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Table 2 Crack prediction error test table
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/mm it E s/ mm % 2%/ mm AHXS 1 22 T A/ mm B% 2%/ mm AHXS 1R 22/ %
13 0.012145 0.01306 0.000915 7.53% 0.01287 0.000725 5.97
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16 0.012869 0.01343 0. 000561 4.36% 0.01299 0.000121 0.94
17 0.012111 0.01356 0.001449 11.96% 0.01301 0. 000899 7.42




48 S S R H29 %
(8:%2)
o SRR GM((1,1)#57 Verhulst 17
i fomc RS mn 5%/ W2 BAGRm Mmm R/
18 0.013346 0.01369 0.000344 2.58% 0.01303 -0.00032 2.40
19 0.013554 0.01382 0. 000266 1.96% 0.01304 -0.000514 3.79
SR R 2R 6.23% 4.40 %
—— 159-x —=— 159-z —— 169-x1 Z4[R
4 RRARA ZIHEBA S B Bt
P15 J2 J 0 4 I M A 80 A i 12 4> T 0 A5
LSRRG 7 A1 09 B0 45 R AT LU, 24
GM(1,1) BRI Verhulst 50 BERY AT 1L 24 g
BRI . NS ABUR AT IR I, B £
B AR KRB BRI RE B LRI R 0
AHARE M. M\ Verhulst 23 Bt 3 0 455 750 1 ) 2% SR o 0.015 ,
B ARFARS B N BE AR (LA K oot ratiRe
0.005

e, I LB 51 AR AL M 2R AT /N B e, A aat
et , B H BRI B R > o TR, T A
HAF R R A S 1% o 3 IE4F a] DIIE, R
PR GRS A 5 2B TN 2 T A7 4, o i 1 2R
LEEATIUE5

0.0145

0.0140
0.0135

0.0130
0.0125
0.0120

R/ mm

0.0115 o
[/«
0.0110
0.0105 [/
W/ 1T RBEHE —Sen (1, 1) BB 4 verhulst B
0.0100

1 2 3 4 5‘6‘789101112131415161‘718‘19
it/ A
B S ARIARARBUE S

Fig.5 Trend analysis of crack predication

Sk TR T A b U B ) R 2 At 0
(BRI E AT T Ge0T, 45 R K 6 fin. Ed
JEZAZABRME I A 2013 4R 1 H % 2014 4E 5
W S5 5 A g2 R .

T SR B I, BRI SR Verhulst 4588
PRI R 229 7E 10% LI, BRI 36 3, 52 20
JE BRI A EESK BB B 0] AR A% A A
BRAY & R 34

R3O RURBRTON E

Table 3 Prediction accuracy of nodes
Rt A

Verhulst #ERIFRMKGRE 6.44% 4.56% 6.3%

159 -x 159 -z 169 -x 169 -y 171 -z

3.75% 4.39%

1 2 34 5678 9101112131415 16
I/ H
6 IR AR KAk A 2 B e

Fig.6 Tang Shunling Dong Tianlu stone crack statistics

5 %5

AR A T MR B AR 4 S R 3 B £ e
DA [ B 74 BT A 7 K ok BN S R A T
SCHPRBUR R GM (1, 1) #E RN Verhust #5281, I
AT TN AR S A o A AR A 1~ 12
MRN8 6 AN/ QR TR E BT IO E
13 ~ 19 A F IR BE T iR B B0, i3 1 Ry
PR, JEHOR 2L Verhulst TN R 25 2],
ROR TS

e ZE R, 79 L X7 1) SRS A A 5
14 ~ 15 A F _ETHECHR, PRS00 75 1280 BeA Sk i
WA RS 2 2%k g, SR — 28 TAR
USRIV RESRL AT S B iRy > R 2 T
(AT > I B A5 R AT I G T, AT 48 5 Tt
TR B

SE Wk

(1] & ¥, R ¥, Simon. M PP AR AE R =F A M A Bk o
MR SO R 575 R, 1997,9(2) 233 —39.
MA Tao,HE Lin, Simon. The application of ultrasonie measurements
in the conservation of sanelstone at Dafosi grotto[ J]. Sci Consev
Archaeol, 1997,9(2) :33 —39.

[2] Luo L. Integrated RS, GIS and GPS approaches to archaeological
prospectingin the Hexi Corridor, NW China; a case study of the
royal road to ancient Dunhuang[ J]. J Archaeol Sci, 2014,50.:178 —



%51 5K /NELAE SO BB S TN A R AT 5 49
190. [12] Myra]. Giesenatl. Condition assessment and preservation of open —

(3] ffF %2, BRIV, WK EE, 4. BT 2 B0ALY L5t bl B A28 0 air rock art panels duringenvironmental change[ J]. J Cult Herit-
[J]. ST 5 & R ,2010,S2 ;251 —255. age, 2014 (15) :49 —56.

FU Ying, CHEN Xiao — jiang, XING Tian — zhang, et al. The Judg- [13] Salmon G, Chrlstoforou C S, Cass G R. Airborne pollutants in the
ment of heritage deformation based on cloud model[ J]. J Computer buddhist cave temples at the Yungang grottoes, China[ J]. Envi-
Research Development, 2010,S2:251 —255. ronmental Science Technology, 2004, (28) :805 —811.

[4] Kay Smarsly, Kincho H. Law. A migration — based approach to- [14] #RWR , TE3E S0, RAEDR, 8. KR A 2R R e M 0 A
wards resource — efficient wireless structural health monitoring[ J]. gE[J]. HR=0E], 1995, 04:267 —276 +316.

Advanced Engineering Informatics,2013, (27) :625 —635. HU Zhen —ying, FAN Xing —yi, ZHU Zuo —rong, et al. A Study

[5] BB, prdbzs, ok 3, %, PDHP. —/ i T 4t ik i 3R 45 W on predietion of rock stability for protection of Dazu Grott[ J]. Un-
A WSN BB [J]. SR AL 9T 5 & i, 2011, 82223 - derground space, 1995,04:267 —276 +316.

230. [15] A, AR5, SRR I, 3. SSOr 50 e o B 1 45 A 31 5l g ) it
CHEN Xiao — jiang, Fang Ding —yi, Zhang Qian, et al. DHP; An M T]. #5gER,2015,19 .62 —66.

efficient WSN routing protocol used in the micro — environment mo- DU Jian — guo, LI li — sha, HE Yong — sheng, et al. Predication
nitoring for the protection of solid relics[ J]. J Computer Research method for vibration responses of wall — paintings of Mogao grottoes
Development, 2011,82.:223 —230. at Dunhuang[ J]. Buliding Structure, 2015,19 .62 —66.

(6] & &, Bh ETEEAWEFTEELZ2LENS 2FER [16] IhRAk. B CT HERTEFL A 20 KA IR B0 I8 A v i) o
FE—FI B BOR T SR [1]. SCp iy 5% i #t [J]. Scpftdr 5% R ,2015,27 (S1) :64 =70.
,2011,23(3) .39 —47. MA Hong — lin. The use of CT scanning to survey the condition
DAI Jian, LIU Ke. IOT technology based on the safety monitoring of stone sculptures at Qianling Mausoleum [ J ]. Sci Consev
and information collection and utilization of traditional wooden con- Archaeol, 2015,27(S1) .64 —70.
struetion[ 1. Sci Consev Archaeol, 2011,23(3) :39 ~47. (177 BB ST TR 5. SOOI SRS PR A5

(7] Sk A, 8 ], 45, A0 PR 8 Wa4s BOHE OGPy Ik ) £ WEEEL D). SCME 5% RS ,2012,24(S1) 26 — 12.

AR RAIHLT]. SC ORI 55 FH4,2011,23(3) :96 - XU Fang — yuan, WU Lai — ming, XIE Yu — lin, et al. Study of
102. methods for temperature and humidity evaluation in museum envi-
WU Lai — ming, XU Fang — yuan, HUANG He, et al. The demand ronments[ J]. Sci Consev Archaeol, 2012 ,24(S1) ;6 —12.
analysis of museum environment monitoring and the application of (18] J7 ==, #EPH. RIS RAFA REAS T Wo KAk [ T ]. 24
Internet of Things[J]. Sci Consev Archaeol,2011,23(3):96 — S38E TR ,2014,05:174 — 180.

102. FANG Yun,DONG Qing — he. Monitoring and analysis of the de-

(81 #MEA. Listhb & iR R [T]. AR 5% Rt formation of Tianlu stone carving inTangshun tomb[ J]. Safety and
°%,2012,24(8) :27 - 32. Environmental Engineering,2014 ,05:174 —180.

SUN Man — li. A system for evaluating the deterioration of earthen [19] 7= 8. GBS A 204 MOk 00 S5 0 A R0 (4 s A5 [ D] 75
sites| J]. Sci Consev Archaeol, 2012 ,24(8) :27 —32. dEK==,2014.

(9] FRILAR. FAY R HUAY K (g e W D0 0 i T o i S o [ ). 3t LI Chao. Monitoring and evaluation the sculptures relic damage
HL45H,2011,41(12) :68 —77. situation and reservation environment in Shun Imperial Tomb[ D].
ZHANG Qi — lin. Health monitoring system and monitoring — based Northwest University ,2014.
performance study on large scale building structures[ J ]. Building [20] xR, e RE R, O bl , 8. K 0 R S 38 SN (58 TR
Structure, 2011,41(12) :68 ~77. [M]. dbat: B il it ,2010.5.

[10] TEWIBH, SCEREE gk . BT XUR & B0 1 SOkt 7 Hb I LIU Si - feng, DANG Yao — guo, FANG Zhi — geng, et al. Grey
WHFFELT]. KR 5% & FH#,2011,23(3) ;1 -5. system theory and application[ M ]. Beijing: China Science Publi
WANG Ming — ming, WEN Qin — qin, ZHANG Yue — chao. Moni- shing & Medin Ltd, 2010.5.
toring for cultural heritage based on risk management [ J ]. Sci [21] xBWE. KORFHISH = E SR RE1T]. et itk R
Consev Archaeol, 2011,23(3) :1-5. 24,2004 ,02 :267 —272.

[11] C. S. Christoforou, L. G. Salmon,G. R. Cass. Air exchange LIU Si — feng. Emergence and development of grey system theory

within the Buddhist cave temples at YunGang[ J]. China Atmos-

pheric Enuronmen, 2006,30(23) :3995 —406.

and its forward trends[ J]. J Nanjing University Aeronautics Astro-

nautics, 2004 ,02:267 —272.



50 SR S5 E AR 29 %

Study on crack prediction models for cultural relics
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Abstract: Perennially suffering from weathering erosion and man — made damage, open — air immovable cultural

" preventive" protection concept.

relics face severe problems. Present condition based trend prediction is part of the
However, sometimes, because of uncertainty in the prediction method, little useful information is obtained. Tradi-
tional statistical probability methods and fuzzy comprehensive evaluations are not suitable for making prediction
models. We used the Tang Dynasty Shunling Tianlu stone carvings in Shaanxi as examples for predicting fracture
damage based on grey system theory. Two models, the GM(1,1) and the Verhulst models of settlement are presen-
ted. The grey coefficient and the development coefficient are calculated by ordinary least squares. Experimental re-
sults show that the average predicted relative errors for the two models are 6.23% and 4.40% , respectively, and
meet the expectations of crack prediction accuracy. This research provides a quantitative basis for assessing the
health of relics and for guiding future research.

Key words: Cultural relic preventive conservation; Crack; Relic health management; Grey model; Crack predica-
tion
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