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Dynamic response analysis
of a whole steel frame solar
greenhouse under wind loads

Xiaoye Li'2, Cong Wang?, Yingchun Jiang? & Yikui Bai'**

In recent years, whole steel frame steel greenhouses have become increasingly prevalent. With the
characteristics of large flexibility and small mass, whole steel frame steel greenhouses are sensitive
to wind loads. However, studies on the safety of whole steel frame steel greenhouses under wind
loads are still limited. In this study, a 10 m span whole steel frame solar greenhouse was taken as
the research objective. Taking the Davenport spectrum as the target spectrum, the time history of
the wind speed was simulated by the harmonic superposition method. The finite element model of
the greenhouse structure was established using ANSYS software. The simulated wind pressure was
applied on the greenhouse structure for dynamic response analysis. The dynamic response results
were compared with the static analysis results under average wind load. The results showed that the
greenhouse structure mainly bears bending stress under wind load. The bending stress, axial stress
and displacement of the greenhouse skeleton under average wind loads are lower than those under
instantaneous wind loads. It is necessary to consider the dynamic characteristics of wind loads in the
design of solar greenhouses. A wind-induced vibration coefficient is obtained, which can be used to
convert the dynamic load into the equivalent static load and improve its design efficiency.

Chinese solar greenhouses exhibit good thermal insulation and heat storage performance. These structures
are widely used in agricultural production in northern China. Compared with traditional building structures,
greenhouse structures are light and sensitive to wind and snow loads'. In recent years, a variety of extreme
weather events have increased, such as rainstorms, snow, freezing temperatures, and strong winds”. Wind is
a frequent and severe disaster in greenhouse production, that can damage greenhouses and cause substantial
economic losses>*. The structural safety of greenhouses is the precondition to ensure the normal production of
greenhouses. Many researchers have studied the stability of greenhouse structures under various load cases®”.
EmeKkli et al.® used SAP2000 software to analyze the functional characteristics of five types of greenhouses used
in Turkey under static and dynamic loads. Using a large-sized wind tunnel, the wind pressure distribution and
local damage of a large-span circular arch greenhouse built in coastal areas were studied’. It is suggested that
the damage caused by the bending moment due to a strong wind load should be considered in the calculation of
the wind pressure coefficient in structural design'®. Briassoulis et al.!! established a three-dimensional structure
model and a two-position frame model of a large multi-span circular arch greenhouse. Linear, geometric and
material nonlinear analysis methods have been used to study the failure analysis of greenhouses under wind
and snow loads. These studies provide references for the stability of greenhouse structures under various loads.

China has 3.7 million hectares of protected horticulture, accounting for 80% of the world. Solar greenhouses
account for 30.5% of China’s horticultural facilities'2. When the greenhouse is designed in accordance with the
code, the wind load is applied on the greenhouse structure as a static load. However, the greenhouse bears dif-
ferent amplitudes of dynamic wind loads. The dynamic response mechanism of greenhouse structures under
dynamic loads needs further theoretical research. In our previous work, a block method was proposed for the
dynamic response analysis of a solar greenhouse with a plane rigid frame model under wind load". The wind-
induced vibration responses of a 12 m span truss solar greenhouse were also investigated by the time domain
method". These two results showed that both the stress and displacement under instantaneous wind loads are
larger than those under the corresponding average wind loads. Therefore, it is necessary to consider the ampli-
fication effects of fluctuating wind loads in the wind resistant design of solar greenhouses.

A traditional solar greenhouse is mainly composed of north walls (brick or earth walls) and steel truss
structure®. The existence of walls gives the greenhouse better thermal insulation and heat storage capacity.
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Figure 1. Section size of greenhouse.
South roof angle North roof angle South roof horizontal | North roof hori 1 | Rear col height
Span (L)/m 0)/(°) B)/) Column angle («)/(°) | projection (L,)/m projection (L,)/m (Hy)/m Height (H)/m
10 34 45 86 8.2 1.5 4 5.5

Table 1. Parameters of greenhouse section.

However, the construction cost of traditional solar greenhouses is high, and the construction of walls also takes
much time. With the development of the theory of active heat storage and release, a whole steel frame solar
greenhouse has been proposed in recent years'®. This greenhouse structure is composed of a south roof, a north
roof and columns. In this type of greenhouse, walls are replaced by columns. Active heat storage and release
equipment is used to compensate for the heat loss at night'’. Instead of a truss structure, the whole steel frame
structure solar greenhouse adopts a solid web steel structure, which has the advantages of simple modeling,
convenient processing, better anticorrosion properties and fast installation”'®'°. The greenhouse is a single arch
solid web structure, and the whole greenhouse is constructed of thin-walled galvanized steel pipe. To date, the
related research studies have been mainly focused on the truss structure of traditional solar greenhouses. There
has been little theoretical analysis on the whole framework greenhouse structures. Only Wang et al.? studied
the static properties and failure mechanisms of this type of greenhouse. However, this study only established a
single plane model. Spatial analysis of the whole structure is lacking, and the effect of tie bars on the stability of
the greenhouse structure is ignored.

Therefore, the aim of this study is to investigate the dynamic responses of a three-dimensional solar green-
house structure considering fluctuating wind loads. In this research, the Davenport spectrum adopted by the
China building structure load code is used as the target wind spectrum. The time scale curve of the fluctuating
wind speed is simulated by harmonic superposition method. Taking the 10 m span of all steel frame solar green-
houses as the research objective, a three-dimensional finite element model of the greenhouse was established
by using ANSYS software. The stress, stability and static force of the greenhouse under fluctuating and average
wind loads were compared and analyzed. The safety of the structure was evaluated. It is hoped that this research
can provide a reference for the analysis and design of whole frame solar greenhouses.

Description of the whole frame solar greenhouse structure
The reference greenhouse is located in Tonghua (41.50°N, 125.50°E) Jilin, China. The section diagram of the
greenhouse is shown in Fig. 1. And the greenhouse section parameters are shown in Table 1.

The space between each frame of greenhouse is 1 m, and the total length of the greenhouse is 30 m. The
frames are connected by 13 longitudinal tie rods, 6 on the south roof, 3 on the north roof, 2 on the rear column,
1 on the connection between the north and south roof, and 1 on the connection between rear column and north
roof. Longitudinal tie rods not only can transfer loads, but also provide out-of-plane stability. The schematic
diagram of the greenhouse framework is shown in Fig. 2. The south roof frame and the north roof frame, the
north roof frame and the rear column, and the main frame and the longitudinal rod of the greenhouse are fixed
by fasteners. The bottom of the south roof skeleton and the bottom of each column are welded on the founda-
tion embedded parts.

All the framework are made with Q235 thin-wall galvanized steel pipe, the material parameters are shown
in Table 2, and the skeleton section of each part is shown in Table 3.
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Figure 2. Schematic diagram of the greenhouse framework.

Material Density/kg-m~ | Elasticity modulus /GPa | Poi ratio | Yield strength /MPa
Steel Q235 7850 206 0.3 235

Table 2. Parameters of materials.

Component Section type Section size /mm
South roof Rectangular tube | 90x35x3

North roof Rectangular tube | 90x35x3

Rear column | Rectangular tube | 90x35x%3

End column Circular tube 30%2

End beam Circular tube 30x2

Tie rod Circular tube 30x2

Table 3. Cross-sectional dimensions of materials.

Finite element model

Based on the finite element analysis method, ANSYS software was used to simulate the whole framework solar
greenhouse structure. For the solar greenhouse covered by plastic film, the load acting on the plastic film is redis-
tributed to the structural frame?!. Therefore, the model includes all steel frames, but does not include the plastic
film. All the frame structures of the greenhouse are simulated by BEAM188 element. Based on Timoshenko beam
theory, BEAM188 element is a three-dimensional linear beam with two nodes. Each node has 6 or 7 degrees
of freedom. It is suitable for the analysis of slender beams and can calculate the bending moment and shearing
force of the structure. Finite element models of greenhouses are established and meshes based on the structural
parameters of each part.

Wind pressure calculation
Time history simulation of wind speed. The instantaneous wind consists of two components: one is
the long-period part, which is more than 10 min; The other is the short period part, which is only a few seconds
to tens of seconds®?. Usually, the long period part is far away from the natural vibration period of greenhouse
structures, and its usually equivalent to static loads. While the short period part is close to the natural vibration
period of the structure, so its action has dynamic properties. According to the characteristics of wind load, the
wind load acting on the structure is usually regarded as the combined action of average (static wind) and fluc-
tuating wind.

The wind speed V (x, 3, z, t) can be expressed by the sum of average wind speed ¥(z) and fluctuating wind
speed v (x, 3, z, t) as follows?:

Vx,y,2,t) =v(z) +v(x, 9,2, 1) (1)

The average wind speed V(z) is affected by the change of ground height. The exponential rate distribution
function can be used to describe the change of average wind speed in the near ground layer as follows**:
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Figure 3. Fluctuating wind speed.
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where V1 is average wind speed at 10 m height, z is the height of the calculation point, « is the power-law expo-
nent and is taken to be 0.16 in this study.

Fluctuating wind is caused by turbulence in wind flow, and its velocity variation is random. A large number of
measured and analyzed results showed that it is a stationary random process with zero average value. Fluctuating
wind speed is usually described by power spectrum and correlation function. The power spectrum of fluctuating
wind speed mainly reflects the energy distribution of various frequency components in fluctuating wind. Wind
speed spectrum can be divided into horizontal gust power spectrum, vertical gust power spectrum and trans-
verse gust power spectrum. Vertical gust and transverse gust turbulence have little effects on wind speed, and the
dynamic responses of structure are negligible. Therefore, only the horizontal gust power spectrum is considered
in this study. Davenport established the empirical mathematical expression of fluctuating wind speed spectrum
based on the strong wind records at different locations and heights in the world as follows**:

x2

— AL52
Sv(n) = 4kV10 m

3)
where §,(n) is the power spectrum of fluctuating wind, m?/s; k is the surface roughness coefficient; ¥ is the
average wind speed at the height of 10 m; # is the frequency of fluctuating wind, Hz; x is the integral scale coef-
ficient of turbulence with the value of 12001/71,.

Taking Davenport spectrum as target spectrum, the wind speed was simulated by harmonic superposition
method. The harmonic superposition method is a spectrum representation method based on the sum of trigo-
nometric series, which approximates the stochastic model of the target stochastic process by discrete spectrum.

Based on the above algorithm, the wind velocity of horizontal gust is simulated. The simulation time interval
is 0.1 s, and the total time is 100 s. The average wind speed at 10 m height in Tonghua is 23.6 m/s. The time his-
tory of fluctuating wind speed shown in Fig. 3 is obtained, and the power spectral density curve of simulated
wind speed is shown in Fig. 4. It can be seen that the power spectrum is in accordance with the target self-power
spectrum, which shows that the simulation of the time history of fluctuating wind speed is reliable.

Calculation of wind pressure on greenhouse structure. In order to investigate the influence of wind
load on the safety of greenhouse structure, two load cases are considered in this research: (1) average wind load
calculated based on average wind speed; (2) instantaneous wind load calculated based on instantaneous wind
speed.

The average wind pressure W, under the action of average wind is 360 N/m?. The instantaneous wind pressure
W, under the action of instantaneous wind is calculated as follows":

W, =050V (x,y,z, 1‘)2 (4)

where W, is instantaneous wind pressure, N/m?; p is air density, kg/m? V (x, y, z, ) is instantaneous wind speed,
m/s. The wind pressure of the two load cases is shown in Fig. 5. From Fig. 5, we can see that the maximum instan-
taneous wind load can reach 537 N/m, which is higher than the mean wind load. Therefore, it may underestimate
the actual responses of greenhouse structure under strong wind.

When calculating the main structure of greenhouse, the standard value of wind load is calculated as follows™:
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Figure 4. Comparison between simulated spectrum and Davenport spectrum.
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Figure 5. Wind loads acting on greenhouse.
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Figure 6. Shape coeflicient of wind load on the greenhouse.

Wi = tzpts W

(5)

where W, is standard value of wind load, N/m? y, is wind pressure variation coefficient for adjusting the wind
speed along the height and is taken to be 1.0 in the calculations; y, is shape factor of wind load, which is related
to the ratio of rise to span, the values of y at different parts are given in Fig. 6 for the transverse direction of
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Load case 1 2 3 4 5
Literature 0.28 0.64 0.13 0.94 0.77
Present 0.28 0.65 0.13 0.96 0.78

Table 4. Comparison of the maximum bending moment between the present results and those in the
literature.

Mode order 1 2 3 4 5 6
Frequency/Hz 2.9585 |3.3653 |3.7718 |4.3959 |5.1455 |5.5600

Table 5. First six natural frequencies of the structure.

wind load; W is the wind pressure, N/m?. From Fig. 6, we can see that most parts of the greenhouse structure
are subjected to wind suction, where ‘- * sign stands for wind suction and ‘+’ sing stands for wind pressure.

Results and discussion

Validation of the finite element model. In order to ensure the effectiveness of the ANSYS finite element
analysis method used in this study, the analysis results are compared with the literature. Based on the greenhouse
load standards from five countries, Kim et al.?® analyzed that the bending moment distribution of single span
greenhouse under the combined action of wind load and self-weight by using SAP2000. With the same bound-
ary and load conditions, the greenhouse structure is analyzed by using the modeling method described in this
study. Table 4 shows the comparison of the maximum bending moment between the present results and those
in the literature. The relative deviation of the maximum value of bending moment is less than 2%, which verifies
the accuracy and effectiveness of the modeling method in this study.

Vibration characteristics of greenhouse structure. Modal analysis is used to determine the vibra-
tion characteristics of the structure, including two important parameters of the structure: the natural frequency
(period) and the array of each order, which also can be collectively referred to as the modal of the structure.
According to the vibration theory, for a multi degree of freedom vibration system, the low order natural fre-
quency of the system has a great influence on the dynamic response of the system. With the increase of structural
frequency, the contribution of each mode in dynamic characteristics will decrease rapidly. Thus, for multi degree
of freedom systems, only the low order natural frequency can reflect the dynamic characteristics of the system.
The first six modal frequencies and modes of greenhouse structure are obtained by Lanczos vector iteration
method. Table 5 lists the first six natural frequencies of the greenhouse structure, and Fig. 7 shows the vibration
modes of the first six modes. The first vibration mode is y-axis translational vibration mode; the second vibra-
tion mode is x—z axis bending vibration mode; the third vibration mode to the sixth vibration mode is torsional
vibration mode.

Stress analysis. Axial stress. Through the time history analysis of load case (2), the results are shown in
Fig. 8. The time history change is consistent with that of wind pressure. The maximum axial stress is 8.4 MPa
at 49.8 sand the maximum axial force element is located on the end column. The static analysis of load case (1)
shows that the maximum axial stress is 5.3 MPa, and the position of the maximum is consistent with load case
(2). All the elements are subject to axial pressure stress. The axial stress of greenhouse structure is much lower
than the yield strength of material under two load cases.

Bending stress.  Figure 9 shows the overall bending stress distribution of the greenhouse frame under load case
(2). The maximum bending stress element is located in the bottom corner of the south side of the 16th arch (the
middle position of the greenhouse) on the east side of the greenhouse. Because the end of the frame is welded
on the embedded part of the foundation, these local rigid discontinuities will produce stress concentration’.
Therefore, more attention should be paid to the phenomenon of stress concentration at the foundation. Due
to the existence of end columns, the bending stress distribution in the middle frame is different from than end
frame. Therefore, it is necessary to conduct 3-D full-scale analysis. The time history curve of bending stress of
the element is shown in Fig. 10. From Fig. 10, we can see that the time history of bending stress change trend is
consistent with that of wind pressure. The maximum bending tensile stress is 115 MPa occurred at 6.3 s, which
is higher than that under average wind load with a value of 57.4 MPa. The stress distribution of the 16th arch on
the east side under two wind load cases is analyzed. The results are shown in Fig. 11. The bending stress distribu-
tion characteristics of the two wind load cases are basically similar. The maximum bending stress appears at the
south bottom corner of the arch frame. The maximum bending stress under mean wind load is 57.4 MPa. Except
for the south end of the arch, the bending stress of one third and two thirds of the south roof of the greenhouse
is larger, and the stress of the north roof and the rear column of the greenhouse is smaller. At the joint between
south roof and north roof, north roof and rear column, the bending stress is greater than that at both sides. The
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Figure 7. Six mode shapes of the greenhouse.
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Figure 8. Stress time history of the element with maximum axial stress.

Bending Stress (MPa)

-63 -44 -24 -4 16 36 56 75 95 115
@ L] I—

Figure 9. Bending stress of greenhouse structure under instantaneous wind.

Bending stress under instantaneous wind
— — -Bending stress under mean wind

o
NS

Bending stress (MPa)
PR
5 3
PN

%)
S

.

20 L I I I 1 1 1 I I I |

=)

0 10 20 30 40 50 60 70 80 90 100
Time (s)

Figure 10. Stress time history of the element with maximum bending stress.
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Figure 11. Bending stress distribution of the 16th arch from East.

Figure 12. Displacement of greenhouse structure under instantaneous wind.

maximum bending stress under instantaneous wind load is about 2 times higher than that of under mean wind
load.

Deformation analysis. Figure 12 shows the displacement distribution of the greenhouse structure under
load case (2). The overall displacement of the south roof of the greenhouse is large. The maximum displacement
node is located at the height of 2.9 m of the 16th arch (the middle position of the greenhouse) on the east side of
the greenhouse. The displacement time history curve of the node is shown in Fig. 13. The maximum displace-
ment occurs at 6.3 s, which is the same as the maximum bending stress. The maximum displacement is 20.1 mm,
the horizontal displacement component is 17.8 mm, and the vertical displacement component is -9.5 mm. Cor-
respondingly, the displacement of the joint under load case (1) is 7.1 mm, the horizontal displacement compo-
nent is 6.5 mm, and the vertical displacement component is -2.8 mm. The displacement distribution of the 16th
arch on the east side under the two load cases is analyzed. The results are shown in Fig. 14. The displacement
distribution characteristics of the two load cases are basically the same. There are two peaks in the displacement
curves of the two load cases, and they are located on the south roof of the greenhouse. In case (1), the two peak
values of displacement appear at the height of 2.6 m and 4.7 m respectively, and the maximum displacement is
13.4 mm. In case (2), the two peaks of displacement appear at the height of 2.9 m and 4.9 m respectively, and the
maximum displacement is 20.1 mm.

Displacement wind vibration coefficient of greenhouse. The dynamic response analysis of struc-
tures caused by fluctuating wind is more complex than static analysis. In structural design, dynamic load is con-
verted into equivalent static load by wind vibration coefficient. Displacement wind-induced vibration coefficient
is an effective wind-induced vibration coeflicient, which can be expressed by the ratio of maximum displace-
ment response to average displacement response. The displacement wind-induced vibration coeflicient can be
calculated as follows?”:

Scientific Reports |

(2022) 12:5200 | https://doi.org/10.1038/s41598-022-09248-z nature portfolio



www.nature.com/scientificreports/

21

@ 20.1 —— Displacement under instantaneous wind
— — -Displacement under mean wind

Displacement (mm)

I (AT

il i u‘ il “‘ “ il “\‘ l ‘|“‘ ‘\. "
TR AR TGN AR i

1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Time (s)

(a) Total displacement.

20
—— Displacement under instantaneous wind
Q178 — — -Displacement under mean wind
15
6
E10
s
£ ‘I“ ‘ il
© 6.5 HElllid (s R RB I AR R
Q B A e e i
L (AR U T ‘! | \
2 |
a \
o

(=1

-5
1 1 1 1 1 1 1 1 1 ]
0 10 20 30 40 50 60 70 80 90 100
Time (s)
(b) X-direction displacement.
5.0

— Displacementjunder instantaneous wind
— — -Displacgment|under mean wind

-10.0 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Time (s)

(c) Z-direction displacement.

Figure 13. Displacement time history of the maximum displacement node.
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where U, is the total displacement; U,,, is the average displacement caused by average wind loads; U; is the fluc-
tuating displacement caused by fluctuating wind loads; y is peak factor or guarantee factor, and the value is 3.5
according to the specification; o; is mean square error of the response and can be calculated as follows?":

In this structure, the wind-induced vibration coefficient of the displacement node is 2.02. Therefore, it will
underestimate the responses of greenhouse structure under strong wind. It is suggested that when design green-
house, it better to double the average wind load to account for fluctuating wind load.

Conclusions

In this study, a 10 m span whole steel frame solar greenhouse was taking as the research objective. The harmonic
superposition method was used to simulate the wind speed time history. The response characteristics of green-
house under average wind load and instantaneous wind load were analyzed. The results are as follows:

(1) Under wind loads, the whole steel frame solar greenhouse mainly bears bending stress, and the axial
pressure stress is relatively small. The maximum bending stress occurs at the end of south roof. The maximum
bending stress is lower than the yield strength of the material. The maximum displacement occurs on the south
roof at the height of 2.6-2.9 m.

(2) The bending stress, axial stress and displacement of greenhouse skeleton under average wind loads are
lower than those under instantaneous wind loads. Therefore, it is necessary to consider the influence of fluctuat-
ing wind load in the structural safety design of greenhouse.

(3) To improve the efficiency of calculation and design, a wind-induced vibration coefficient of 2.02 was
proposed to considering the effects of fluctuating wind load on the structural dynamic responses.

This study investigated the dynamic responses of whole steel frame solar greenhouse under wind loads. How-
ever, the effects of plastic film on the structure safety of greenhouse under wind loads does not consider. In reality,
the plastic film may be failed before the skeleton structure. Therefore, the fluid-solid coupling method should
be used to consider plastic film on the dynamic responses of greenhouse under wind loads in the future work.
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