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Fig.l1 Cross section of solar greenhouse
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Note: a is the lower flange width, mm; b is the upper flange width, mm; ¢ is the
lip width, mm; /4 is the web depth, mmy; 7 is the wall thickness, mm.
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Fig.2 Schematic diagram of hat-shaped steel section size
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Note: L, is the projection width of front roof, m; H is the ridge height, m; a is the
back roof angle, (°); under uniform snow loads, 4 is the distribution coefficient
of snow on the front roof, x, is the distribution coefficient of snow on the back
roof; under non-uniform snow loads, ym is the distribution coefficient of snow
on the front roof under the condition of covering thermal blanket.
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Fig.3 Distribution coefficients of snow loads for solar greenhouse
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Note: A means the structure begins to yield, B means the structure reaches its
ultimate bearing capacity, C means the structure fails.
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Fig.5 Load-displacement curves of roof ridge under snow loads
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Fig.6 Equivalent stress of the greenhouse under non-uniform snow loads
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Fig.7 Load-displacement curves with or without tie bar
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Fig.8 Effects of initial geometric imperfection on the ultimate
bearing capacity

3.4 HESHIRIRAZHHIRM

HT, LR A R S I B R s A
56, HERZ HLHNES % . A, DUk R sf 5=50 mm,
h=70 mm, a=15 mm, ¢=12 mm, =2 mm f)JLFEN R
JRA, fEREE R A, B AN EAT AT, E
HERER 2 MRS, REAAFEEISET LT
TV H I = HE AR AR BR AR JT I RE M, 3 D L2 4
HoGiR = B R B 25 .
.41 LEZRWEAEMATE

B, EMESRIR AR . EREE . PR
B JEANAS (NG N , 70 b 32 58 B ANEI I 58 i )
FRRF IS S5, SIERETE h=70 mm, T#E
255 a=15 mm, BEJE =2 mm, JY{FIF &8 AR A AR,
FEEGWE (b SEA%E (o) Tl b+2c=74 mm,
2 BN 30 mm 3G H0E] 70 mm B, B0
22 mm FEE] 2 mm, FHRL 3 2 S R U8 FE 2 A
1.36 3 n# 35, & 9 NI FRERMEH T, L3R
S5 S R0 B FE 2 LR PR AR R, I 9 W]
Hl, BEAE RS E SEL T 2 LA 1.36 3N # 35,



176 Ll THE2AH (http:/www.tcsae.org)

2022 4

e PR AR ) 2SI Jm AR R AL U . 2 R IR G0
SR ANT 407 I, SRERARE B bR 55
SEATE R 2 LR TR s 2 b 3R G 08 S I vE
JEZWRT 417 I, WP A& DI b bR 2 50 5 5 Bl %
JE2Z BRI SEINnT FeAG . X2 T RGN B —
SERRFENT, FREGITMIR A M, ks, BEE L
T8 PE RIS, I G 2R A e B AR R
HREIT T . 2 ERG R SIIA T L 4.17 Hhn
B 35, WPRABIT T L 13%. B, @17 RN
BT S RIL R 2 L E ARSI 4.17 4.

1250

%)
=)
T

WRAS )
Ultimate bearing capacity/(kN-m2)
s =

1’050 3 6 9 1215 1821 24 27 30 33 36
4 0 LR
Upper flange width/Lip width

e WA S SRR T T,
Note: This analysis is performed under non-uniform snow loads. The same
below.
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Fig.9 Effects of the ratio of upper flange width to lip width on the
ultimate bearing capacity

3.4.2 JEAR G EAEIAL R

EREERm A, RS, T HEZ 08 e
JEAAS IS OL R, R FC AR e PR AR 3 220 i P o A B A 28k
T . i, M EREGWE =50 mm, FEZTE
% a=15 mm, BEJE =2 mm, ARIEFEINIHAAL, 8
WEE (b S0 %E (o) T h+c=82 mm, H4E
B E A 60 mm 381 E] 80 mm B, HH12 T8 FE I A 22 mm
P21 2 mm, AH N IEAR = B 2 5 B 2 LRI AN 2.72 39 m
2] 40, B 10 NAEB S S EAER T, IR &S #
158 FE 2 BER AR BR A A g2 . IR 10 AT %0, 481K
SR 2 LN 9.25 W, BRPR AR J1BE RS AR
P55 000 B R 2 LR s s 0 s AR = R A
FEZ VLA 2.72 36003 9.25 I, BRBRARE 1R N 30%.
M 24 HEAR = P 5 M o B 2 LK 9.25 I, ARPR A& )
JUFARFEAAR, X2 0T ARG 0 2] — e = R, I8
BRI Ui tH B0 w5 A B PR A 28K 7 el G RS 0 e o iy 2K
B, B, @B AR S AN RE A i A A AR R
RIS BUWJLFE RN = S A 5 A KT
9.25,
3.4.3 FTREZREAMATLE

EREFEAm A . FREZG . IR & E R R
ARG OUT, PRI T 32 T8 B ANEH A2 T ) A R A 28k
T . S, M ERGE =50 mm, G EE
h=70 mm, EEJE =2 mm, A{RUEFETHIAALE, TR
% (o) S5BA%E (o) FiHE ate=27 mm, 4 F

FL R N 5 mm B0 25 mm I, §34 % A 22 mm
P2 2 mm, AHRL T 3 2 50 5 R 58 B 2 LA 0.23 3
mEl12.5. B 1RSSR EER T, FRE&%E
J5 5 R0 B 2 L AR SR AR D s ma . E ] 11 T,
MR SR N 1.7 I, BRI BE
NEZ v ST T e s, 2 N R
EEATE 2 A 0.23 BnE] 1.7 i, HRERAI 15 m
2] 4%, [k, FEAR I AN 3 L 5 AN AR
FEREOL T, OB SR N RE ST,
BRI SR T HE 2R BR 7k ). SR, UM N RGHEHEE
BIATEEZ LRT 1.7 B, ARERARE LA FRE TR
i SENIA TE 2 LRy, RN BEERILTE
FERIE/N, BN FRGMARETS, Ff, BE FEZ
eI, FRESHIEIE MG, AR R A&
WA FEGRIE i EgEs. Bk, #RULTRMT
BG5S E 2 WAKRT 1.7,

= o

[N W

[ =3
T 1

1.20F

—

—

(%
T

—

—

k=l
T

1.05F

WIRRS
Ultimate bearing capacity/(kN-m-2)
s

<
o
A

15 20 25 30 35 40
NEEARC v FEE R 0 5 P
Web depth/Lip width

510

<

B 10 AR & B 5 8034 50 B X WA AR FRAKER 7 69 %o
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Fig.11 Effects of the ratio of lower flange width to lip width on

the ultimate bearing capacity
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Fig.12 Effects of the ratio of upper flange width to lower flange
width on the ultimate bearing capacity

3.4.5 JEMGHEATHLIE

FEARIE B AN . B3R5 . L 5 T A EE
BRI, PRICIER @& AT 32 08 B 6 A PR
R, 25, ¥ ERZE p=50 mm, #
B =12 mm, BEE =2 mm, NAFEIUF R AR A
A, WIREE (D) 5TFTHEEEE (o) TiFHL h+ta=
85 mm, H4MEAR =M 60 mm % 80 mm K, FHE
NN 25 mm BEF 5 mm, MNEREES TR
G EE A 2.4 BN E 16. & 13 AR A0 A0 S
WAERT, BREES FRZEE 2 R &
sz . B 13wl PEERIR S ES FR&EE 2
o AN W38 i, AR PR A S BT E R RE . 4R
ES5THEZGREZH/NT 4.67 5, ¥R &AZ 7756 S
SRR R s SR, MR
EH5TRGEEZHKT 4.67 5, B & 5 ER
SR RS LRI R s SMEAREES R
HGWEZ M 4.67 MInE| 16 i, MERAZ I T &
2 21%, X2HThE FREEE WD, FREEN
MEAR B L A AE Rk 55, RIS, BT AR e R A
FEAR B R 30 P G, B AR PR AR R S BRI . 4
W ES NREREEZ N 4.67 B, PR AR 7L 3
KA. W, L RANENR E S N R

Z W R EHILE 4.67 K47,
125
120+
1.15¢+
1.10+
1.05+
1.00 +

0.95F

WP
Ultimate bearing capacity/(kN-m2)

N 5345678 01011121314151617

SRR e 55/ R
Web depth/Lower flange width

B 13 MWRHES T ELE AR BAR A G TR
Fig.13  Effects of the ratio of web depth to lower flange width on
the ultimate bearing capacity

4 HFiL5EW

ASEREEE N 8 m, BN 3.8 m HIJLF A H
HIRF AT H, KA ANSYS B R e, S HAES
M AE R N BRI R AT AL, R TR R
FF BTUE JUART S5 e A0 38 T 2 B0 AR BR AR i s
BREERIT

D fEFRRIm A, FE GG R = AR A
FEIHETS, JUFBAN H OGRS S IR A& 3 R = T
DR TN H iR = 2R &3 7T

2) MBFHE AT E, 1% H iR S #4E T 4E
S1O3 A A B N U L AN H IR HE AR RS
B3 A5 35 # A T AROAR BR AR B 0 20 2 35 50 43 A 55 fef
TEFTI 28%. Hitt, 7EHsEELMBETHH, ME S
KRB S A H A B IS o

30 YhIA) AT 1B B T R ] L BN H i s
WP ANET, T A AR PR & 77, fEAE 510
HiEWBRAEH T, B YA RAT LR MR A& 22T
INIA RFT LR R 1.25 5. %)L RAR H i s Bt
BEFERIT G TLAR 5 e BBURR FE A1 o

4) UL BN R T SR v 2t i
4.17 i, BEREESEIOEEZWAKT 925, &
GRESMIANTEEZWAKRT 1.7, FRGEEES THRE
B2 LLEHIAE 333 AAfh, EWREES FR&EEEZ T
PEHIAE 4.67 Fo Ao

(& £ X #]

(11 #wed), FKE, o, & PE OGRS LIt
AR, YLIRAE 4R, 2012, 28(4): 855-860
Wei Xiaoming, Zhou Changji, Cao Nan, et al. Evolution of
structure and performance of Chinese solar greenhouse[J].
Jiangsu Journal of Agricultural Sciences, 2012, 28(4):
855-860. (in Chinese with English abstract)

[2] Wang C, Nan B, Wang T L, et al. Wind pressure acting on
greenhouses: A review[J]. International Journal of
Agricultural and Biological Engineering, 2021, 14(2): 1-8.

[31 ki, xR, g, S5 RIPHIRE RIS KB
ek BRI, A6 B, 2022(1): 30-33.

[4] FAKE. AEEEERE O 2D RS DGR ES



178

A TFE2A3 Chttp://www.tcsae.org)

2022 4

[5]

[6]

(9]

[10]

[11]

[13]

BREHMIED]. AL TR, 2018, 38(19): 54-61.
Fxk, EEE, REE. RBAHRT HOGREMNEHKR
TIE T M. TERFR (AR 2009,
30(4): 336-338.

Wang Bin, Jin Baohong, Song Jianxia. Finite element
analysis of load bearing capacity of steel skeletons for solar
greenhouses under vertical loads[J]. Journal of Ningxia
University (Natural Science Edition), 2009, 30(4): 336-338.
(in Chinese with English abstract)

JEREL, XIWEEE, EER, S5 PR HDOGIR =M E A
ZAEMERHTI]. HIRARL A2 #4%, 2016, 51(6): 53-57.
Tang Zhongqi, Liu Lixia, Wang Ruidong, et al. Safety
performance of two steel frames of solar greenhouse[J].
Journal of Gansu Agricultural University, 2016, 51(6): 53-57.
(in Chinese with English abstract)

FE, WA, BRE, & S4EX 2 DR H R E
BH[I]. R TFEZEH, 2020, 36(6): 170-178.

Wang Hongyi, Zu Ge, Yang Fengjun, et al. Design of
multi-functional solar greenhouses in high latitude areas[J].
Transactions of the Chinese Society of Agricultural
Engineering (Transactions of the CSAE), 2020, 36(6):
170-178. (in Chinese with English abstract)

K, RWH, X, & HGIR =ML T KA
I, vl K22 CERBIERD 5 2019, 39(6):
100-106.

Guan Rui, Wu Jianyong, Liu Zhonghua, et al. Analysis and
optimization of greenhouse steel frame structure[J]. Journal
of Shanxi Agricultural University (Natural Science Edition),
2019, 39(6): 100-106. (in Chinese with English abstract)
NS, BAEREE, VEIT SR MR DR EE g 4R
SRR S S S ARALD]. R AR AR, 2014,
30(35): 242-247.

Qie Lijuan, Zhao Xianhui, Xu Guangyi, et al. Static analysis
of truss type steel structure for three-span sunlight
greenhouse[J]. Chinese Agricultural Science Bulletin, 2014,
30(35): 242-247. (in Chinese with English abstract)

R, RIS, SRR, . HOGIRE SR AMU ).
RHALHEFT, 2013, 35(10): 55-59.

Yuan Yu, Zhao Jingpeng, Zhang Cheng, et al. The
topological optimization design of the structure of the solar
greechouse[J]. Journal of Agricultural Mechanization
Research, 2013, 35(10): 55-59. (in Chinese with English
abstract)

FRG . G 28 B 3 e s 2 st S A IR o
ST AETEE, 2021(12): 50-56.

Zhou Feng, He Bin. Design and finite element analysis of
new fabricated skeleton joints in solar greenhouse[J].
Northern Horticulture, 2021(12): 50-56. (in Chinese with
English abstract)

FF, HXE, EAN S5 25 BIKE0 R K ) 2
I ' UL = 45 K 3l g i R R [0]. o TR RO oK 2 2 R
2019, 24(4): 136-147.

Jiang Yingchun, Bai Yikui, Wang Yonggang, et al. Dynamic
response analyses of plane frame solar greenhouse
considering fluctuating wind speed[J]. Journal of China
Agricultural University, 2019, 24(4): 136-147. (in Chinese
with English abstract)

Wang C, Jiang Y C, Li X Y, et al. Wind-induced vibration
response analysis of Chinese solar greenhouses[J].
Computers and Electronics in Agriculture, 2021, 181:

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[23]

[24]

105954.

K. hE DR ESMS RS e () : R=EER
AR 50080]. HEBER, 2020(7): 1-6.

K. A EREE (—FF ) PEFRDURE
iy RG] A TREECR, 2020, 40(4): 49-54.
FK EAAM, WA, S FDGIRER A S TE R D]
AR TAE AR, 2022, 38(7): 264-271.

Qi Fei, Yan Dongmei, Hu Lin, et al. Method and application
of load combination in solar greenhouses[J]. Transactions of
the Chinese Society of Agricultural Engineering
(Transactions of the CSAE), 2022, 38(7): 264-271. (in
Chinese with English abstract)

THG RN, EE, S MR HDOGRE
gEFEEERE R[], RML TRESAH, 2013, 29(12):
194-202.

Ding Min, Shi Xudong, Li Mimi, et al. Load-bearing capacity
of films and its effect on structure stability of Chinese solar
greenhouse[J]. Transactions of the Chinese Society of
Agricultural Engineering (Transactions of the CSAE), 2013,
29(12): 194-202. (in Chinese with English abstract)

T, R, K, % BIEE SRS BSRIIR
FERITEABIIET]. AR TREAR, 2016, 320484
1): 224-232.

Ding Min, Li Mimi, Shi Xudong, et al. Stable bearing
capacity calculation of greenhouse structures considering
skin effect of covering material[J]. Transactions of the
Chinese Society of Agricultural Engineering (Transactions of
the CSAE), 2016, 32(Supp.1): 224-232. (in Chinese with
English abstract)

EtE, IR, AT, S5 MR R HOGIR B 4
FIPERESIMT]. A TREFAR, 2022, 38(5): 217-224.
Yan Dongmei, Hu Lin, Zhou Changji, et al. Analysis of the
performance of the oval tube arch of single-tube solar
greenhouses[J]. Transactions of the Chinese Society of
Agricultural Engineering (Transactions of the CSAE), 2022,
38(5): 217-224. (in Chinese with English abstract)

K, EAME, BRI O % AT R I S A B S
B2t ]. Rl TSR, 2020, 36(16):
174-181.

Qi Fei, Yan Dongmei, Wei Xiaoming. Influences of south
roof support position change on the skeleton structure safety
in solid belly solar greenhouse[J]. Transactions of the
Chinese Society of Agricultural Engineering (Transactions of
the CSAE), 2020, 36(16): 174-181. (in Chinese with English
abstract)

B, XIS, AR BT N [ SRR ) HOGIE =
e W 9 0 K [I]. VLR R4k CHRFHARD
2022, 43(1): 45-53.

Yang  Shenghua, Liu  Xueying, Jiang  Xiugen.
Countermeasures against extreme wind and snow disasters to
solar greenhouses based on temporary reinforcement[J].
Journal of Jiangsu University (Natural Science Edition), 2022,
43(1): 45-53. (in Chinese with English abstract)

Wang C, Jiang Y C, Bai Y K, et al. Numerical study on static
properties and failure mechanisms of landing assembled
Chinese solar greenhouses[J]. Computers and Electronics in
Agriculture, 2021, 188: 106347.

Wang C, Jiang Y C, Wang T L, et al. Analysis of
wind-induced responses of landing assembled Chinese solar
greenhouses[J]. Biosystems Engineering, 2022, 220: 214-232.

Li XY, Wang C, Jiang Y C, et al. Dynamic response analysis



%19 T OUESE SATEAE AT LT AR O B R AR B 179

of a whole steel frame solar greenhouse under wind loads[J]. 2019, 39(31): 26-34.

Scientific Reports, 2022, 12(1): 5200 28] A&, AEEEEHRZE (—FA=+b) —MAENKLEH
[25] FIXZE, TW, EERR, % BAMEREHHLIRE S U (5 B 140 2 0 i TP 2 2 iR s ——

BEE 5 WA 0], PR B A K2 R, 2013, 44(5): R AE BT SR R MR IR A 7 1 BURE ). AR TR

542-547. AR, 2022, 42(10): 36-45.

Bai Yikui, Wang Hong, Wang Tieliang, et al. Design and test [20] B875, T ShEENT, 2 %25 A fE i T O
of new steel frame solar greenhouse[J]. Journal of Shenyang

i 45 P 6 g A TR : 2Ly
Agricultural University, 2013, 44(5): 542-547. (in Chinese AT AR B, R R4, 2021,
with English abstract) 26(3): 115-123.
[26] FKEUH:, SECE. EZEX I HOGIR B S5 Mt 5 dik ). Zhao Yun, Ding Min, Han Shengbai, et al. Nonlinear static

model for the bar with open-section considering
pressure-bending-torsion coupling[J]. Journal of China
Agricultural University, 2021, 26(3): 115-123. (in Chinese
with English abstract)

I RNE AR, 2012, 40(8): 870-873.

Zhang Jingshe, Chai Wenchen. Modern solar greenhouse
structure design and construction in high latitude and cold
climate areas[J]. Journal of Shanxi Agricultural Sciences,

2012, 40(8): 870-873. (in Chinese with English abstract) [30] i ARSCAEE 55 AR 2 B AE, i ARSI ¢
[27] Bk AL E i) LLEPS 2k ek S B I B R, R E SR ETE: GB/T
30U AN R R F R 0], Al TR R 51183-2016[S]. dbtxt: HETFRIH AL, 2016.

Ultimate bearing capacity of the solar greenhouse with
hat-shaped steel under snow loads

Wang Cong’, Jiang Yingchun?, Xu Zhanyang®, Zhang Feng*, Bai Yikui', Wang Tieliang"*
(1. College of Water Conservancy, Shenyang Agricultural University, Shenyang 110866, China;
2. College of Engineering, Shenyang Agricultural University, Shenyang 110866, China)

Abstract: Hat-shaped steel members are widely used in solar greenhouses, due to their low cost, fast construction, and high
material efficiency. This study aims to determine the ultimate bearing capacity of a solar greenhouse with the hat-shaped steel
under snow loads. The typical solar greenhouse with an 8 m span and 3.8 m ridge height was selected as the research object.
The finite element method (FEM) under ANSYS software was used to analyze the instability mechanism and failure modal of
the structure under snow loads (uniform and non-uniform snow loads). An investigation was made to clarify the effects of the
longitudinal tie bars, initial geometric imperfections, and sectional dimensions on the ultimate bearing capacity of the structure
under non-uniform snow loads. Both the material and geometrical nonlinearity were considered in the finite element model. A
bilinear kinematic hardening model was adopted for the steel with a yield strength of 235 MPa, Young’s modulus of 206 GPa,
and Poisson’s ratio of 0.3. The geometrical nonlinearity was activated using the ‘NLGEOM” option. To consider the local
buckling, the greenhouse skeletons were then modeled with the Shelll181 element suitable for the large strains and rotations.
Fixed hinge supports were used for both ends of the skeleton. An arc-length method was utilized to trace the nonlinear
load-displacement curve, in order to calculate the ultimate bearing capacity of the structure under snow loads. The ultimate
bearing capacity of the solar greenhouse with the hat-shaped steel was slightly higher than that of the hollow rectangular
section under the same conditions of net section area, upper flange width, web depth, and wall thickness. The solar greenhouse
was more sensitive to the non-uniform snow loads, compared with the uniform ones. The ultimate bearing capacity of the
hat-shaped steel solar greenhouse under non-uniform snow loads was about 28% of that under uniform snow loads. Therefore,
some suggestions were presented for the non-uniform snow loads in the design stage of the solar greenhouse structure. The
roof ridge and north roof end were dangerous sections under non-uniform snow loads, which firstly entered the full section
yield state. The longitudinal tie bars were expected to effectively improve the ultimate bearing capacity of the greenhouse
structure. The ultimate bearing capacity of the structure with the longitudinal tie bars was about 1.25 times that without tie bars.
The ultimate bearing capacity was only reduced by 2%, when the initial geometric imperfections amplitude increased from 5 to
20 mm. It infers that the solar greenhouse was not sensitive to the initial geometric imperfection. The cross-section size of a
hat-shaped steel was recommended that the ratio of the upper flange width to the lip width, the upper flange width to the lower
flange width, and the web depth to the lower flange width were about 4.17, 3.33, and 4.67, respectively, while, the ratio of the
web depth to the lip width, and the lower flange width to lip width were less than 9.25 and 1.7, respectively. These findings can
provide a strong reference for the solar greenhouse with the open cold-formed thin-walled steel under snow loads.

Keywords: greenhouse; bearing capacity; load; finite element method; buckling failure; cold-formed thin-walled steel; open
section; sectional optimization



