL 0.269 0.706 1.972

In Table 3, the fatigue damage accumulation obtained by loading the LHL sequence
is more conservative compared with the fatigue damage calculation results based on the
Typhoon Chantu pressure record. The results of NELCS in this study fall between the
preceding two methods. Therefore, our results are more reasonable because NELCS not
only considers the safety, but it is also not too conservative.

5. Wind Fatigue Tests

In order to verify the effectiveness of the above-mentioned methods, dynamic air
chamber tests were carried out for the actual segment metal roof system to investigate the
fatigue damage of roof panels with different purlin distances and design wind loads of
NELCS. The test outcomes were compared with the corresponding numerical simulation
analysis results.

5.1. Test Equipment and Installation

The test equipment used included a test chamber, wind pressure supply devices, and
pressure measurement and control devices. The plan view size of the test chamber was
3070 mm � 2130 mm. The testing instrument was a KFJC-006 flow wind resistance test
machine, which belongs to Chess Lab in Zhuhai, China. The experimental setup is shown
in Figure 10.
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The specimen YX35-760 self-drilling screw roof claddings were installed in the test
chamber. The roof claddings were galvanized profiled steel panels. The material parameters
are shown in Table 2. ST5.5 � 65 hexagon self-drilling screws with washers were used as
the fasteners. The purlin is C150 � 65 � 13 � 2.0. The purlin distances were set as 600, 800,
and 1000 mm, in order to consider the influence of purlin distance. The layouts of the roof
test specimens and the screw arrangement are shown in Figure 11.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 11 of 16 
 

  
(a) (b) 

  
(c) (d) 

Figure 10. Experimental setup: (a) purlin installation; (b) roof panel installation; (c) lifting; (d) in-
stalled apparatus in the test chamber.

Figure 11. Test observation screw arrangement. The number is the screw arrangement, L is purlin
distance, S is the width of a roof panel.

5.2. Test Loading

The dynamic wind load cycle to simulate the effect of wind gusts was set to 3 s.
Table 1 provides the detailed load methods. In this way, the fatigue properties of the metal
roof specimens under the action of dynamic cyclic wind pressure were tested. Figure 12
is the NELCS.
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Figure 12. New equivalent load cycle sequence (NELCS).

(1) A dynamic pressurization cycle includes pressure rise and fall. The pressure rise time
shall be less than or equal to 2 s; the fall time shall be less than or equal to 1 s; the
single fluctuation cycle shall be less than or equal to 3 s.

(2) The dynamic wind pressure test is based on the design wind pressure P.
(3) According to Table 1, the tests of each stage are completed in sequence from stage A

until the roof panel specimens are cracked, or when three rounds of dynamic loading
are completed.
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According to the 3-second loading cycle, the sequence loading defined in Table 1 takes
about 7 h to complete.

5.3. Test Parameters and Results

Two groups of test parameters were used for the tests. In group A, the purlin distance
was 1000 mm, and the design wind pressures were 4.5, 3.6 (repeated twice), and 3.0 kPa
(repeated twice). In the other group, the design wind pressure was 4.5 kPa, and the purlin
distances were 600 and 800 mm. Seven working conditions were included in the two
groups. The failure stages of the two groups of test results are summarized in Table 4.

Table 4. Summary of the test results.

Group P
/kPa

Span
/mm Failure Stage Damage Estimation

I

3.0

1000

Stage B of the second round of loading 0.67–1.0

3.0 Stage C of the second round of loading 0.67–1.0

3.6 Mid-stage G of the first round of loading 1.0–1.3

3.6 End-stage G of the first round of loading 1.0

4.5 Stage F of the first round of loading 1.0–2.0

II 4.5
800 End-stage G of the first round of loading 1.0

600 No damage observed in the three rounds of test 0–0.33

The effects of different wind pressures and purlin distances on the fatigue damage of
metal roof claddings were observed in the tests. The wind-induced fatigue failure processes
of metal roof panel were divided into four stages according to the observation and records
of the test processes. First, the fastener holes of the roof specimen became larger due
to reciprocating cyclic loading, thus complete and effective constraints are impossible to
form. Obvious uplift deformations near the fastener holes were observed with continuous
loading. Then, the locations with maximum deformations developed into cracks. When
cyclic loading was continued, multiple cracks were generated near the fastener holes,
which gradually deepened and merged to form cracks with the loading process. The failure
process is shown in Figure 13.
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The damage estimation in Table 4 was obtained based on the estimated results accord-
ing to the cycle stage of roof failure. When P = 3.0 kPa in the group I working condition
with a purlin distance of 1000 mm, two tests showed that fatigue cracks appeared on the
roof panes in stages B and C of the second round of loading. There was no fatigue failure
in the first round of loading. It could be concluded that the damage value of single round
loading was less than 1. In the second round of loading, fatigue failure occurred before half
of the loading was completed. Therefore, the single round loading damage was greater
than 1/1.5, which means that the damage for a single round loading ranges between 0.67
and 1. When P = 3.6 kPa, the fatigue cracks of the roof panels in the two tests occurred in
the middle and end of stage G of the first round of loading. Fatigue failure occurred before
the first round of loading was completed. As a result, the damage value of single-round
loading was considered to be greater than 1. The damage caused by each loading cycle in
stages B–F is greater than that in the A and G stages. If the single loading cycle damage
in stages B–F is divided into two parts, one of them is defined as D, which is equal to the
single loading cycle damage value in stage A and G. The sum of the remaining damage in
the B–F loading stages is defined as Dothers. Then, the cumulative damage in the process of
one round of loading is 8653 D + Dothers, since fatigue failures occurred in the middle and
late G stage of the two tests. The most unfavorable result of the two tests is 6653 D + Dothers,
thus it is considered that the damage value of single-round loading (8653 D + Dothers)/(6653
D + Dothers) is less than 1.3. Therefore, the fatigue damage of the first round was about 1.0
to 1.3. When P = 4.5 kPa, the fatigue cracks of roof panel appeared in the F stage of the first
round of loading. In the first round of loading, fatigue failure occurs after the loading is
half-completed but not fully, and its single round fatigue damage could be estimated to be
approximately between 1.0 and 2.0. When P = 4.5 kPa in the group II working condition,
the influences of different purlin distances were considered. When the purlin distance was
800 mm, the fatigue crack of the roof panel appeared near the end of stage G of the first
round of loading, and the single-round fatigue damage could be estimated to be about 1.0.
When the purlin distance was shortened to 600 mm, the roof panel did not fail even after
three rounds of loading. Therefore, the fatigue damage of roof panels under single-round
loading was not greater than 0.33; that is, the damage range was 0 to 0.33.

5.4. Comparison between Numerical Analysis and Experimental Results

The corresponding numerical analysis is carried out for the two working conditions
in Table 4 and compared with the test results, as shown in Figure 14. The trend of the
numerical analysis results is consistent with the test results. The value is slightly smaller
than the test results because the initial defects in the production and installation of the roof
panels were not considered in the establishment of the numerical model.
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The following formula is used to measure the differences between the two methods:

# = 1� Simulated damage value
Test damage value

. (7)

When the design wind pressures were 3.0, 3.6, and 4.5 kPa in the group I working
conditions, the corresponding fatigue damage obtained from the numerical analysis were
0.54, 0.81, and 1.31, as shown in Figure 14a. According to Table 4, the ranges of # values
under these three loads were 19–46%, 19–38%, and �31–34.5%, respectively. The last group
of numbers are the positive and negative deviations, which indicate the effectiveness of
the numerical simulation method by comparing the simulated values and the range of
the test values. Most deviation values are positive, and the maximum value is 46%. This
notion means that up to 46% of damage could be underestimated by the numerical analysis.
According to Table 3, the damage value of NELCS loaded in this study is much more
conservative than that directly loaded by the actual wind pressure–time history. This study
considers that this 46% deviation is acceptable.

The influence of purlin distance on roof damage value was investigated when the
design value of wind pressure was 4.5 kPa. When the roof purlin distance was shortened
from 1000 mm to 800 and 600 mm, the fatigue damage could be reduced from 1.31 to
0.61 and 0.15 by numerical simulation analysis, respectively, as shown in Figure 14b. The
damage of the roof panels can be effectively reduced, and the wind resistance of the whole
roof system can be improved by shortening the purlin distance.

6. Conclusions

(1) The damage results of the metal roof claddings calculated by the equivalent load
sequence proposed in this study are between the results calculated by using the
measured wind pressure–time history and the LHL equivalent load sequence, which
avoids being too conservative on the premise of ensuring the necessary safety.

(2) The fatigue tests under multiple working conditions were carried out through the
dynamic loading test of an air chamber. The ranges of " values under these three loads
were 19–46%, 19–38%, and �31–34.5%. The test results are close to the numerical
calculation results, which proves that numerical calculation has high accuracy.

(3) The purlin distance has a great influence on the degree of fatigue damage. When the
design wind load is 4.5 kPa, numerical analysis results show that the fatigue damage
can be reduced from 1.31 to 0.61 and 0.15 when the span of roof purlin is shortened
from 1000 mm to 800 mm and 600 mm, respectively. The fatigue resistance of the roof
metal roof claddings can be effectively improved, and the risk of wind damage to
metal roof claddings can be reduced by properly reducing the purlin distance.
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