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Spatial System Sampling Method for Reckoning
Geometric Shape of Existing Spatial Structures

YANG Xu, LUO Yongfeng, LIU Jun, LI Yunsong
(College of Civil Engineering, Tongji University, Shanghai 200092,
China)

Abstract: For reckoning geometric shape of existing spatial
where different node position deviations have correlation, SSS
(spatial system sampling) methods and statistical inference
methods based on SSS are proposed. In a comprehensive
consideration of the research on spatial structure node position
deviation and the space sampling theory, the sampling mode
and the minimum-sample-size formula are given for on-site
detection of existing spatial structures. Based on the node
position deviation correlation coefficient matrix and the
hypothesis testing theory of non-independent samples under
normal population, a priori accuracy semi-probabilistic model
of the existing structure is established by statistical inference.
For a single-layer 5-ring K6 reticulated shell test model, a
variety of numerical modeling methods are used to establish

the calculation model for conducting comparative analysis of
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the overall stability ultimate bearing capacity, which verifies
that the numerical model based on the spatial system sampling

method is closer to the actual structure.

Key words: spatial structures; system sampling; correlation

coefficient; statistical inference
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Fig.1 Correlation structure model of random field
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Fig.2 Minimum number of members between nodes
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Fig.3 Distribution of spatial system sampling

BEAh 3 T =TT MR G544 AR R B BT IR R AR A5
SRR AR ] B » 2 A [R) B A AR 2 A A SRS ] e
A A AN, (& 3b Rl RREA S ARIR L (B72 B AEA
B 144 B EEEARRCE 21 A B o i i
2 5 30 O AR X R AR 2 B A 7 SR HEA T L .
2.2 RINEXRE

HAFREMEN S —RBRAR. % EHEA
FESAE B 23 (Rl R B E P  REAR (4TS R SRS (E
H eI A 00 S (B AR S B 7 22 7 BEAR 5 25 1]



596 [A] B K 2 2 MH R B 2% B

F4T%

HYRER SLH0 HL B FE 7 . Ripley!™ #2425 1]
e PR 7 2 BT 5 R
v_ o _E[CX.X)]

n n

KHon IHEAR ;" HEEKTE; X X; RRiER
PIFEARAE RN, H i) C(X, X)) AthF 2, H
CXi, X)) =p(X;» XDo( XD (X)) 5 o(X,» X;) HAE
7 X, X; WHHXREGS (XD X)) ERE XX
77 2 s EL 130 BUB R (H.

P2 (12) AT %0, 23 (Al RE B R AR 3808 O 22 bo A%
GRIRERBE T /N, BN T E[C(X:, X))« n?,
HE— PR BT R By 2 40 T REAR R R

n=%(1-8)=na-»

XA :R=E[CXi, X)) |5 ne FEETHPREYLIHAE T
IEARERE AR ¥ 8 07 22 50 3 B0 B A5 B ) B/ MVEE AR
B;r=Ro " JURKEAM RN R A .

X P A BR S, BEA R n, — M T RS

11, &
ne o Nc _'_Z%—a/ZO'Z (14)

HREA LAY 7T LA FF R SR BEARHE e
AT

a2

13

1__d*

ne Z%—a/zdz
KAD(AD H N, R BIEREEAR B8 d NEITR
2, B R X X +d M X —d ZH;0 HEE
IR 3 Zi—re MIER S T XL o« BISLER. BT
% o WEHTHE T, ESEBIENI B, 2 o il
FEAFRAE oce s TN 719 s s 22 AR B RME A O 8 ot
GE T B A 250 2 S I~ AR R AR L ) O s
NP . R, 2 E] S5 BE AR J7 B 0 I RTIR 2 o
A it PR o o » BORF 0 ARAZ (15) FI LA /MR
AERREAHHRTZEN.

BT bkas B R G R 7 iR SR B s, &
KGN B AT 8 R R A ) A AH 56 2R 50 X T
R TR, TR B A ST B SRR A A SO M I GE T
Ti¥k s A BE H R A B 23 A e M LA IR L B 43
A RetE AT SE N B A S5 H 0T Y HERF HETRL.

3 ETZERSGHFR ST HER

3.1 EXHKE

TR ST R 5 2 S ) - R A AR 17 B T 2 U
B g o A i3, 25 (8] RGE AL O 35 E A X IES
SVAT ARSI AEA. R, ZEEAT S BT 22 58

(15

X5 BRSSP IE A TR IR

(BRI A B AR — ESHRLE . GB/
T 4882—2001 YHr 41X Jo K g 4R 4L T B A~ 7k
SRR TREARR T ST & i &R Sk 5
N 22 T 28 BB 5 1 D280 38 S ) A
Horp BirE FBE X PR (BRI 8~50), 5 &
Al DL R R,

B R - BUR R I i gt At

[n/2] 2
{ Z ai[X(ﬁH’) - X(i)]}
=1

w (16)

Ekxm—iy
x=13%, an
K FEARERIERE R FHES I E R X6 B a: G
<[ n/2],n<50) TEHEARF B R n BT A 5 E A
W, () HEEARBCH n BA5 KR o B Fr R 407
LYWW, (n) B, JELFEA SR B 1IE S 404 R
B BNHA AR IR IE S 4377 .

A SCHIGETHHERT Tk F BLAE X IE 2 B AR RE AL
ZHEAR EHARIESHREIEL, WA SEE MR
THEWT 7 Bt AN S .

3.2 HEREKE

WEA 2 [E) 45 40 0 s 7 B AR 22 40 A S R S0, (B
BT A SR R LA B O T R BE AL
P22, BURZ N E , BT B AR ST E

XFIESBEPKIE S R ZEEAR X= (X1,
Xooeees Xo) o B SEAR B AE 56 28 B A 00 A 14 2 LA
KEBBUERE P, K P 34T 5547 F1 4 R0 15 21 50 B
AT HAFL AR P=AAT, HAEME A BTN R
o, HAKY=AT"X BIRDEAE S AR X 4Ry
%~‘='EIE?‘.§,'§JZIKTB‘J?§5$F@M1¢ZF Y= {Yl TN
Y, 0,

N F X MIERRE Ho:p=0 FMFXTY B
WEARE Ho :0p=0, KA Gt R

T= JZGX (18)
Y= %EY,- (19)

i=1
o, = %Z(Y - (20)

R Y R S5 REAR I s 0, T Bt J5 REA AT
2230 AFRE AT BT,
TRMNBEHEER n—1 ¢ 2340, KBRS T



E5H

Y 8,5 WA ZS R G AR HER 0 25 1R R G 7 B 597

=t (n— D). AR NG E T RTFHERER
BRGEFEKFEa TH (=D, IR A X
I R F W Ul B BL s B BE A S5 5 5 R A
— 5 ] bRy 22 , 2 T HE A BRI MG 1T
0T 5 R AN R 5 7 DA A T R 22 T R B
F .
3.3 AEMAEI

T 22 52 00~ M AR AR A AT 45 5 A3 B,
e 55 IR T 22 4 X T U 22 8 BE AR OC 19 2 45 B
5 ZE N AT AR SF R X ] _E BRI B F B X
JEMh ST REA B B R  HE BRI E R BT
T Z X AT SR

Q= (n—1d}

Aol MR,

Gtk Q M B HIE R n—1 #0 o 5375, MI7E
TR 1—a BB R G5 H 0 2 22 7 22
KB (=D e+ [y (i— DT (R
SR T BEAT 45 A (R 2 (8 1 S AR B T A
FE TR AT S5 M0 S0 B 7,

4 EHBEI5Hr

@D

4.1 ZHER
ASCEITHIE T —N 12 5 3 K6 R 73
ISR, WK 4 FF7R.

B4 BEMFTER
Fig.4 Single-layer lattice shell model

RRAIEE R 3. 6 m, K8 0. 9 m, FFAHIR A 6 X1
R, KA 70 mm BIEBEBRE S, MR R
Q235 £, 19 s RN S TR oy W e 3 .

56 X AR 22 B 7 25 HEAT UG, A SCIR %
R B R 2E AR 22 I FHE 0. T 0 = (1/300) L
(L REWMBERER) TS 0o =12 mm, BfFEF 1
—a B 95 % , 45 %HR 2 d BL 5 mm, i+ n.=18. B
HEERIRE R 2 ARAT4, I MATLAB #5444 i th
BEALECHY 73, BEHLIE B T 7 537 s Rt ih o, 38

Z3 (8] RGUAMAE T IR B AR DT SR AN 5 P Sk
UREAR A5, 18 A1, % AR AR 18] B AR S SEPR /MR
ARFR—REW A n<n., PUAHIEETT S0 L /Ml
R A ZOR. HBUMEEE Ry 3 ARFFF K L B, &
BUREAS B £ T ok 1 A 5K, iR R R [ B A 2
ARAT AR B0 77 58, 00 58 45 R A8 1) i 2 X 435 4 R AR AR
PERI R ML R T U0 w22 S i+, il g h 42
SRR A5 A 22 38 98 17 50U B SR AR 7 1) B JL AT
(ZE=3

’ ‘@)
@ﬂd%ﬂﬂ%ﬁ‘%wﬁ
ghﬂdhﬂhﬂNQﬂbQN@

E5 WmEAR
Fig.5 Sampling scheme

4.2 HXREEMR

THER [RIFF 4 18] BE T Ao AR i 1 A A 56 R B
IFNF 3R 1. £ A R B 1 A B BE A AR fh i B
e 6 frs.

1 FEATREFEHETT/RFEEENBEXRE
Tab.1 Correlation coefficient of node deviation at

different number of connecting members

R JEESES SR LEEES
1 — 5 0.120 2
2 0.4351 6 0.137 9
3 0. 052 7 7 —0.1380
4 0. 280 7 8 —0.203 2

1.0,
0.5 e}
‘y?z 0 o - e -0 0 .
K ° o
E_ 5| o mmm
----- e
-1.0 : - . ; . . . !
o 1 2 3 4 5 6 7 8
S

E6 HXxRBETEHHETHEDR
Fig.6 Correlation coefficient versus number

of connecting members



598 Il ¥ K % % ROH R B % 8O

F4T%

WL 6 R H M OC R KT 3 AT B
HIRE R K R I M IEOC R, BUA TR K454
BTG R AL BT TR E] o = 1. 002 8 »
e %0t T i xS RV 18] BE A3 ) AR
REBINT R 2., b MAET R AR AS B S 2R %
R R 2 AR r=0. 13, W HR/IMEAR R En=
n.(1—r)~=16, BAR B 18 IEAS i 1 AL ZK.

R2 BEXRHBEE

Tab.2 Fitted values of correlation coefficient

FrAFgCR HRFEH FRECR HRER
1 0.602 5 5 0.078 5
2 0.362 0 6 0. 047 2
3 0.217 5 7 0.028 4
4 0.130 7 8 0.017 0
4.3 (RESHIE

AR MRS 4R H R A A 56 2R B B S AT
SHRRERE AT AKX Y=AT X R R IR AR
e fag B REHLRE A, XIAEA AT IE SR I A4 E

AR, K I 45 515 F3& 3.
Tab.3 Results of hypothesis test
IEA R I BB
Worgin W trans Wo. o5 T To. 025 (17)
0. 959 0.938 0. 897 0.724 9 2.109 8

IESHRAR P, HEARERET R IT R Wogn
W icans IR TF W05 » AT AHE 48358, 156 BH 5% e BT S5 4
FEAE S IR IE S 737 » B et B A SR HEAR
PIERS AR WERREBRRITRER T /N
To.025 (17) s AR TE AFE 48 358, 3R BAAEAS 16 2 (B Ny
ZHMBIE. 2% o W LRGSR A 35. 377, Fn e
# 0=5. 948 /NTF I FME oo PRI, 3T 25 (6] R Gi 3
FETT A5 B B FE A B0 BT DL T B4 i AR
.
4.4 MEEESLEESN

FIA B3 N S B R Z R IES 5 AT
DAAey g B 254 2 SO A SR AR Y. DA S5 4 SE R
BARTSE AR BRI N HEAT S S B, AR A BRIT 4
Brik 4 ANSYS 3 17 85006 2 B 0F 5, AF 4 38
beam188 HAITHEATHII , A1 BHE T Q235 Wbt , JE XX
JAE T R TR B A WA A SRR TR R B iy R
45K B , B RO AU LA WAL .

R FA 22 P B 7 kA BE A 25 A B AR K
THBEAY, JEATRARTR E AR B T X 4. 2381 AL
BEERARIME#TITEA RN S WRARE R

$h 2. 185; &FBYT AR FSLE T A FIMEE R
¥k 2. 152, R FHBETHE /N, BB T 52 PRk b Xt F
GEMRLRRS B TR IR, 2R R A RHE, I —
MBS LTI ARG, T BER RN R RN
L. 749 ; BEARTT JSR I SLIE , HARTT SUR FARHE,
FA— 3Bk FE RS LB ABRFE , T RR B R R BN
1. 817, B fhFa e R B 223 SE PR 45 3R, 1 WA 78 8(E
BERY 5| AR 43 Gl B O SN, A B AR e 4
BT HERR . REAR T SUR SIS , AR T RUR AR
THE  FRELE PR T  RBAT SIR2ZEE
FE6 2 f538 07 2235 Bl N I IE SR % B o 8, B A9
AT 5 R 22 (8 AR 2 A B 57 0, AR ANSYS %%
F PDS B #4752 45 K B B HLA FR o6 4047, £ad
1 000K FlLE A TS B BA 95 % Al fE BE 1T 5 45 R
1. 776, B HEHME R 2. 022, FAi 5k 2. 040, A&
BAE 2. 020~2. 059 Z 8], BEA T i 2R FSEAE, R
T R AT AR bR N B v, DASE T2 [ R G MR Oy
BT EBS R 5. 948 mm BT SR AR HER, [F
FEFIF ANSYS #5144 PDS Bt 1545 D HHLA
FRIGAMIT . 223 1 000 YR FEHL SR A FO 45T 28 43 A 45 5 4
B 7 BiR. B 95 YT R E IR L RN 1. 835,
HESFHME SR 2. 046, BAECHK 2. 063, RELTE 2. 054
~2.080 2 [a]. FHAAH L F LA b 4% 0 IUERAR O ik, 2
T RGBT BB NG S B REA 454
MIBER R, R R RR N S REELT
R SEBRIE B LT B 55 A i A JH b 3 (L

BTk,
110
L

N =

&

S %% |
el W,
1.601 1.708 1.814 1.920 2.027 2.133 2.240
bR RN

B 7 BEREREUIERSGFESMERITE
Fig.7 Frequency distribution and frequency

[ GBS ] ]
101 Bitx =

0,05=1.835 X %

s )
=)

/%

A,

N
BiHR/ %

accumulation of overall stability coefficient

5 4it

(1) SR U7 B 25 B A HE SR P ) B A 25 [
AL TE HESR IR, 4R 1 T 25 1) R GUAhAE O vk S



E5H

Y 8,5 WA ZS R G AR HER 0 25 1R R G 7 B

599

T2 18] R GU iR B G T HEWT T vk 07 ik R L% I
L B 22 B AR S ST T D MER B 2 TR

it
(2) Btoxthzs 18] P S5 4, 42 2 8] R SE ke

AR B 1 SR B A R S A B 3420 3R il
FERR s[RI, 4 HAE DL A/ IMEEAS AR B3I A 5K

(3) HIL T T =5 8 R Gl AL I GE T HEWT 7

V5 S IR REAS B AR S R BOE M A T SR AT A 20 A
B BT L 25 SR S Y S A B0 20 A 2 8 AT
IR BEAT A~ SE I - A AR AL,

(O @ — B, BE T BT B R SR

7 IS A ST A SRR B B AT SRS .

S 30Hk:

(1]

[2]

£3]

[4]

[5]

L6]

EMgTHERMAEE R . WA % EOR I . DG/
TJ 08—2011—2007[S]. k. F¥gHi @M@ TiHEHE A
¥, 2007.
Shanghai
Commission. Technical specification for structural inspection
and appraisal of steel structure: DG/TJ 08—2011—2007[S].
Shanghai: Shanghai Building Materials Market Management
Center, 2007.

e N RILHNE A S IR E. a5 A A S B AR IR
JGJ 7—2010[S]. Jb3 . iR Tl B Attt 2010.

Ministry of Housing and Urban-Rural Development of the

Municipal ~ Construction and  Transportation

People's Republic of China. Technical specification of space grid
structure; JGJ 7—2010 [ S]. Beijing: China Construction
Industry Press,2010.

XMR, Bk, il FT i IR E A NS SAE
R ITBT]. BMsCE RS, 2018,52(11):1475.

LIU Jun, LUO Yongfeng, YANG Xu. A method of reckoning
nodal position of existing grid shell structures based on surface
interpolation [ J ]. Journal of Shanghai Jiaotong University
(Science) ,2018,52(11) :1475.

RR B, T BEA WFEEE M LA BRFE 416 SE B
(1], AT R4 (T2 AR , 2018, 52(5) : 864.

WU Jun, LUO Yongfeng, WANG Lei. Inversion algorithm for
the geometric imperfection distribution of existing reticulated
structures[ J]. Journal of Zhejiang University (Engineering
Science),2018,52(5) : 864.

Bk, XIR. BEA 25 18] 45 #4055 00 BE ML 22 ek [T .
RIPF 224 (R ARBL2A AR 5 2017, 45(6) : 791.

LUO Yongfeng, LIU Jun.
reckoning geometric shapes of existing spatial structures[J].

Stochastic deviation method of

Journal of Tongji University ( Natural Science), 2017, 45
(6):791.

FEHC BEIE, XL 4F . A RIS 1R T LA Gk BE 3 A ALAR 1
SEIHEE B g ST ]. BEINSEM , 2008,38(2) : 74.

TANG Gan, LI Delin, ZHAO Caiqi, et al. Statistical regulation
and parameter study on initial geometrical imperfections of
spatial structures based on measured data [ J]. Building

L8]

L9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

Structure, 2008,38(2) ; 74.
X2 KB, BRI, G, i TSR % 5% X B S
MRk TR B R B [T]. #4543k, 2007, 28
(6):76.

LIU Xuechun, ZHANG Ailin, GE Jiaqi, et al. Study on the
influence of construction deviation random distribution on the
integral stability of suspend-dome [J]. Journal of Building
Structures, 2007,28(6) : 76.

CHEN Gengbo, ZHANG Hao, KIM J R, et al.

geometric imperfections for reticulated shell structures using

Modeling

random field theory [ J]. Engineering Structures, 2016,
126.481.

ERER  HT. Ok B IERS BRI # AH SR A LA SE RN 4
A BT B iR 51AIR,1990,20(4) 1 5.

CAO Shengyan, YAN Jiaping. Distribution of several statistics
of constant correlation samples from normal population and its
application[ J]. Mathematics in Practice and Theory, 1990, 20
(4).5.

FEhE, 2R, FEKR,F. SR SEITHERIM]. b
IR RAL, 2009.

WANG Jinfeng, JJANG Chengsheng, LI Lianfa, et al. Spatial
sampling and statistical inference [ M ]. Beijing: Science
Press, 2009.

B3, XEF. BT IES SRR ST AR AR R R K [T ]. %
SR 5IAIR, 1996,26(3) : 193.

WU Kun, LIU Yexiang.
correlation samples under normal population [J]. Mathematics
in Practice and Theory,1996,26(3):193.

VANMARCKE E, SHINOZUKA M, NAKAGIRI S, et al.
Random field and stochastic finite elements[J]. Structural
Safety,1986,3(3/4):143.

VANMARCKE E. Random fields: analysis and synthesis[ M.
Cambridge: The MIT Press, 1983.

KREYSZIG E. Advanced engineering mathematics[M]. 10th
ed. New York:John Wiley & Sons Inc,2010.

RIPLEY B D. Spatial statistics [ M ]. New York: Wiley
Press, 1981.

SEYE AT EY. MAEEARIM]. 3. b PEAR
K2 AL, 2012,

JIN Yongjin, DU Zifang,JIANG Yan. Sampling techniques| M].
3rd ed. Beijing: China Renmin University Press,2012.
ERREHEANWER. B0 —ESER
% .GB/T 4882—2001[S]. Jbat .+ EfraE AR, 2001.

State Bureau of Quality and Technology Supervision. Statistical
intertoretation of data—Normality tests: GB/T 4882—2001
[S]. Beijing:China Standard Press,2001.

W3, W7 . & T RE AR AH 5 3R BOE I S5 AT A 43 il S 0k 1R Ok
[J]. BB TREZHR,2009,31(12) : 165.

LIU Yi, LIU Li. Improvement on the algorithm of equal line

Hypothesis testing of constant

sum decomposition for sample correlation coefficient matrix
[J]. Journal of Wuhan University of Technology, 2009, 31
(12):165.

SRR, BAAEE, SKBAT, 5. MR B SH S R
(M. B WV ikt , 2011,
ZHANG Guofen, HUANG Baiqin,
Probability theory,

ZHANG Caiya,
mathematical statistics and stochastic

et al.

processes. M]. Hangzhou: Zhejiang University Press, 2011.





