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ABSTRACT

This study investigates the nonlinear stability of flat-elliptical greenhouse skeletons under wind loads,
accounting for initial imperfections. A finite element model was developed in ABAQUS, with nonlinear buckling
analysis conducted via the arc-length method. Eigenvalue buckling analysis identified imperfection modes,
and the impact of imperfection amplitudes on bearing capacity was assessed. Results showed that increasing
imperfection amplitude decreased the ultimate bearing capacity, with a 461.2 N-m? capacity at L/300, and
520.26 N-m? at L/800. Initial imperfections notably influenced yield stages. This study demonstrates that
considering initial imperfections provides a more accurate assessment of the skeleton’s stability under extreme
loads.
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INTRODUCTION

In modern agriculture, greenhouses are essential for maintaining stable crop growth, particularly in
regions with harsh or fluctuating climates. They offer controlled environments that improve yield and quality.
The structural skeleton, as the main load-bearing system, is critical to a greenhouse’s longevity, stability, and
safety. Thus, investigating its mechanical behavior under complex loads holds significant theoretical and
practical value.

Historically, bamboo served as the primary structural material until the 1950s, but its susceptibility to
corrosion and degradation limited its durability. In the 1980s, hybrid structures combining bamboo and steel
emerged to improve strength, yet corrosion at the interface remained problematic. With advancements in steel
production and reduced costs in the 21st century, steel—particularly galvanized steel pipes with high corrosion
resistance and load-bearing capacity—became the dominant material, markedly enhancing greenhouse
performance and lifespan. Plastic greenhouses with different skeleton types as shown in Fig. 1.

T 74

Z

a) Bamboo skeleton b) Bamboo-steel skeleton c) Steel skeleton
Fig. 1 — Plastic greenhouses with different skeleton types
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Steel structures, favored for their high strength and stiffness, resist external loads like wind and snow
effectively while minimizing deformation. However, initial imperfections in steel components can compromise
stability, often causing local or global buckling prior to reaching ultimate strength. These imperfections—
defined by their location, shape, and evolution—are critical factors influencing failure modes. Nonlinear
buckling analysis offers a more accurate evaluation of these effects, especially under complex or extreme load
conditions. Cylindrical lattice shells, akin to greenhouse frames, have been extensively studied. For instance,
Liu (2016) and Gu (2019) analyzed stochastic initial imperfections and their impact on buckling under various
loads. Their findings underscore the necessity of including imperfections in structural analyses to ensure safety
and performance reliability. Traditional analyses often assume ideal, defect-free models. Studies by Ren
(2019), Jiang (2021), and others employed finite element and time-domain methods to analyze stress and
vibration responses in idealized skeletons. However, such simplifications may underestimate structural
vulnerability under severe loads like heavy snow or strong winds, leading to significant instability and deformation.

Given the nonlinear nature of the loads acting on greenhouses, initial imperfections can exacerbate the
risk of buckling and instability, affecting the long-term performance of the structure. Therefore, nonlinear
buckling analysis of greenhouse skeletons, considering initial imperfections, is essential for a more accurate
assessment of structural behavior under real-world loading conditions. Moreover, such analysis can reveal the
impact of initial imperfection on the stability of the structure under extreme loads or adverse environmental
conditions (Cai, 2015; Zeng, 2024). While several studies have incorporated initial imperfections in the stability
analysis of greenhouse skeletons, including the work by Yu (2007) and Bao (2023), who performed nonlinear
buckling analysis of arch-roof and Venlo-type greenhouses, there remains a gap in the research on the
nonlinear buckling behavior of greenhouse skeletons under full dynamic wind loads. The specific mechanisms
of structural instability in these conditions are not yet fully understood.

This study aims to fill this gap by assessing the stability of greenhouse structures under full dynamic
wind load, highlighting potential instability risks induced by local buckling, and ultimately improving structural
safety margins. The findings of this research will provide valuable theoretical support for the design,
construction, and long-term operation of greenhouse structures, ensuring their safety and performance under
extreme loading conditions.

MATERIALS AND METHODS
Analysis process

According to the code for design of steel structures (GB50017-2017) and the technical specification for
space skeleton structures (JGJ 7—2010), the impact of initial geometric imperfections, specifically the
installation deviations from the intended curved surface shape, must be considered in the full-process analysis
of lattice shell structures (skeletons). The distribution of initial geometric imperfections is typically represented
by the lowest-order buckling mode of the structure, with the maximum value of the imperfection taken as 1/300
of the span of the lattice shell.

Based on these specifications, the following steps were taken to perform the nonlinear buckling analysis
of the greenhouse skeleton structure:

(1) Finite Element Model Creation and Verification: A detailed finite element model of the greenhouse

skeleton was established and verified to ensure its accuracy in simulating the structural behavior.

(2) Eigenvalue Buckling Analysis: A characteristic eigenvalue buckling analysis was conducted on the
skeleton structure to determine the lowest-order buckling mode of the system.

(3) Simulation of Initial Geometric Imperfections: The distribution pattern of the initial geometric
imperfections was simulated using the lowest-order eigenmode. The maximum value of the imperfections was
set as 1/300 of the span of the greenhouse skeleton, as per the relevant design codes.

(4) Nonlinear Stability Analysis: A nonlinear stability analysis was performed using the arc-length method.
The load-displacement curves and stability coefficients of the structure under different initial imperfections
were compared to explore the influence of these imperfections on the stability of the structure.

Finite element model

In this study, a finite element model of a plastic greenhouse skeleton with 50 elliptical pipes was
established using ABAQUS. The dimensional schematic of the skeleton is shown in Fig. 2.

As shown in Fig. 2, the structural span L=10 m; the structural height H=3.6 m; the rafter spacing d=I1m.
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Fig. 2 — The dimensional schematic of the flat-elliptical pipe plastic greenhouse’s skeleton

The material property parameters of the rafter, embedded steel pipe, and purlin are shown in Table 1.

Table 1
Material parameter of steel pipe
. bxhor R t o] fy E
Material (mm) (mm) (kg/m?) (MPa) A (MPa)
Rafter 30x60 2 7.85 235 0.28 2.1x108
Embedded steel 30%80 2 7.85 235 0.28 2.1x105
pipe
Purlin 20 2 7.85 235 0.28 2.1x108

where: b is the width of section; h is the depth of section; t is thickness of section; p is density; f, is the yield
strength of steel; A is Poisson ratio of steel; E is elasticity modulus of steel.

The C3D8R eight-node linear hexahedral element was selected to simulate the elliptical pipe
greenhouse skeleton. The rafter was meshed according to its dimensions, with an approximate overall size
set to 0.2, and each rafter was discretized into 2,380 elements. In actual engineering, the rafters and purlins
are connected by clips, while the connections between the skeleton and the embedded steel pipe are welded.
To improve computational efficiency, the connections between the rafters, purlins, and the embedded steel
pipe were simplified to binding connections. This study applies full constraints between the two ends of the
skeleton and the embedded steel pipe, restricting translational and rotational movements in all directions. For
the other skeletons, hinged connections are used between the rafter and the embedded steel pipe.

Validation of the accuracy of the modeling method

Wang (2023) conducted a numerical analysis of a large-span pipe skeleton structure plastic greenhouse
under the combined effects of dead load, wind load, live load, and crop load. Figure 3(a) shows the schematic
diagram of the greenhouse skeleton model from the literature, while Figure 3(b) shows the finite element model
established using the ABAQUS software in this study.

Stringer

| Purlin
Bracing

Column ——

a) Literature b) Present
Fig. 3 — Comparison of the structural diagrams of the greenhouse

To verify the accuracy of the modeling method, the validation model established in this study has the
same material properties, skeleton dimensions, and boundary conditions as those in the original literature. All
components are made of Q235 steel, with a yield strength of 235 MPa, Young's modulus of 206 GPa, Poisson’s
ratio of 0.3, and a density of 7850 kg/m3. The material is modeled using an ideal elastic-plastic constitutive
relation. The rafter has a cross-section of a flat elliptical hollow pipe (wx A x# =90mm x40mm x3mm ),

while the columns have a rectangular hollow pipe cross-section (wx A x¢ = 90mm x 40mm x3mm ).
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The stringer also has a rectangular hollow pipe cross-section, with the same dimensions as the columns.
The bracing has a circular hollow pipe cross-section ( d x¢ =32mmx2mm ), and the purlins have a circular

hollow pipe cross-section as well (d xt =25mmx1.5mm ). The bottom of the rafters and columns are set as
fixed ends, restricting all degrees of freedom in all directions. The rafters and columns are connected with
binding connections, and the connections between the bracing and the columns, rafters, and purlins are
modeled as hinged.

In the literature, the greenhouse skeleton was modeled and analyzed using ANSYS software. In this
study, the greenhouse skeleton was modeled and analyzed using the C3D8R solid element in ABAQUS finite
element software. To verify the accuracy of the modeling method, displacement data at various points of the
1st and 2nd skeletons were extracted. The displacement data for the 1st and 2nd skeletons at each point are

shown in Fig. 4.
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Fig. 4 — Comparison of the total displacement distribution curves

As shown in Fig. 10, the displacement variation trend calculated using the modeling method in this study
is in good agreement with the displacement variation trend from the literature. In the literature, the maximum
displacement of the 1st skeleton is 23.2 mm, while the modeling method in this study yields a maximum
displacement of 22.34 MPa, with a relative error of 3.7%. For the 2nd skeleton, the maximum displacement in
the literature is 25.2 mm, while the maximum displacement calculated in this study is 24.85 MPa, with a relative
error of 1.38%. The results fall within a reasonable error range, indicating that the finite element modeling
method used in this study is reliable.

Wind loads calculation

This study primarily investigates the nonlinear behavior of the steel skeleton under wind loads.
Therefore, the structural load combination mainly consists of dead loads and wind loads. For simplicity, in the
subsequent eigenvalue buckling analysis, the critical buckling load of the structure is determined by applying
the dead and wind loads in the form of concentrated forces at each point of the skeleton, as shown in Fig. 5.

Wind direction
-0.1

-0.5

2.5m 5.0m 2.5m

10.0m

Fig. 5 — Shape coefficient on the flat-elliptical pipe skeleton plastic greenhouse

The plastic greenhouse studied in this study is located in Jiamusi City, Heilongjiang Province, China.
According to the Chinese standard GB/T51183-2016 (MOHUED, 2016), the design service life of a plastic
greenhouse is 10 years. Based on this code, the basic wind pressure in Jiamusi is 0.38 kN/m?, which
corresponds to the instantaneous wind speed with a duration of 3 seconds. On the other hand, according to
the Chinese standard GB/T50009-2012 (MOHUED, 2012), the basic wind pressure in Jiamusi is 0.65 kN/m?,
which is based on the 10-minute average wind speed for a 50-year return period. The ratio of the 10-year
return period wind pressure to the 50-year return period wind pressure is 0.734, thus the basic wind pressure
for a 10-year return period with a 10-minute duration is 0.65 x 0.734 = 0.477 kN/m?2. After comparing the results
from both codes, the basic wind pressure of 0.477 kN/m? was adopted in this study.
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RESULTS AND DISCUSSION
Eigenvalue buckling analysis

First, the linear buckling analysis of the greenhouse skeleton structure was conducted using the finite
element software ABAQUS, yielding the buckling modes and eigenvalues of the structure. Since initial
imperfections are inevitably present in real structures, eigenvalue buckling analysis often overestimates the
stability and load-bearing capacity of the structure. However, the linear buckling analysis provides an upper
limit load value and initial imperfection distribution, serving as a basis for nonlinear buckling analysis.

The governing equation for eigenvalue buckling analysis is:

(1K, )+ [, JJu =0 g

where: [K] is the elastic stiffness matrix of the structure; [K,] is the geometric stiffness matrix of the structure;
Ais the buckling factor, which is the eigenvalue, and U'is the eigenvector matrix corresponding to each buckling
factor, representing the buckling mode.

The eigenvalue buckling analysis of the greenhouse skeleton was conducted using ABAQUS finite
element software under the action of dead load and wind load. The first 6 buckling modes and corresponding
eigenvalues of the greenhouse skeleton are shown in Figure 6 and Table 2. To better visualize the buckling
modes of the skeleton, the displacement has been amplified by a factor of 500 for easier observation.

e) 5th buckling mode f) 6th buckling mode

Fig. 6 — The first 6 buckling modes of the skeleton structure

As shown in Figure 6, the first 2 modes of instability of the greenhouse skeleton structure occur in the
sidewall areas. This is because, when the skeleton is considered as a whole, the skeletons on the sidewalls
are weaker regions, causing the sidewall skeletons to experience instability first. The 3rd mode of instability
exhibits an overall wave-like buckling, with the largest displacement observed near the central skeleton, where
the structure bulges outward toward one side. The 4th mode of instability also shows wave-like buckling, but
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the overall instability manifests as the skeletons near the two ends bulging outward in opposite directions. The
5th mode of instability is characterized by strip-like buckling, with localized instability occurring in the sidewall
areas. The 6th mode, compared to the 5th, lacks the overall strip-like instability, and the instability is
concentrated in the skeletons at both ends of the sidewalls.

Table 2
First 6 eigenvalues of the structure
Mode order 1st 2nd 3rd 4th 5th 6th
Eigenvalue -25.1 -33.31 -35.43 -39.6 -41 -48.48

Nonlinear buckling analysis

According to the Technical specification for space frame structures (JGJ 7—2010), the stability of the
grid shell can be calculated using the finite element method considering geometric nonlinearity (i.e., load-
displacement full process analysis). In the analysis, material behavior can be assumed to be elastic or elastic-
plastic. In this study, both geometric and material nonlinearities are considered in the nonlinear buckling
analysis of the structure. The first-order buckling mode of the skeleton structure is introduced as an initial
imperfection into the greenhouse skeleton model, and a load-displacement full process analysis is performed.
The iteration equation is as follows:

[K,]AUY =F,,,, —N"" (2)

t+At +AL
where, [K]] is the tangent stiffness matrix of the structure at the current time step, AU® is the iterative
and N“? represent the external nodal load

t+A1

vector and the corresponding internal force vector of the structural members at the current time step,
respectively.

For solving the above equation, various equilibrium path tracking methods can be used, such as the
displacement increment method, load increment method, work increment method, residual energy method,
and arc-length method. In this study, the Modified Riks method, commonly used for nonlinear buckling analysis
in ABAQUS, is employed for solving. The constraint equation for the Modified Riks method is as follows:

(AD)" (AT) +y(A2)* = (Al)’ 3)
where, y=1 represents the arc length increment for each iteration. An initial arc length must be specified, and
during the calculation process, the arc length Al is adjusted according to the specific problem to ensure both
computational efficiency and accuracy.

In addition, during the loading process, the original geometry and shape of the structure will change due
to the applied loads, causing the overall stiffness matrix to vary. Therefore, the linear equilibrium equation
cannot effectively represent the behavior of the structure in the nonlinear process.

The linear equilibrium equation of the structure can be expressed as:

[Klu=F (4)

increment of the displacement at the current time step; F,

where, [K] is the overall stiffness matrix of the structure; u is the displacement vector of the structure; and F
represents the external loads, which, for buckling problems, are typically the loads modified by the buckling
load factor.

The updated overall stiffness matrix [K] is commonly represented by the tangent stiffness matrix [K,],
which is equivalent to the slope of the load-displacement curve. This type of nonlinear situation falls under the
category of geometric nonlinearity. The tangent stiffness matrix is often used in the calculation of the
equilibrium path to achieve rapid convergence. Its calculation is given by the following equation:

_ 5
(K ]=[K]+[K]+[K, ] ©)
where, [K;] is the tangent stiffness matrix of the structure at the current time step; [K,] is the initial
displacement matrix.

In the absence of initial imperfections, the critical buckling load P, can be calculated using the Euler’s
buckling formula:

7’ El (6)
R, = 72
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where, F, is the critical buckling load in the absence of imperfections; E is the Young’s modulus; I is the
moment of inertia of the cross-section; and L is the span of the structure.
The modified formula after introducing initial imperfections is as follows:

R.®)=P(1-%) "

where, P, (6) is the critical buckling load after introducing imperfections; § is the initial imperfection amplitude.
The buckling analysis formula considering initial displacement imperfections, geometric nonlinearity,
material nonlinearity, and the modified critical buckling load can be written as follows:

8
[K+KU+KL]u+Pcr(1—%)u:F ©

Nonlinear buckling analysis with initial imperfections was performed on the flat elliptical pipe greenhouse
skeleton using the Riks method in ABAQUS finite element software. The load-displacement curves at the top
of the middle rafter under different initial imperfections are shown in Fig.7.
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Fig. 7 — Load-displacement curves at the top of the middle rafter

As shown in Figure 7, when the load is small, the displacement increases in a linear trend. According to
the technical specification for space frame structures (JGJ 7—2010) the first critical load value obtained from
the full process analysis of the structure is taken as the ultimate load-bearing capacity of the structure.
Therefore, when the maximum initial geometric imperfection amplitude is L/300, the ultimate bearing capacity
is 461.2 N-m? when the maximum initial geometric imperfection amplitude is L/500, the ultimate bearing
capacity is 492.22 N-m?; and when the maximum initial geometric imperfection amplitude is L/800, the ultimate
bearing capacity is 520.26 N-m?. This shows that the ultimate bearing capacity of the structure decreases with
the increase in the maximum initial geometric imperfection amplitude. This result is consistent with the
conclusions previously drawn by Xie and Chen (2015).

Comparison analysis of overall and local buckling of the skeleton

To investigate whether the post-buckling behavior of the structure meets the safety design requirements
for steel structures, stress—displacement curves at various positions of the deformed skeleton were extracted.
This analysis aims to clarify the impact of structural buckling on the stress distribution of individual members
and to identify the most vulnerable positions within the skeleton. The displacement diagram of the skeleton
structure, obtained through nonlinear buckling analysis, is presented in Fig. 8.

=

Fig. 8 — Displacement diagram of the skeleton structure
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As shown in Fig. 8, the structure experiences significant overall buckling on the windward side, primarily
manifesting as an overall strip-like instability. Meanwhile, on the leeward side, localized buckling deformation
occurs at the end regions, primarily characterized by the arching of the steel pipes at the base, which induces
deformation in both the skeleton and purlins. Therefore, this study will focus on analyzing the stress—
displacement behavior of the components at both the localized buckling and overall buckling regions.

Stress analysis of rafter

The rafter, as the primary load-bearing components of the greenhouse skeleton, play a crucial role in
supporting the structure under wind loads. Since wind loads primarily induce horizontal displacement in the
structure, this study focuses on the variation of stress and horizontal displacement during the stress analysis.
The Mises stress—horizontal displacement curves for the most unfavorable position of the rafter during the
overall buckling and the local buckling of the structure were extracted and are shown in Fig. 9.
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Fig. 9 — Most unfavorable position of Mises stress—horizontal displacement curves for rafter

As shown in Figure 9(a), when the horizontal displacement ranges from 0 mm to 150 mm, all curves
exhibit a similar linear trend, indicating that initial imperfections have minimal impact on the structure’s linear
elastic behavior. During this stage, stress increases steadily, with a near-linear relationship between
displacement and stress. As the displacement increases further, the structure enters the yielding stage, where
the rate of stress growth slows. No significant differences are observed between curves with varying initial
imperfections during this stage. From 200 mm to 700 mm horizontal displacement, the curves under different
initial imperfection conditions stabilize, with minimal difference observed between the curves with and without
initial imperfections (L/800, L/500, L/300). This suggests that, during overall buckling, initial imperfections have
a relatively limited effect on the yield strength of the rafters, particularly in the linear-elastic stage.

In contrast, Figure 9(b) illustrates that the impact of initial imperfections becomes significant after local
buckling. In the 0 mm to 40 mm displacement range, all curves show a near-linear increase, but as
displacement reaches 40 mm, the curves diverge sharply. Samples with no initial imperfections show the
highest yield stress, while increasing initial imperfections (L/800, L/500, L/300) cause the yield point to occur
earlier and the yield strength to decrease. This indicates that initial imperfections considerably weaken the
structure’s resistance to yielding.

From 10 mm to -10 mm displacement, the gap between the curves narrows after reaching the yield point.
In the range from -10 mm to -70 mm, the stress increase becomes more gradual, and the curve for the structure
without initial imperfections exhibits a longer plateau, indicating greater plastic deformation capacity and higher
ultimate load-bearing capacity.

Stress analysis of embedded steel pipe

The Mises stress—horizontal displacement curves at the most unfavorable position of the embedded
steel pipe during the overall buckling and the local buckling of the structure were extracted and are shown in
Fig. 10.
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Fig. 10 — Most unfavorable position of Mises stress—horizontal displacement curves
for embedded steel pipe

Figure 10(a) illustrates that within 0 mm to 0.06 mm of horizontal displacement, the curves exhibit a
nearly identical linear trend, suggesting minimal impact of initial imperfections on the linear elastic behavior of
the embedded steel pipe. Stress increases linearly, indicating stable elastic deformation. However, as the
displacement progresses beyond 0.06 mm, the curves enter the yielding stage, where stress growth slows
down. Between 0.1 mm and 0.6 mm displacement, the curves deviate from the linear relationship, displaying
non-linearity. Notably, as initial imperfections increase, the curve flattens, reflecting a decrease in plastic
deformation capacity and overall bearing capacity. This indicates that initial imperfections significantly weaken
the yield strength and stability during overall buckling.

As shown in Fig. 10(b), from 0 mm to -1 mm displacement, the curves show a similar linear trend, again
suggesting minimal impact of initial imperfections in the early stage. As displacement increases from -1 mm to
-2 mm, the curves exhibit a nonlinear increase. The yield point varies significantly depending on initial
imperfections, with structures without imperfections showing the steepest slope. From -2 mm to -5 mm
displacement, the curves deviate further, entering the yield stage. The rate of stress increase slows, and
significant differences emerge: without initial imperfections, the structure maintains higher yield strength and
bearing capacity. However, with increasing initial imperfections (L/800, L/500, L/300), the yield point shifts
earlier, and yield strength decreases, particularly under L/300 imperfections, highlighting the substantial
reduction in load-bearing capacity.

Stress analysis of purlin
The Mises stress-horizontal displacement curves at the most unfavorable position of the purlin during
the overall buckling and the local buckling of the structure were extracted and are shown in Fig. 11
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Fig. 11 — Most unfavorable position of Mises stress—horizontal displacement curves for purlin
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As shown in Fig. 11(a), within the 0 mm to 100 mm horizontal displacement range, stress increases
linearly, reflecting elastic deformation of the purlin. Initial imperfections have minimal impact during this phase.
From 100 mm to 250 mm displacement, the curves show slight nonlinearity, with negligible differences between
initial imperfection conditions, suggesting limited influence on the elastic behavior. As displacement reaches
250 mm to 450 mm, the purlin enters the yielding stage, characterized by a deceleration in stress increase.
Curves for different initial imperfections level off, indicating stable plastic deformation. From 450 mm to 575
mm, stress sharply decreases as the purlin enters the necking stage. Notably, the curve without initial
imperfections has a steeper slope, reflecting a weaker load-bearing capacity during the necking phase
compared to those with initial imperfections (L/800, L/500, L/300).

Figure 11(b) reveals that the impact of initial imperfections becomes more significant after local buckling.
In the 0 mm to 10 mm range, stress increases linearly, with minimal variation across curves. From 10 mm to
20 mm, the slope of the curves decreases, and from 20 mm to 50 mm, stress initially decreases before rising
again. At 50 mm displacement, the curve without initial imperfections exhibits the steepest slope, indicating
higher stiffness. The slope decreases with increasing imperfection size (L/800, L/500, L/300), highlighting a
more pronounced effect of initial imperfections during the elastic stage of the purlin.

In summary, initial imperfections have a significantly different impact on the overall buckling and local
buckling of the structure. In the case of overall buckling, initial imperfections have a relatively small effect on
the rafters, embedded steel pipes, and purlins, especially during the elastic deformation stages, where the
change in yield strength is minimal. However, as the horizontal displacement increases, the negative effects
of the initial imperfections become more pronounced, primarily as the structure enters the yield and plastic
stages. The yield point occurs earlier, and the yield strength significantly decreases, indicating a weakened
ability to resist yielding.

CONCLUSIONS

In this study, an FEM model of the elliptical pipe greenhouse skeleton was established using ABAQUS
software. The consistent imperfection method was employed to simulate the initial imperfections of the
greenhouse skeleton, and the arc-length method was used to conduct nonlinear buckling analysis of the
skeleton. The ultimate bearing capacity of the skeleton under different initial imperfection conditions was
obtained. Stress analysis of various structural components at both overall and local buckling regions was
performed. The following conclusions were drawn:

(1) The impact of initial imperfections on the rafters, embedded steel pipes, and purlins at the overall
buckling positions is primarily concentrated in the yielding and plastic deformation stages. In contrast, the
influence of initial imperfections at the local buckling positons on the rafters, embedded steel pipes, and purlins
is not limited to the yielding and plastic stages; it also manifests significantly during the elastic stage. This
results in a reduction in the structural stiffness and a decrease in the bearing capacity of the skeleton.

(2) When considering only the impact of initial imperfections, with the initial imperfection amplitude being
L/300, the maximum displacement of the skeleton is approximately 1.33 times that of the skeleton without
initial imperfections. Similarly, the maximum stress of the skeleton is approximately 1.11 times that of the
skeleton without initial imperfections.

From the results of this study, it is evident that initial imperfections have a significant impact on the
loading behavior of the greenhouse skeleton. After considering the effects of initial imperfections, both the
displacement and stress of the skeleton increase significantly. Therefore, it is recommended that the design of
such structures take into account the adverse effects of initial imperfections in order to enhance the structure’s
ability to resist wind loads.
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