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Structural Shape Estimation Based on 3D LIDAR Scanning Method for
On-site Safety Diagnostic of Plastic Greenhouse
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ABSTRACT

In this study, we applied an on-site diagnostic method for estimating the structural safety of a plastic greenhouse. A three-dimensional light detection
and ranging (3D LiDAR) sensor was used to scan the greenhouse to extract point cloud data (PCD). Differential thresholds of the color index were
applied to the partitions of raw PCD to separate steel frames from plastic films. Additionally, the K-means algorithm was used to convert the steel
frame PCD into the nodes of unit members. These nodes were subsequently transformed into structural shape data. To verify greenhouse shape
reproducibility, the member lengths of the scan and blueprint models were compared with the measurements along the X-, Y-, and Z-axes. The error
of the scan model was accurate at 2%-3%, whereas the error of the blueprint model was 5.4%. At a maximum snow depth of 0.5 m, the scan model
revealed asymmetric horizontal deflection and extreme bending stress, which indicated that even minor shape irregularities could result in critical failures
in extreme weather. The safety factor for bending stress in the scan model was 18.7% lower than that in the blueprint model. This phenomenon
indicated that precise shape estimation is crucial for safety diagnostic. Future studies should focus on the development of an automated process based
on supervised learning to ensure the widespread adoption of greenhouse safety diagnostics.
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Fig. 1 Indoor model of double—span plastic greenhouse in this study
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Fig. 2 Blueprint of target plastic greenhouse for application of on—site structural safety diagnostic method
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Fig. 3 Schematic of 3D scan method for target plastic greenhouse

Table 1 Specifications of 3D scan LiDAR sensor

Height of scan point Coordinate accuracy of PCD
(m) (m)

Range of observation distance Total points of
(m) raw PCD

0.006-0.008

0.92 (Observed at 10.0-20.0)

0.6-60.0 20,931,577

A
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Pl dul 2y 242 Bd vud IR o] Fo|A glo,
WY R), 2% (G), 4 B)S] A% gk Foll 7HE Hivl==
R gte] Alol & Rk A#E A4Sl (Eq. 1), ofof w
£ 3 HA 9 (0=x<0.5) Wie] 2 AW A|3ko] £ 84
B A= el (Fig. 5 (b). o=iet A A3
et 2} PCD F9& oA AlAesialen (Fig 5 (), d=
PCDE vl 2] ool 2dsd = e 4AE 245t
At (Fig. 5 (d)).

O:

o o

R

s I
G*+ B M

Index pop =
where, Indexpcp is a color combination index of each points
for segmentation of steel pipe, R, G and B is a
normalized value of color labels of each points (Red,

green and blue).
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Fig. 4 Structural shape estimation of plastic greenhouse through transformation of 3D scan PCD
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n; is PCD numbers of each clusters, x; is a global
coordinate of PCD in each clusters, J is sum of total

squared distances from centroid of PCD in each clusters.

[e)

Hh AR AT E QJo]9] COMSOL Multiphysics 6.0 (COMSOL
T . COMSOL Multiphysics~= d& +%
o e s JUd kA HrEE SRk Reta s 7Rt
x4 azEojr BsHA AREE AL QU (Liu et al,
2022; Ji et al, 2022). =50} A BAIZ 4E 24 2 P4
9] FZFAS Yaf |l 1123804 (Beam structural analysis)S
sl Bestom Agslgon, 2 $4 ¥ vwl B4 o
SPVHS 7339 &4 A|¥-S =5}ttt (Table 2). SPVHS 7}
o] BA 2= elAA420] AL wlE AlES 3] 0.5% Offset

Table 2 Mechanical properties of greenhouse members

e 989l o0 (Choi et al., 2017), 3Eof
= 9] 2 ARREE 9] 3 7S, FEEE =
20 HolA] ANTH= L4 SPVHS 7] B3 R
2 ARSI} (Ministry of Agriculture, Food and Rural Affairs,
2023). 3, 24 T G4 5D A AR HE A7
*47415 g 2o tiste] A (Fixed-ends) 24 28
SFAAL, A7, 7h2H B 7)Ee] WAk A R= 7 (Rigid
connection) A& Fo3}¢ict
24 FRAA 7 HSHeIAE A0 T2 oy HrhE
sl ar=sfor & AABIE o2 sk, vk, At
% F515 2 Mool sl Uk 24 T2 by
FA S5 443 Foi30l e 2 )
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steich 2 4] ofgh Hshag A7t Aol Thute] g3
57} QrEoR BMISHE Al Eq 49 2tk £ Afolds
A5l AFAo] Qs AMAl 07 o] 30 Wl AAdA

Pipe type Standard code Elastic modulus (GPa) Yield strength (MPa) Poisson ratio Density (kg/m®)
SPVHC KS D 3760:2014 205 295 0.3 7,850
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Fig. 6 Load conditions applied to structural analysis of the target greenhouse model (Snow depth = 0.5 m)
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m), Z is a design snow depth (m), C, is an exposure
coefficient (C, = 1.0), C; is a slope coefficient of

greenhouse roof.
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Fig. 7 Schematic of observed length of members for verification
of estimated structural shape of greenhouse

Error (%) =~ x 100 )

where, y; is an observed length of each pipe members (m), y:

is a simulated length of each pipe members (m).
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where, A is a slenderness of pipe members of greenhouse (e
= 200), K is a coefficient of effective length (K = 2.0),
L is a length of pipe members (m), » is a cross-sectional

radius of pipe members (m).
Q)

where, ¢ is a maximum tensile stress of pipe members (MPa),

fi is an allowable tensile stress of pipe members

—2), F, is a nominal yield stress of pipe

V=15
members (MPa).

@

where, g, is a maximum bending stress of pipe members (MPa),
f» is an allowable bending stress of pipe members
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where, & is a maximum horizontal deflection of pipe members . &o} 2 3%t
(m), W is a width of target greenhouse (m). 1B Al BAN =Xz}
5 < I (10) 7t. & PCD 2& Zzt
T 23 A% 249 PCDE X& FE 7|20 1158 319
om, ¥ ZF G oA Hz vl ul5e] PCDE 3
where, &, is a maximum vertical deflection of pipe members S AL 2|229] AA|ZES Table 33 Zro] AAE et A7t
(m), & is a height of target greenhouse (m). 7t AW} o] 2= 2t} 2o 7k 3, 4, 5, 7, 8, 9H
Qi) AgEe: AR Fee) W YA 103Reh ot
HhHofl, A7k 7h A} o] f= 2t v} Ao 7k 1, 2,

Table 3 /ndexxss thresholds of each partitions of raw PCD for segmentation of steel pipe PCD

Number of partition 1 2 3 4 5 6 7 8 9 10 1
Coordinate range 0.0 0.5 1.0 15 2.0 25 3.0 35 4.0 45 5.0
of X-axis (m) 05 | <10 | <15 | 20 | -25 | -30 | -35 | -40 | -45 | -50 | -55
Threshold of 125 | 120 | 09 | 085 | 095 | 1.05 | 080 | 08 | 0.95 1.25 1.35
color index

Table 4 Reproducibility verification of estimated structural shape from 3D scan method by comparing the length of unit members according

to axes
Number of Sﬁggg Blueprint members Scan members
Axis observed
FERsERS Length Length Error | Average error Length Error Average error
(m) (m) (%) (%) (m) (%) (%)
XM-1 2.391 2.300 4.0% 2.337 2.3%
XM-2 2.379 2.300 3.4% 2.323 2.4%
X-axis XM-3 2.381 2.300 3.5% 239 2.330 2.2% 5 2%
Direction XM-4 2.381 2.300 3.5% 2.318 2.7%
XM-5 2.384 2.300 3.7% 2.328 2.4%
XM-6 2.346 2.300 2.0% 2.323 1.0%
YM-1 0.971 1.000 2.9% 0.993 2.2%
YM-2 0.968 1.000 3.2% 0.992 2.4%
Y_ax.is YM-3 0.964 1.000 3.6% 5 9% 0.988 2.4% 23%
Direction YM-4 0.976 1.000 2.4% 1.000 2.4%
YM-5 1.030 1.000 3.0% 1.010 2.0%
YM-6 1.021 1.000 2.1% 1.000 2.1%
ZM-1 0.677 0.720 6.0% 0.700 3.3%
ZM-2 0.688 0.720 4.5% 0.704 2.3%
ZM-3 0.685 0.720 4.9% 0.696 1.6%
) M-4 0.685 0.720 4.9% 0.691 0.9%
Dizr;ifi'zn ZM-5 0.680 0.720 | 5.6% 5.4% 0702 | 3.1% 2.4%
ZM-6 0.681 0.720 5.5% 0.705 3.4%
ZM-7 0.681 0.720 5.5% 0.701 2.9%
ZM-8 0.675 0.720 6.3% 0.688 1.9%
ZM-9 0.680 0.720 5.6% 0.696 2.3%
Average error of total members 4.4% 2.3%
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Fig. 8 Comparison of structural shape of greenhouse between blueprint model and 3D scan model
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Fig. 9 Schematic of structural analysis results between the blueprint model and 3D scan model (Snow depth = 0.5 m)
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Fig. 10 Comparison of structural analysis results between blueprint model and 3D scan model
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Table 5 Comparison of quantitative results of structural analysis between blueprint model and 3D scan model

Model types Horizontal deflection Vertical deflection Axial stress Bending stress Slenderness
Blueprint
(safety factor) 48.52 22.78 18.86 3.94 2.84
Scan
(Safety factor) 30.71 9.81 16.67 3.20 2.85
Difference (%) 36.7 56.9 11.6 18.7 0.4
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