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ABSTRACT

This study investigates the wind resistance performance of a novel flat-elliptical pipe greenhouse by developing a
finite element model of the greenhouse frame using ABAQUS software. Based on the Davenport fluctuating wind
speed spectrum and the Shiotani correlation coefficient, a MATLAB program was developed using an
autoregressive (AR) model within a linear filtering method to simulate fluctuating wind speed time-history curves.
Both static and full dynamic wind loads were applied to the model to evaluate the wind resistance performance of
greenhouse frames with 5 arches and 50 arches. The results indicate that under static wind loading, the stresses
in the frames did not exceed the elastic limit, and the deformations remained within the allowable range. However,
under full dynamic wind loading, the stresses in the frames exceeded the elastic limit and entered the plastic stage.
Although the lateral displacement in the plastic stage remained within permissible limits, the overall structure failed
to meet the safety requirements of the greenhouse.
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INTRODUCTION

Greenhouses, although designed and constructed based on principles of civil engineering, lack
comprehensive national standards compared with conventional civil structures. Consequently, the specifications
of greenhouse frames vary widely, and many are manufactured by small workshops with inadequate quality control.
These substandard frames often exhibit insufficient load-bearing capacity, resulting in frequent structural failures
under extreme weather conditions, such as strong winds or heavy snowfall, which cause substantial threats to
human safety and significant losses in agricultural production (Briassoulis, 2016; Ryu, 2019; Uematsu, 2020). In
contrast to earlier periods, when economic efficiency was the primary concern, growers are now increasingly
inclined to adopt greenhouse structures that offer higher levels of safety, durability, and overall cost-effectiveness
(Huang, 2024; Xie, 2025). In response to this demand, a new type of greenhouse characterized by a flat-elliptical
pipe frame has been developed and is now widely adopted in cold northern regions of China.

Compared with truss-type greenhouse frames, flat-elliptical pipe greenhouse frames offer several
advantages, including ease of fabrication, rapid installation, reliable connections, and improved structural stability.
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In addition, compared with circular steel pipes, flat-elliptical pipes exhibit larger moments of inertia and higher
stiffness, thereby enhancing the structural resistance to external loads.

Relative to truss arches, flat-elliptical pipe greenhouse frames provide a more economical solution due to
their simpler manufacturing process, convenient construction, and favorable cost-performance ratio. Despite these
advantages, research on this type of greenhouse remains limited, and standardized design guidelines and
theoretical foundations are still lacking, which restricts its wider application and promotion. Nevertheless, according
to manufacturers and practitioners, this structural form exhibits superior resistance to wind and snow loads, making
it the predominant greenhouse type in cold northern regions (Yan, 2022). The geometry of the flat-elliptical pipe
and its cross-section is illustrated in Fig. 1.
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a) Flat-elliptical pipe b) Diagram of cross-section

Fig. 1 — Flat-elliptical pipe and its cross-section

Previous studies analyzing greenhouse wind resistance have primarily relied on simplifying wind action into
equivalent static loads for structural response assessment (Ha, 2017; Ren, 2019; Kim, 2024). While such
approaches offer computational convenience, they inherently neglect the stochastic and fluctuating nature of wind,
resulting in limitations when applied to the safety evaluation of flexible structures such as greenhouses (Takeshi,
2017; Vieira, 2020; Xu, 2023; Xie, 2025). To address these shortcomings, many researchers have turned to
spectral methods in recent years, particularly the use of the Davenport spectrum, to simulate fluctuating wind fields
and investigate wind-induced dynamic responses of lightweight structures (Davenport, 1961; Li, 2022, Wang,
2023). Nevertheless, research focusing specifically on the wind resistance performance of flat-elliptical pipe
greenhouse frames remains limited. In addition, standardized design guidelines and theoretical foundations for
their structural design are lacking, which hinders their wider application and promotion.

This study is the first to integrate an autoregressive (AR) - based linear filtering simulation of spatially
correlated fluctuating wind fields with full dynamic finite element analysis in ABAQUS for flat-elliptical pipe
greenhouse frames. The proposed approach enables (1) realistic time-domain stochastic wind loading with spatial
correlation based on Shiotani coefficients and allows (2) the direct application of full dynamic wind-pressure time
histories to solid-element (C3D8R) finite element models incorporating elasto-plastic material behavior.
Furthermore, (3) the dynamic responses of short-span (5-arch) and long-span (50-arch) greenhouse frames under
identical stochastic wind scenarios are comparatively evaluated, providing a novel contribution to structural design
guidance and wind-induced risk assessment for this greenhouse type.

This study aims to establish a finite element model of a flat-elliptical pipe greenhouse frame using ABAQUS
software. A spatially correlated fluctuating wind field is generated in MATLAB, and the simulated fluctuating wind
speed is superimposed on the mean wind speed to obtain a full dynamic wind speed time history, which is
subsequently converted into a corresponding time history of full dynamic wind loads. Both static wind loads and
full dynamic wind loads are then applied to finite element models of greenhouse frames consisting of 5 arches and
50 arches, respectively, in ABAQUS. The stress distribution and structural performance of the greenhouse frame
under different wind loading conditions are analyzed, providing a systematic evaluation of the wind resistance
behavior of flat-elliptical pipe greenhouse frames. The results are expected to offer theoretical support for structural
optimization and the safe promotion of this greenhouse type in regions frequently affected by extreme climatic
events.

MATERIALS AND METHODS
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Finite element model

In this study, a full-scale finite element model of the flat-elliptical pipe greenhouse frame was developed
using ABAQUS 2016. A photograph of the flat-elliptical pipe greenhouse frame is shown in Fig. 2(a), and the
corresponding dimensional schematic is presented in Fig. 2(b).

a) Skeleton photo b) Schematic diagram of skeleton dimensions

Fig. 2 — Flat-elliptical pipe greenhouse

Meshing and boundary conditions

To investigate the elasto-plastic behavior and perform nonlinear analysis, the flat-elliptical pipe greenhouse
frame was modeled using solid elements. Specifically, C3D8R eight-node linear brick elements were selected
based on the structural characteristics of the members.

The flat-elliptical pipe arches were welded to embedded steel pipes at the rafter bases, resulting in relatively
high support stiffness for the greenhouse frame. Accordingly, in the finite element model, the rafter bases were
rigidly connected to the embedded steel pipes, and the rafters were tied to the purlins. All translational and
rotational degrees of freedom at the rafter bases were constrained to simulate fixed boundary conditions.

Material parameter

In this study, the greenhouse frame is constructed from Q235B galvanized steel pipes, which provide
adequate strength, stiffness, and corrosion resistance, thereby ensuring reliable support for the greenhouse film
under wind loading conditions. The greenhouse covering material is polyolefin (PO) film, which is widely used in
practical engineering applications. The film-tensioning lines are primarily composed of polyamide (PA), commonly
known as nylon, a high-performance synthetic fiber characterized by good wear resistance and elasticity. The
material parameters of the main structural components of the flat-elliptical pipe greenhouse are summarized in
Table 1.

Table1
Material parameters of the greenhouse frame, film, and film-tensioning lines
bxh or R t o] fy E
Component (mm) (mm) (kg/m?) (MPa) A (MPa)
Rafter 30x60 2 7.85 235 0.28 2.1x10°
Embedded steel pipe 30x%80 2 7.85 235 0.28 2.1x10°
Purlin ¢ 20 2 7.85 235 0.28 2.1x10°

Calculation of mean wind speed

The plastic greenhouse considered in this study is located in Jiamusi, Heilongjiang Province, China.
According to the Chinese standard Load Code for the Design of Building Structures (MOHURD, 2016), the design
service life of a plastic greenhouse is 10 years, and the basic wind pressure in Jiamusi corresponding to a 3-s gust
is 0.38 kN/m?2.

However, according to the Chinese standard Load Code for Design of Building Structures (MOHURD, 2012),
the basic wind pressure in Jiamusi for a 50-year return period at a 10-min averaging interval is 0.65 kN/m2.
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According to the Chinese standard (MOHURD, 2016), the ratio of wind pressure corresponding to a 10-year
return period to that of a 50-year return period is 0.734. Therefore, the basic wind pressure for a 10-year return
period at a 10-min averaging interval is 0.65%0.734=0.477 kN/m2,

According to Bernoulli’s principle in fluid mechanics, the relationship between wind pressure and wind speed
can be expressed as:

weatpr? =Ly (1)

2 2g

where w is the wind pressure, kN/m2, p is the air density, kg/m3, v is the wind speed, m/s, y is the air gravity
density, kN/m3, g is the gravitational acceleration, m/s2.

In Eq. (1), the air density p is taken as 0.012018 kg/m3 under the standard atmospheric pressure of
101.235kPa. Jiamusi is located near 45° north latitude; therefore, the gravitational acceleration is taken as g=9.8
m/s2. Under these conditions, the wind pressure can be can be expressed as:

1 , 0.012018 ,
W:—pv = VvV =
2 2x9.8 1630

)

According to the relationship between wind pressure and wind speed, the mean wind speed at a standard
height of 10 m, for terrain category B, a 10-year return period, and a 10-min averaging interval, is calculated to be
27.88 m/s.

The standard value of the static wind load acting perpendicular to the building surface is calculated using
the following expression (3):

w = ,Bz:us,quO (3)

where w is the standard value of wind load, kN/m?, 3, is the wind vibration coefficient at height z, 1, is the

wind load shape coefficient, which is shown in Fig. 3(a), u

z

is the height variation coefficient of wind pressure,
W, is the basic wind pressure, kN/mZ.

-0.8 -0.8

+0.8 -0

a) Wind load shape coefficient b) Diagram of load application points

Fig. 3 - Wind load shape coefficient and load application points of the greenhouse frame

Meanwhile, to facilitate the description of the structural positions in the subsequent sections, the transverse
arches of the greenhouse frame were sequentially numbered from the windward base to the leeward base,
resulting in 11 reference points, as illustrated in Fig. 3(b).

Simulation of fluctuating wind speed

The simulations were conducted using MATLAB R2021a for the generation of fluctuating wind speed time
histories and ABAQUS/Standard 2016 for finite element static and dynamic analyses. Fluctuating wind speed can
be modeled as a Gaussian stationary random process and simulated using the linear filtering method.

The autoregressive (AR) method is a specific type of linear filtering technique that offers the advantages of
simple computation, high accuracy, and fast convergence, making it well suited for simulating fluctuating wind
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speed time histories. The fundamental principle of the AR method is to predict future values of a time series based
on its previous data.
The time history of fluctuating wind speed for M points AR model in space can be expressed as follows:

p

V(X,Y,Z,t) = Z Y, V(X,Y,Z,t — KAt) + N(t) (4)
k=1

where X = (x,..., %)Y = e oo, V). Z = (24,...,2,,)T are the 3-D coordinates of M -points in space,

V(X,Y,Z,t) isthe M x 1 fluctuating wind speed vector at time t, K is the surface drag coefficient, p is the order

of AR model, 4t is the time step used for wind speed simulation, i, is the autoregressive coefficient matrix of

AR model, k =1,...,p; N(t) is the variable in independent random process.

The Davenport fluctuating wind speed spectrum yields relatively conservative results in the high-frequency
range, thereby providing a higher level of structural safety. Consequently, the Davenport wind power spectrum is
adopted in this study to simulate the fluctuating wind acting perpendicular to the greenhouse surface, which can
be expressed as:

—2 4K

S (f) =Vio f(1+7};2)4/3 (5)
_ 1900

¥ = 1200 6)

where:
S,(f) is the auto-power of the fluctuating wind speed, f is the wind-speed fluctuation frequency, K is the

surface drag coefficient, V;, is the mean wind speed at a height of 10 m with a 10-min averaging interval, x is
the turbulence integral scale parameter, taken as 0.02 in the Davenport fluctuating wind speed spectrum.

Referring to the experience and methods reported by researchers both domestically and internationally for
simulating fluctuating wind speed time-history curves of large-span structures, and in combination with the time-
domain analysis method, only the spatial position was selected as the independent variable in this study due to
the relatively small span of the flat-elliptical pipe plastic greenhouse. The spatial correlation of fluctuating wind
speed in the longitudinal (x-direction) and vertical (z-direction) directions of the greenhouse was considered. The
Shiotani correlation coefficient was adopted to simulate the fluctuating wind speed time-history curves, which can
be expressed as:

lx — x| |z — z'|
coh (x,x') =exp(———),coh (z,z") = exp(———) (7)
Ly L,
where [ is the integral scale of turbulence in the x-direction, taken as 50 m, L, is the integral scale of

turbulence in the z-direction, taken as 60 m.

Based on the experience and conclusions of previous studies and multiple trial simulations with different
parameters, the simulation parameters for the fluctuating wind speed were determined as follows: the mean wind
speed at a height of 10 m in Jiamusi, Heilongjiang Province, corresponding to a 10-year return period, was 27.88
m/s; the autoregressive (AR) model order was set to 4; the total simulation duration was 60 s with a time step of
0.1 s; the upper cut-off frequency was 10 Hz with a frequency increment of 0.01 Hz; and the surface drag coefficient
K was taken as 0.003.

Based on the simulated fluctuating wind speed time histories at the spatial points, the full dynamic wind
speed time-history curves were obtained by superimposing the fluctuating wind speed on the mean wind speed.
Using the conversion relationship between wind speed and wind pressure, the corresponding full dynamic wind
load time-history curves were then derived. The wind load time histories at the top point of the central greenhouse
arch and the end greenhouse arch are illustrated in Fig. 4.
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a) Top point on the central greenhouse arch b) Top point on the end greenhouse arch

Fig. 4 - Full dynamic wind load time-history curves
RESULTS
According to the Chinese standard (MOHURD, 2017), the stresses and displacements of the flat-elliptical
pipe greenhouse frame evaluated under elastic analysis should satisfy the following safety requirements in the
elastic stage:

(1) Stress: The stress in the greenhouse frame members must be lower than the material yield strength.
Specifically, the stress in the arch members shall not exceed 235 MPa.

(2) The vertical displacement of the greenhouse frame must be less than the allowable limit [lr] =

10000/400 = 25mm, |n addition, the horizontal displacement at the top of the greenhouse arch must also remain
within the permissible value [h] =36000/1500 = 24 mm,

These criteria ensure that the flat-elliptical pipe greenhouse frame remains within the elastic range and
satisfies the structural safety requirements under the applied wind loads.

Stress analysis under static wind load

The static wind load obtained in the previous section was applied to the finite element model of the flat-
elliptical pipe greenhouse frame to evaluate its structural response. Since identical wind loads were uniformly
applied to all greenhouse arches under static analysis, and the influence of the gable-end arches was not
considered, the load response of each arch was identical and independent of the total number of arches.

The stress distribution and displacement contours of the central arch in the 5-arch greenhouse frame are
presented in Fig. 5.

a) Stress distribution

b) Displacement distribution

Fig. 5 - Stress and displacement distributions of the central greenhouse arch in the 5-arch configuration

As shown in Fig. 5(a), the maximum stress of the greenhouse frame reached 182.8 MPa, occurring at the
shoulder region of the arch on the leeward side. Figure 5(b) shows that the vertical displacement of the frame was
17.57 mm, which is less than the allowable vertical displacement and also occurred in the shoulder region on the
leeward side. Using the built-in query tool in ABAQUS, the horizontal displacement at the top of the greenhouse
arch was determined to be 12.35 mm, which is below the allowable horizontal displacement, indicating that the
horizontal displacement remained within permissible limits. The stress distribution and displacement diagrams of
the center arch in the 50-arch greenhouse frame are presented in Fig. 6.
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a) Stress distribution b) Displacement distribution

Fig. 6 - Stress and displacement distributions of the central arch in the 50-arch greenhouse frame

As shown in Fig. 6(a), the maximum stress of the greenhouse frame was 172.4 MPa, occurring at the
shoulder region on the leeward side of the arch. Figure 6(b) shows that the vertical displacement of the frame was
14.67 mm, which is below the allowable vertical displacement and also occurred at the shoulder region on the
leeward side. The horizontal displacement at the top of the arch was 10.24 mm, which is less than the allowable
horizontal displacement, indicating that the horizontal movement remained within permissible limits.

Stress analysis of flat-elliptical pipe greenhouse frames under full dynamic wind load

To investigate the stress variation and correlation characteristics of greenhouse frames consisting of 5
arches and 50 arches under full dynamic wind loading, full dynamic wind loads were applied to the corresponding
finite element models. Subsequently, a point-by-point stress comparison was conducted to analyze the distribution
and correlation of stress responses among the arches. When applying full dynamic wind loads to the greenhouse
frames, the spatial autocorrelation of horizontal fluctuating wind must be considered. As a result, the full dynamic
wind load acting on the central arch is slightly higher than that on the adjacent arches and significantly higher than
that on the end arches.

The loading and boundary conditions for the full dynamic wind analysis of the greenhouse frame with 5
arches are illustrated in Fig. 7(a). The full dynamic wind load was applied to the 5-arch greenhouse frame, and the
resulting stress distribution is shown in Fig. 7(b). The stress values at each monitoring point on the central arch
were extracted and are summarized in Table 2.

a) Load positions and boundary conditions b) Stress distribution

Fig. 7 - Load positions, boundary conditions, and stress distribution of the 5-arch greenhouse frame
under full dynamic wind load
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Table 2
Stress values at selected points on the central arch under full dynamic wind load able
Point Point location Stress (MPa)
1 Windward bottom 28.66
3 Windward waist 156.7
5 Windward shoulder 199.2
6 Arch crown 2445
7 Leeward shoulder 315.2
9 Leeward waist 216.9
11 Leeward bottom 44.68

As shown in Table 2, the maximum stress among all points on the central greenhouse arch occurred at
Point 7, followed by Point 6, while the two bottom points exhibited the lowest stress values. The maximum stress
of the greenhouse frame reached 323.5 MPa, occurring between the top and shoulder regions on the leeward
side, approximately corresponding to Point 7. Overall, the stress along the greenhouse arch increased gradually
from the windward bottom toward the leeward shoulder region. This stress distribution can be attributed to the
spatial autocorrelation and randomness of the fluctuating wind field and is consistent with stress patterns reported
in previous studies (Wang, 2022).

The loading and boundary conditions for the full dynamic wind load applied to the 50 greenhouse arches
are illustrated in Fig. 8(a), and the corresponding stress distribution is shown in Fig. 8(b). The stress values at
each monitoring point on the central greenhouse arch were extracted and are presented in Table 3.

e T
:\i\(ﬂ\ o '?{\ N \- L] Lanies”
= ,w“&a\ \ ),{\,’\’»‘,;
B, z ‘\“\\\ \ R

B \‘“\\
Sl

T R

N

a) Load positions and boundary conditions b) Stress distribution

Fig. 8 — Load positions, boundary conditions, and stress distribution of the 50-arch greenhouse frame

Tabl

Stress values at each point of the central greenhouse arch under full dynamic wind load able3
Point Point location Stress(MPa)

1 Windward bottom 18.6

3 Windward waist 164.3

5 Windward shoulder 185.2

6 Arch crown 233.8

7 Leeward shoulder 268.3

9 Leeward waist 186.2

11 Leeward bottom 33.41
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As shown in Table 3, the maximum stress among all points on the central greenhouse arch occurred at
Point 7, followed by Point 6, while the lowest stress values were observed at the two bottom points. The maximum
stress of the greenhouse frame reached 287.8 MPa, occurring in the region between the arch crown and the
leeward shoulder, approximately corresponding to Point 7. Overall, the stress along the greenhouse arch exhibited
a gradually increasing trend from the windward bottom toward the leeward shoulder, which is consistent with the
stress distribution pattern observed in the 5-arch greenhouse configuration.

DISCUSSION

Spatial correlation and dynamic amplification: The observed stress concentration at the leeward shoulder
(Point 7) is primarily attributed to the combined effects of the mean wind pressure gradient along the greenhouse
arch and the stochastic fluctuating wind component with spatial autocorrelation. Due to the positive spatial
correlation near the center arch, fluctuating wind-speed peaks at adjacent points tend to occur simultaneously,
which amplifies the local bending moment at the leeward shoulder.

To evaluate numerical convergence, mesh sensitivity analyses were conducted on a representative center
arch segment. Three mesh densities were examined: a coarse mesh with an element size of 20 mm, a medium
mesh with an element size of 10 mm, and a fine mesh with an element size of 5 mm. The relative difference in
peak von Mises stress between the medium and fine meshes was less than 3%, indicating satisfactory numerical
convergence. Consequently, the medium mesh was selected for subsequent parametric analyses as an
appropriate balance between computational efficiency and accuracy.

Uncertainties in the present analysis mainly stem from the selection of turbulence parameters, aerodynamic
coefficients, material property variability, and damping assumptions. Nevertheless, comparison with previous
studies (Li, 2022; Wang, 2023) shows that the overall stress distribution patterns are consistent, particularly with
respect to stress concentration locations. Differences in absolute stress magnitudes are primarily due to variations
in structural geometry and boundary conditions.

CONCLUSIONS

This study investigated the structural behavior of 5-arch and 50-arch flat-elliptical pipe greenhouse frames
under static and full dynamic wind loads using finite element analysis. The main conclusions are as follows:

(1) Static wind load response: Both the 5-arch and 50-arch greenhouse frames exhibited stresses and
displacements within the allowable limits under static wind loading, remaining in the elastic range and satisfying
structural safety requirements.

(2) Full dynamic wind load response: Under full dynamic wind loading, both the 5-arch and 50-arch
greenhouse frames exceeded the allowable stress limits and entered the plastic stage, indicating that the structural
safety requirements were not satisfied.

(3) Stress distribution and critical locations: The maximum stress consistently occurred at the leeward
shoulder of the central greenhouse arch, with stress gradually increasing from the windward base toward the
leeward shoulder. This distribution reflects the combined effects of wind turbulence and spatial correlation of the
fluctuating wind field.

(4) Effect of greenhouse length: Compared with the 5-arch model, the 50-arch model exhibited lower stress
and displacement responses, highlighting the importance of considering the full greenhouse length and spatial
wind correlation effects in structural analysis.

In conclusion, full dynamic wind analysis is essential for the safe design of flat-elliptical pipe greenhouse
frames, particularly for long-span configurations. The findings of this study provide a theoretical basis for structural
optimization, standardization, and reliable application of this greenhouse type in regions prone to extreme wind
and snow loads. The present analysis is based on idealized boundary conditions and does not consider the elastic
characteristics of greenhouse frame supports. Future studies should incorporate structural damping and realistic
support flexibility to quantify their mitigating effects on dynamic amplification. In addition, experimental validation
of the stochastic wind input and dynamic structural responses is recommended.
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