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Content and research progress in nondestructive testing of wooden structures in
ancient architecture

Zhang Houjiang Li Yufeng
(School of Technology, Beijing Forestry University, Joint International Research Institute of Wood Nondestructive Testing and
Evaluation, Beijing Forestry University, Beijing 100083, China)

Abstract: China has a large number of ancient wood structure buildings. To test and evaluate the condition
of ancient wood structures reasonably and effectively is demanded by condition assessment of the wooden
structures for protection and restoration of the buildings. Nondestructive testing of ancient wood structures is
a test and evaluation technique to wood properties, oriented by inspecting and evaluation of wooden
structure safety, and in situ application and actual inspection demands. The testing content mainly includes
two aspects: nondestructive testing of defects and nondestructive testing of physical and mechanical
properties. Assessing concealed defects of wooden structures and wood members is the main task and
difficult work of the nondestructive testing of ancient wooden structures. Firstly, this paper introduces the
composition of wooden structures of ancient buildings, and summarizes the nondestructive testing content
and current common nondestructive testing methods. Then, the application and research progress of the
inspection of concealed defects, the classification of wood members and the influence of decay on
mechanical properties of ancient wood were summarized. Finally, the research status of nondestructive
testing of ancient wood mechanical properties and effect of natural aging on wood properties of ancient
buildings were summed up. The paper should be able to inspire and help relevant people who engaged in the
inspection application and scientific research of protection technology of ancient building wood structures.

r#s B HA: 2024-01-11 1&[E H #i: 2024-02-05

ELTH: Jbat iR TR A 255 28550 H (2090506016609002), 4 #5 7K 538 1 A £ #4975 35 T B 170 350 H (202 ITHXFWGXY012) 6

E—EE: R, WL, ¥, EEITA T AMLHAEI . Email: hjzhangé@bjfu.edu.cn  Hihik: 100083 Jb 5 Al X i H 4 B 35 5t
TR T

Z<F ik http://j.bjfu.edu.cn; http:/journal.bjfu.edu.cn


https://doi.org/10.12171/j.1000-1522.20240015
https://doi.org/10.12171/j.1000-1522.20240015
https://doi.org/10.12171/j.1000-1522.20240015
mailto:hjzhang6@bjfu.edu.cn
http://j.bjfu.edu.cn
http://journal.bjfu.edu.cn

2 D O NI

546 4

Key words: wooden structures of ancient architecture; wooden member; nondestructive testing; defect;

mechanical property

PR HE F DY R SCH o [ 22—, [ A KRR
ARG R AR, hCE R EAE . W=
B L PE R EAREE , T RE S A . I AR
AR r 3 52 SCAR R A 7 5 rh [ S &
SO SRS I o B A SO R Sl
AW R R R, R I RIE 48 R 254 7l SR AR 55
MR KA ERAAFZMS, BT
W EA 2 ARG E AN, 3T BRIl RS WA
AT AR DTRE ST o 1AE N — R BV RL KM
T E Rt AR TE T @ SR A HAE
RIS T8 (4 R A I RE T, AR 5 52 21 B0 AN USRS
FHEMMR F I FEAM KAERD B FLIR SR
863, AT M AR F FR AR B RE T A SR A P 22

X A 5 ) vl T SR ) ORI ATAE 28 T U Dy <R 5
S REE Y AR e T, BIZESRAE AT
VRO DU T R AT REDRAT SRR AR £, BT LLAE AR 45
He) H s DR JE HL AR 48 2 1 7 EEREAT A A oA
W7 A 45 4 e EL % AR AP (R R B 15 L AN ER AT T 2
BEo Tl SRS H (IS B RN 5 M 1 B 2R M
RN G3AEAS Fo v BE S IR AR 1 BOEAT AR TR
A I 45 S U PR AR 0 5 e B RO AR I Y A%
AR PAFAEIR DL, FEAE RS I A 40 50 R e e
[ER R TEE D WAL IS

TEAGURSE I 48 £ AN BAN T A S 5 A
FIVERE, A X R N EBH TSR T, FIH
FARE A BRI B A7 AR AR AL, DAY BE B4k 27 5
NTBL BB BRI B % 25844 XN 5
P B A T A5 BRI R AT s U £ 0 4R
AHRA TGRS I PN 7 T AL BB Je A AN ) BE
SR BE TC BRI P AN 7 THT o A S5 R4 B B AT AP R R
BRI g P e R 2K, BB I 5 AR A A 1 BOR
TN, ASBE ELIRCR 2, — R Jofa e /9 3 X
X B,

AICE SN A EFRG AR, B85
£iak ol D EE NS RTINSOk (28 ok D R P (Y SRR N 14
P Bk B A g 2k RE TE A0S TN L S SR A 1 ot
H IR Z A BIBT TR FHEAT I AN I o AR A5
ARG R ST ORI BRI AR AR A OGN 57
A B R B o

U AL B AR

1.1 HEHAGHEBEHM
T SRS F A i i 3R R kS R AR T AR A

e, DAME G 12 0 5 207 QB2 10 R R AR 254
R FOR G M e LT AR s AL, B A7 AE S
ToREHE T A EZARFRRA, 7L TR
380 R E P AR SR U, B S E R
A AR ORI B, ELAE DT il @ SR S5 LR 3
NE, BT EFURG M L 3 Oy EP

TRR A R FURIEFHRANF, 2 T 7 9 P B T
BT AT Bl T B ol T, A 0 TS T 2
BRI AR, ARSI 45 F 7 A 257 . Ho,
RO L TS L AR L DL AR ol 3R, AR R it
AN A S T R SRR S5 4 (TR B A 1 1
DRI FUA G R s BT, AR G54 O #
PRRFEAE B 1L B St TSR ARG
B N B Oy e RO HE AN 2 T = KR
s Fer R HEZ A B S A 45 ) d 3 22 (R
grs BRSO WA KRR R AL AR . RS R
EEFUMRF I S5 T 3, AR R A AT B 1R S
B iy Ve e i A W R AN R, — R O, A
] A 445 ) 7l S S0 1 A ) P 2R 5 i A ), R
SR R SR T R A 8 e i B bl b &R (4%
WGP g = 2 T — 2 22 CRR = A ) — SF M U 45 7 — 2
HHER ARG EE. AT, A 2L P AR
T R ) R 1
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Fig. 1 Sketch of ancient timber structures of flush gable roof buildings
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Tab. 1 Common defects of ancient timber structures

432 Type Bl 20 Defect form
AREE I BREE TERE R B UL SR PR SR
Wood structure defect Deflection, tenon loosing, tenon separating, sinking, collapse, component missing, etc
AR JEA S 7R L0 AR TG U, T MR AR

Wood member defect

Decay, hollow, crack, deformation, insect damage, knot, material deficiency, etc

HEs BB
Preparatory phase

F B
Desk survey
N Y AN S TRR 2

Drawings, photos, textual descriptions, etc

|

JHBLEE
Field survey
ARG, BIREHE, D
T TS 4E
Wood structure type, obvious defects,
further inspection of required working
conditions, etc

|

WA RS
Preliminary report
HORTAEESS, T—L TR
Summary of the previous work,
planning for the next steps, etc

= |

LivallllE
Testing phase

JUAaT I 2
Geometric survey
REEH . EEAR . 7 A RT
Dimensions of wood structures,
key wood members, nodes, etc

l

SER b
Structural analysis
B ARGE Y B ARG (R B R L
Determining the key load-bearing parts
of wood structures and members

U
Detailed survey
REFHBRIE, AAGPEINREREE |
PIPRGREG . ARFGPFSEAR A 15
PERE. EKCR ., MR E S

Defects in wood structures, external and

internal defects in wood members,
mechanical properties of solid wood in

wood members, moisture content, and tree
species identification

l

[ivecxiiasgt ]
Diagnostic report
IO A RIS R, 4y MBI S
Recording of inspection process and results,
giving recommendations for repair, etc

B2l EFURSS T BT B A

Fig. 2 Steps of nondestructive testing of ancient timber structures
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Fig. 3 Sketch of micro-drilling inspection on single exposed columns
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W 7732 3 BALHE BAOM 8832 5 FE A, 28t i
BT BE IR BIE AL ESE, Hodh soBUs ) H)
W A A A1) 3 T A7 1) 5 v e SR AR I B2, TR B A
B W 52 2 T DA 5% 1 4] H B A AP 2R T 1 2 S
F5, S TT XN B 5% ~ 10% FIWTHABE A AR
WA B AR v A P R0

AT IA 5 4 B L 2% T 77 22 48 A 00 AN [A) 2
FE MR % o Richard® YRR 78 A Ji B 6t 4 44 12 1)
5 A B R I« T I M TR R R A R 2RO 19 B,
HE N T 50%: it EHAEFREF T 10% I,
Fr B AR b W13 TR T 65% ~ 80%. [A4F,
Mulholland™ 8 58 T %] BA J&5 475 BF &1 044 Pi 25 i B
ISR P AR R AR A, WF T A R R Y R R R
TE 2% I, P25 5 FE RIS PR 240 ) R BE T 13% M
4%. B J5, Kennedy™ i 78 1 #1385 #45 %F A b B K
T RE MR, B0 s 24 00 B A0 R B AE 2% B, R
PRI 2 T T 30% ~ 50%; kRt s 5%
J&i » KM B KA 8k R % T 40% ~ 75%. Mizumoto
SO A A W) I JEE A B NI SO0 58 B IS8T D)

R2 VHBNAM SFE MR

JEEFASZ ) R R AR ACEAT 7R SRR AL, 2RI R
KRB K HAE 2% ~ 5% W, FIRSUHT T 5 T B
T 10% ~ 22%, RSB )58 N B 1 3%, 54 V)
FENFE T 7%:; B R ZFAE 7% ~ 9% IF, ARA I
SPUE R NPT 42%, KM RSB Y588 R T
13%, KM 5Z V)AL BT % T 21%. Toole™ i 5t
TR AR A S e 5 2, A R I
BE A 10 R B K R AE 2% ~ 8% I, SR RRK T
18% ~ 48%; [l W1 (1) Joi 40 R B AE 2% ~ 5% W, 5
ETBET 10% ~ 23%. WilcoxPE il 51 & IH - A A4
F) 57 B 45k R AE 5% ~ 10% B, A K vb o 90 1
P i RN M AR 5 5 ) 1 I 3 RO R B
TR, A ARM PRI T R R Z, A5 60% ~
80%, X ARM IR E, T T 60% ~ 70%, T
P DI RARMPLE R, N T 50% ~ 70%.
Zx TR, WA R M () 1 R AR K, 1R
HTHA B A7 B aeh 22 08 RO A 77 2 1 RE AR S R B o 24
A AL T PRI AR AT R 0w A A S AR A, T LR
Hoeaie k7 /1% RE . 38 2 O Senalik 2PN & 1)

E %\2 [I[ﬁ] iE :%\

Tab. 2 Effects of decay of early stages on mechanical property losses of wood

F1E MBI K Mechanical property loss/%

#AZ i Static bending

T He %% N s N N ) L
ngéi Wood f}i kIl {q;nﬂfi)i[é Hﬂgﬂ% ; fﬂﬁ Compresy;ion Compresy;ion Ténsij;l éhea? ;friﬁfftgl
type loss/% Toughness benI()iing General M%ﬁ . MOR MOE strength strength  strength strength har%iness
bending o perpendl'cular parall;l to parall;l parallfal
strength to grain grain to grain to grain
1 57 20 ~38 2
2 20~ 50 5 27  13~504~55 18~24 10 23 ~40
EFHH1 4 75 25~55 25~35 6 7
Coniferous wood 6 62~72 16 61 66 48 25 60
8 78 48 ~ 60 50 15 21
W 10 85 36 70 66 45 20
Brown-rot 1 6~27
2 36 31~50 54 32 6~10 56
A 4 60~ 70 69 49
Broadleaved wood 6 80 75 61 16 ~ 25
8 9~89 13~34 19 82
10 60 70 ~92
1 55
2 10~20 4~38
£t 4 8~43
Coniferous wood 6 75 32~61 10 ~49
8 14 ~58
i 10 85 20 ~ 63
White-rot 1 a1 4
2 26 28~35 13~14 4 5 22~42
&) A 4 70 44 38 20 17 ~ 44
Broadleaved wood 6 75 50 45~53 20~27 10 12~27 14 12~58 18
8 14 ~49
10 85 60 58 24 14 35 20 20~ 50 25

VE: TP HEIR T 2% XHR[37]. Note: data in the table are cited from reference [37].
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E .

321 RULA G TA

AR H AR AR T, WA
)5 Re 22 R AR AR AN, 3 ER AL AR 1
PRI 5P ERE S 3 R B AN IRAT A B B

HARZAL JG o R T A Re AR A 2
3 ORI I AR 2 —, BLAE 20 AT 50 4
o A2 E BT IR T 2R AR K ) 2 PRI
5 MR AE 5T Y, BROSE AR IX 7 1 A B AT R TR T
60—70 A, 113 B 5t B S8 2 X ARM 775 1 RE
FHRIF T GG T 20 tHED 90 4EARI,

B2 LR A B R E WX AR ) 15 1% e A TH
WAEH o Cai V5% 2T 1909 S5 H 718 T 1 F
J7 ¥ (Pinus spp ) AR A 55 A0 ST 4 1EAT P25 o A
= (modulus of elastic, MOE) ) L5, & B Z AL AR K
5] MOE & T84 %) 30%. Yokoyama 517X} &1k
Jiit ¥ (Platycladus orientalis) AR KA K A0 B HT A4 3E4T
715358 kB il 9 B (modulus of rupture, MOR)

i A B[] 1T Sk 5 R B, HL A i AR | W R R
I Tk %2 . Yoshihiko 2590 AT it 200 4
RE 5 PR AN [ A% b B A A o R AT 7 2 MR g, IR
ANFIRRR AN )R T FRRR EEAS ], H A AR Y
MOR 5 MOE 733’ T 16.3% 114.8% . Krajewski
ST AR A [B] 2 263 ~ 459 4F 1 95 4% 22 FA AR S AH
A e A R B, H AR AL R A 1) MOR AH
o FH S HT A BRAR T 20 20% 0 R [ 22 PO B EL AR B
T U AR 50E [ B 48 T SR IH AR A £ 5 A L
B AT D15 R RIS I e, S5 SRR &0 600 ~
900 4 H SR B AL AR K1, 7722 M B8 55 2 HOE ik B
i, HEFKFE A — . Machado 255 L H By
PR T 1758—1777 FO ) H AR B AAE T ¥ (Pinus
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FEXT B4 HREL B 5 B2 FAIS T2 40% ~ 60%

WA T F R Y] B R Z XA 7R A
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TR B AR AT AN R F R A 728 M e () 5
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AR 5 RILE )P Re B 22 2 7 .
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o B BABORZE R, WO AT B R AT
AR ) AR I S A . BT O DRSS
RaniEl 4 PRl
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IS 6 B . 4 B4R (scanning electron
microscope, SEM). i i HL 58 55 R AE 775 ML %2 H 2R
ARV Fr s LA AT AR 28 AR AR A4 TOUL &6 74 1)
SO, DSBS AR ) 2 A e AR AL AT 2

e P SC PO S SEM 7 A N TE 24k 5 1
AR B N A A 3 47 8 Tl 8 ) %) R 88 R B0 3
FARE S AR EE S R, T 80 S0 AN 2 AL R
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== AP HESEE Compressive strength parallel to grain (CSPG)
w7558 & Modulus of rupture (MOR) === Hii 25 31445 i Modulus of elasticity (MOE)
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Fig. 4 Conclusion of the study on the effects of natural aging on wood mechanical properties

MEHLH RS, HBEE 2 AR R, X I8
BN o R ERCTNS B AR BEIRAZ T AR
HEAT SEM TS, T B 22 A M 44 it B L 300 P 4
TR0, 3 EEALHE A i BE A B R AR T . 4 A BE T R
&, R T ARMFERBIZA . Tomassetti ZP8%] 5 28
LG A2 5 M KA (Larix gmelinii) KM 34T SEM
IO EE KWL 52, 25 R B A T84, 2 AR
e SR T EZ MRS 0 E . IS
FEEAT 100 ~ 300 S48 H 7 SEAIABOAFE i (19 SEM 73
Mol B . Machado S5 Z A FAAARM BEAT
T SEM MEE, K I T 4 i BE I 3k A7 AR B 22 AL, B
M EEh a2 S S, R ZIR . X2 T
AL A PRI E, 4R 5P 4R, £
Wi BZIK S 0 B T 3 o &6 74 1) A2 AE 2 3
T2 M B SR, T AR A 2 LB 1) G JE N A B A T
LA TE AT e A2 B AN A 2R A ) i A2 Ak 51

WAL, AT 5735 X6 A AR R A B TR I ) BT 1 3
1T T O 553 #r, R I A AR A 1) W 228 4k
T B W 222 ) SR T R T R AN 2 I R I R, AR
T AL S AR AR XS B A S B e P D 2R R A
Froidevaux %5N& & ILLE AT SEM FF i il 25 B, 2
AN BE i B8 5 7= A2 ) R 5 5 80 AR 4 45
o XIFIFELR I T ZAC ARBTG5 4) 52 R 554, o

EHUEETT WL, [ AR 22 A0 R Ao 24 i B il L 485 440 1)
S 32 L DR 200 PR BE 1 R S0 S A I B 25 R 1) 43 2 4
A5 o A 2 e BE PR SROMLAR £ 3 R T AR AR 3R D
PR RE IR AR, SE I A A A B GROU 25 R R R 2
A DR AL JE AR s AR L o B ARG ) R AT o
323 fFms e A

KA AL BE = B B AT YR AT 4R
FIART 2, B AARM B = K3, KRB 5#0E

JR5S = KREW T AR S50 PR DA & =38 2 ]
FHEAE B VIR OGO o 22t 3% DA 2y 14 SR AR ik
WAHAHEFA B AT 2R S AR T i B b, 2
BV RAE L, AH A TR K e A AR R AN s 4
YeZm UL E TR REBEL TR P, #AE FEAA
FESER, MO N EARY BT, A 24 T80 0 K e ) A
o IRD A s AR ER A AE A0 I Ak B e S T BOR S5 Ak
AR B, 65 E 1 A M BE 1 i B AN AR
Wi, RIS R IR, T DARR H D 45 55 ot Bl
BRI D 5, AH >4 TR 355 K Ve e A4 i 7K e

O — L85 25 B 2 b 077 3 ) 2 A AR ) 1 1
R E A o3 AR AT T INE, QR R A S AT
A % % 7% (Fourier transform infrared spectroscopy,
FTIRDZ ), JRAL %25 /2 4 R ML 5 4 5y 58 = 4y
B AT V2 o il . 2055 09 i Ak 2240
S 3 5 R IAERE b, EAARKG 1 i 2 AR 4
2F Y 3 5 R BT F AR B 5 3 Kk AR BRI Kranitz 555
XA 108 ~ 390 4F AR A B [ (#7412 A M R 1047 4k
AT, ME FLAF YRR AT 4E R AR BT 2 I AH
XF R, g5 R AREAL JE AR 1 R R AR K
TREEER, AN SRR E TR, K
AR AR AT E I 22—, TR = A
XF Er B AR R s KB BRI LB AR B R AR FE
AT H 7 0 dr, RIEAARM IR 4EZR . 2F4E
FOFIAR 5T 2R B AR B3 R AR R B B BRI, IX
Wkt 7 & 2 MR B IR B A E AR 715 1t B
) AR SR AT

FHRRAL 7 0715, IR R 2 W TOLGH AR
AR A 5y e o AT T4 . Tsuchikawa
GO I AN ERE R KT T A JT 750 SE R4S
o SR SR AR B AR M AT A S 43 o dr, R



10 S AP 46 %
AR, P YERMA U RBEZ AT EWE™ 8, JF5e (FZ.

T2 M BE G AT 22 S5 A AR AL BT SRR B . Mikledi¢
SN R AR NI AL 1 2 BOR M HEAT T FTIR W
S, RINGEIMDERUR S, AR R E 6E FAH G IE 5
FEAR o A [F] BI S 78 06 = 42 B i B FTIR 3 5E Hh th
B ER R,

4 % &

=

TR 5 R OB I 2 DA TG B A IR VA
PR G 22 AL LI S AN S2 R 75 R o S )
(R AA A PR ASE WU PPA A, A5 0 Py 25 3 B2 A48 R s
TEAAS DU A FE S 2 M R TC A DU R AN T THT o A A
PRI ER A OB I A R SRR, PR % s
FER A ORA MR ) 2P RE ORI B AR K R 452
18, PR D o SRR A, AR R B R B T
RS FH 5 0 1) e 56 T Al BEL T A I B A o 4
J vy R B 45 A4 TE AR A W AF S T DL S SRR LA R
3ATTIE.

(1) I8 A I35 18 F 0 ACAE) A4 et 7 R B DG 434 )
T REE R . B RTE T 2 AN 06 F R A P
7115 R BT BB BT R R B R IAAS 2, B 73
Wi 2 SAGIEANRE X 43 a0 23T TR A B, H
ZHE DL N B Z B A . X R CT 3 2 A6 RS
FEAR T 5 1%, RETH 28 Hh B s A B P Rk G 15 1
ERC AT D, (IR P 7 1 T A TS B 4 R
FWNIAT . WEERARM TS X S LA I R
N A AEMR Y T XS4k CT 5 4Ms F B 3 il
FEURI /)N JEE 421 ARG W) ) R0, U KF 2 S0 A ) ot
A B 1) B35y e R T TGS M A — ol I PR 4

(2) T HFIAM ARAT 5V 58 TC 1R W 1) 4 4
o BUA B H SR M ARA J1 2 M Re oA I 5
A, AT A AR TS . DA s
B4 % E s ST B A S, 1 AE [ B i
(AR BT ON-mD B BT (ND, 25 5T URb BT 1)
KRR F1 2 Re T 5 A W T2 B 7 R R
S I SR BT RO AES, a8 B A W
FHERAL, & T E M — R

(3 FEARM TN o B FoAth 2= R F0AT Ml A 24 BR
T IR B B H A, 15 S 55 N B A
SR TCASAG DU AT, A I 2 T BRI RS . KR
P ARG R S E R ARSI EH @A
A A2 e 5 o P T ARG M, T R 2 Sk T A 1070,
oo, IR PR TE G 2 A A 3 B S PE J7 TH, oR
B 1A 9 8T, LA L SE AT A TR
A7, (HTE A GRS EAUE. KM & KR
M) R 2 I8 PR Ak B 5 M 5 S TH R A VF 22 RLE T

ST 22, W L N B o R SRR S 4 e
BUTIHA, BRI H AR 22— hd
RS TUA FEE R85 o iy b AE BHIIE AR R B BU To B A
IBEA, 75 2 FER BE 10 58 3 A1 AR SEHL A BEREAT
FHIE LA

& £ X Wt

(1] BRAuid@. S HUORE M 5RFUCY RS (M]. Jbat: hE#S LT
Ml R, 2007.

Chen Y S. Conservation of ancient wood structures and cultural

relics [M]. Beijing: China Architecture & Building Press, 2007.
(2] FRIFIL, & A, SC8. AR BRI BAS I i B2 S 8T 3k e ().

Molk TSR, 2016, 1(6): 1-9.

Zhang H J, Guan C, Wen J. Applications and research

development of nondestructive testing of wood based materials[J].

Journal of Forestry Engineering, 2016, 1(6): 1-9.

[3] White R H, Ross R J. Wood and timber condition assessment
manual [M]. Washington: USDA Forest Service, 2014.

[4] Ross R J. Nondestructive evaluation of wood[M]. Washington:
USDA Forest Service, 2015.

(5] &b PEAEGEFRMERIRATT M. JE5: 2z Tl iR
#t, 2018,

Tang C P. Chinese traditional wood architectural knowledge

introduction [M]. Beijing: Chemical Industry Press, 2018.

(6] Sl v [E @ FUARMEE EBOR M) b5t B2 WAL,
2003.

Ma B J. Wood construction technology of Chinese ancient

architecture [M]. Beijing: Science Press, 2003.

071 TRk, b f SRR (A AR 5 b T Ao PN 55 22 4 1k 50 (B A DL
T [D]. AE5C: AEE MR, 2022.

Yu Y Z. Nondestructive testing of defects and numerical

simulation of safety for wall wood columns of ancient

buildings[D]. Beijing: Beijing Forestry University, 2022.

(8] HERR, EHME, MR, WERIURL MRS SR (M]. Jbxt:
o FE MO H ik, 2021
Ma X X, Wang Y H, He D L. Disease and protection of ancient
wood structures[M]. Beijing: China Forestry Publishing House,
2021.

[9] Cruz H, Yeomans D, Tsakanika E, et al. Guidelines for on-site
assessment of historic timber structures[J]. International Journal
of Architectural Heritage, 2015(9): 277-289.

[10] Perria E, Sieder M. Six-steps process of structural assessment of
heritage timber structures: definition based on the state of the
art[J]. Buildings, 2020(10): 109.

[11] BN, o @ HUAK 1 Py BRI T 410 25 7 VA8 5T (D). Jb3t:
JERHL R AE, 2015.

Liao C H. Study on non-destructive screening internal defects of

historic wood structural members [D]. Beijing: Beijing Forestry

University, 2015.

(12] SBIF . T J015 SRR i b SR 1 P 8 Sk s o o 7 2 0T



54

SRV A Tl R GE K TEATAG T P9 2 S 7T 7 e 11

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

7T [D]. Ak ALmMlk K, 2019.

Guo K L. Investigation on screening internal defects of historic
wood structural members based on the tap force characteristics
[D]. Beijing: Beijing Forestry University, 2019.

ARG T, AR, TRIEIL, 45 <G rh K SRIBHIE AR 4 b 5 K R
SRR [J]. ARl R A4, 2023, 45(5): 143-154.

Zhou H Y, Peng L, Zhang H J, et al. Moisture content and its
influencing factors of wood structures at Shuiguan Site in
Jinzhongdu Watergate Site of Beijing[J]. Journal of Beijing
Forestry University, 2023, 45(5): 143—154.

RAIEL, 25 e, R, N U RN R SO (M. P2 P T
PR H A, 2007

Guo W G, Li Y L, Suo T. Stress wave basic concise tutorial [M].
Xi’an: Northwestern Polytechnical University Press, 2007.

Frank R. Catalog of relative density profiles of trees, poles, and
timber derived from resistograph micro-drillings [C]//Proceedings
of the 9th International Symposium on Nondestructive Testing of
Wood. Madison: Forest Products Society, 1993: 61-67.

AR, B, BRI, A5 TCHSI BOR AR S R AT O R
B BRI [Cl/8CE BT 85 J 4 e X B v [ SR Ak 2 2%
FEUEAR R, Lt PE S 2, 2010: 561-566.

Li H, Shi Z M, Chen Y P, et al. Application of nondestructive
testing technology in screening wood column of the Imperial
Palace [C]// The 85th anniversary of the Palace Museum and the
7th Symposium of the Forbidden City Society of China. Beijing:
The Forbidden City Society of China, 2010: 561-566.

BRR, EBRRR, 4, 45 @ PR R FIR BB T ks
I &5 SR e B A A 0], b ARl RS2 2R 3R, 2007, 29(6):
167-171.

Huang R F, Wang X H, Li H, et al. Quantitative analysis on the
detected results by resistograph on inside wood decay of ancient
architecture[J]. Journal of Beijing Forestry University, 2007,
29(6): 167-171.

G, TREE, B, S H00E TR0 BOE A AR LS IR B TE A
WA (3], dbatbRol K 22254k, 2021, 43(5): 127-139.

Zhang D, Yu 'Y Z, Guan C, et al. Nondestructive testing of defect
condition of wall wood columns in Yangxin Hall of the Palace
Museum, Beijing[J]. Journal of Beijing Forestry University, 2021,
43(5): 127-139.

Lee I D G. Ultrasonic pulse velocity testing considered as a safety
measure for timber structures [C]/ Marra G G, Galligan W L.
Proceedings of Second Symposium on Nondestructive Testing of
Wood. Spokane: Washington State University, 1964: 185-205.
Perllerin R F, Lavinder J A, Ross R J, et al. In-place detection of
decay in timber bridges: an application of stress wave technology
[R].New York: IEEE, 1996.

Belios, 7, e, 55, B BORTE W @ SUARK AR F4R
WAL (3], AR Tk, 2007, 21(2): 10-12.

Duan X F, Wang P, Zhou G W, et al. Detection of decay and
insect attacked ancient wood members with stress wave
methods[J]. China Wood Industry, 2007, 21(2): 10—12.

WRD3~F, 2, BRACTT A5 O AR v R 798 A R T E 1) 5

23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

MR & [J]. AH Tk, 2012, 26(2): 37-40.

Chen'Y P, Li H, Li D Q, et al. Effects on stress wave speed inside
wood members in historical buildings[J]. China Wood Industry,
2012, 26(2): 37-40.

BRI, KL, BRAT, A T IR ol R U P B GRS
P 187 3 8% i 5 R WA (D). T b AR A B 5 4R, 2013, 28(4):
158-161.

Liao C H, Zhang H J, Li D Q, et al. Method to calculate the
critical velocity of the stress wave in defects detection of ancient
architecture wood parts[J]. Journal
University, 2013, 28(4): 158—161.
BAFIE, BRI, FEF, & 9 =g st TREP R
PETEAREI (7], b ARl R 22224, 2014, 36(1): 132-137.

Liao C H, Zhang H J, Wang X P, et al. Nondestructive assessment

of Northwest Forestry

of wood structural members at Yu Tomb of the Ming Dynasty,
Beijing[J]. Journal of Beijing Forestry University, 2014, 36(1):
132-137.

Kim C K, Oh J K, Lee H J, et al. Feasibility study on retrospective
reconstruction method with X-ray radiographs to investigate inner
state of wood[C]//Ross R J, Gongalves R. Proceedings of 19th
International Nondestructive Testing and Evaluation of Wood
Symposium. Rio de Janeiro: Forest Products Society, 2015:
520-525.

FRAE N R E T 55 590 2 (B AE. AR SRS M 430 5
HARbRHE: GB/T50165—2020[S]. Jb 5t o [ & 3 Tolk th R AL,
2020.

Ministry of Housing and Urban Rural Development of the People’s
Republic of China. Technical Standards for Maintenance and
Reinforcement of Wood Ancient Structures. GB/T50165—-2020[S].
Beijing: China Architecture &Building Press, 2020.

JEHC BT R B N B R oy A R 22 Ak A BORIE (B
1 #45: ARZ5H): DB11/T 1190.1—2015[S]. db 5t Jb 5t i &4
ARIEEJF, 2015.

Beijing Municipal Bureau of Quality and Technical Supervision.
Technical code for appraiser of structural safety of ancient
buildings (Part 1: timber structure): DB11/T 1190.1-2015[S].
Beijing: Beijing Bureau of Quality and Technical Supervision,
2015.

TR, AT, RIFIL, &5 S EUK SR AR G5 TE AR A I
PG (7] ALIUARL R 240, 2022, 44(11): 140-151.

Peng L, Zhou H Y, Zhang H J, et al. Nondestructive testing and
condition assessment of the wooden structures of Jinzhongdu
Watergate Site[J]. Journal of Beijing Forestry University, 2022,
44(11): 140-151.

Wilcox W W. Changes in wood microstructure through
progressive stages of decay [R]. Washington: USDA Forest
Service Research, 1968.

WG, TUEERE, oAt RMBIIE R Fe i (7], Mol fh22,
2006, 42(3): 99-103.

Yang Z, Jiang Z H, Fei B H. Review of literature on incipient
decay in wood[J]. Scientia Silvae Sinicae, 2006, 42(3): 99—103.
Richard D B. Physical changes in decaying wood[J]. Journal of


https://doi.org/10.12171/j.1000-1522.20210028
https://doi.org/10.12171/j.1000-1522.20210028
https://doi.org/10.12171/j.1000-1522.20220251
https://doi.org/10.12171/j.1000-1522.20220251

12

Sl Ay

L SNAEPN

546 4

¥k

[32]

[33]

[34]

[35]

[36]

(371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Forestry, 1954, 52: 260—-265.
Mulholland J R. Changes in weight and strength of Sitka spruce
associated with decay by a brown-rot fungus, Poria monticola[J].
Forest Products Journal, 1954, 4(6): 410-416.

Kennedy R W. Strength retention in wood decayed to small
weight losses[J]. Forest Products Journal, 1958, 8(10): 308—314.
Mizumoto S. The effect of decay caused by Gloeophyllum
trabeum on the strength properties of Japanese red pine sap-
wood[J]. Journal of the Ceramic Society of Japan, 1966, 48(1):
7-11.

Toole E R. Reduction in crushing strength and weight associated
with decay by rot fungi[J]. Wood Science, 1971, 3(3): 172—178.
Wilcox W W. Review of literature on the effects of early stages of
decay on wood strength[J]. Wood and Fiber, 1978, 9(4): 252-257.
Senalik C A, Ross R J, Stokes C E, et al. Assessing biological
deterioration in wood with acoustic-based techniques: a review
[R]. Madison: Department of Agriculture, Forest Service, Forest
Products Laboratory, 2022.

Bol o7, £7, R, % BRI AR A
BV AR B WP BT S D] 7 b bk 2 B 22 4R, 2007, 22(1):
112-114.

Duan X F, Wang P, Zhou G W, et al. Nondestructive evaluation
of dynamic MOE of ancient wooden structure members by stress
wave method[J]. Journal of Northwest Forestry University, 2007,
22(1): 112-114.

Ceraldi C, Mormone V, Ermolli E R. Resistographic inspection of
ancient timber structures for the evaluation of mechanical
characteristics[J]. Materials and Structures, 2001, 34(1): 59-64.
TRIBIL, Rdw, VR, 55, @R HURM AR A R £ 27 2 v Re A
WITFEBLTE [J]. AEatholl K2#2#4H], 2011, 33(5): 126-129.
Zhang H J, Zhu L, Sun Y L, et al. Determining main mechanical
properties of ancient architectural timber[J]. Journal of Beijing
Forestry University, 2011, 33(5): 126—129.

Feih, TRIFIL, FhHER, 55 3T B0 ANl BE 70 ol i R
KPR RE g 2 PR BRI (1], ZRAE AL R 22224, 2011, 19(10):
81-83.

Zhu L, Zhang H J, Sun Y L, et al. Determination of mechanical
properties of ancient architectural timber based on stress wave and
of Northeast

micro-drilling resistance[J]. Journal

University, 2011, 19(10): 81-83.

Forestry

Cai Z, Hunt M, Ross R J, et al. Screw withdrawal—a means to
evaluate densities of in-situ wood members[C]//Proceedings of
13th International Symposium on Nondestructive Testing of
Wood. Madison: Forest Products Society, 2002: 277-281.

SEPRP. EHARZ A R FURME BT wT 5 [D]. Jbxt: db
HMAlRE, 2023,

Xing Z B. Effect of natural aging on wood properties of historic
buildings [D]. Beijing: Beijing Forestry University, 2023.

Kohara J. Studies of Japanese old timbers[J]. Journal of Scientific
Reports of the Saikyo University Agriculture, 1955, 7: 9-20.

A SR SR Y4 5 I TR 2 ) 2. ot S SRR 54 I O AR
Folt U8 2 e AR IR S 4 A (0] DU R R AR R A

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

1994(1): 11-14.

Specification Compilation Group of Historic Building Wood
Structure Maintenance and Reinforcement. Investigation of
species of historic wood structures and measured property
analysis[J]. Sichuan Building Science, 1994(1): 11-14.

Cai Z, Hunt M, Ross R, et al. Static and vibration moduli of
elasticity of salvaged and new joists[J]. Forest Products Journal,
2000, 50(2): 35-40.

Yokoyama M, Gril J, Matsuo M, et al. Mechanical characteristics
of aged Hinoki wood from Japanese historical buildings[J].
Comptes Rendus Physique, 2009, 10(7): 601-11.

Yoshihiko H, Mina S, Yasutoshi S. Strength properties of aged
wood (II): static and impact bending strength properties of aged
Keyaki and Akamatsu woods[J]. Mokuzai Gakkaishi, 2005, 51(3):
146-152.

Krajewski A, Kozakiewicz P, Witomski P. Comparison of
selected properties of natural aged wood and contemporary timber
of Pinus sylvestris L. investigated using standard methods and
measuring of transition speed of ultrasounds along the fibre[J].
Wood Research, 2020, 65(3): 405—14.

R 2 @ ST AR 5 A2 1 B 5 2 OB AR B 5T (7], 3k
EEEEAR, 2003(3): 49-52.

Chen G Y. Study on the change of old wood material and the
influence of building deformation[J]. Traditional Chinese
Architecture and Gardens, 2003(3): 49-52.

Machado J S, Pereira F, Quilho T. Assessment of old timber
members: importance of wood species identification and direct
tensile test information[J]. Construction and Building Materials,
2019, 207: 651-660.

Attar-Hassan G. The Effect of ageing on the mechanical
properties of eastern white pine[J]. Bulletin of the Association for
Preservation Technology, 1976, 8(3): 64—73.

Raposo P C, Martins J, Correia J A F O, et al. Characterization of
the tensile mechanical behavior of wooden construction on
materials from historic building [C]//2nd International Conference
on Structural Integrity. Funchal: ICSI, 2017.

Lourenco P, Feio B. Chestnut wood in compression perpendicular
to the grain: non-destructive correlations for test results in new
and old wood[J]. Construction and Building Materials, 2007, 21:
1617-1627.

Kranitz K. Effect of natural aging on wood [D]. Zurich:
Eidgendssische Technische Hochschule Ziirich, 2014.

DS R PR A N R R A 07 A KRR (K BT 4L [D].
P IR, 2016.

Gao Y W. The degeneration on mechanical properties of aged
wood and corresponding damage constitutive model [D].
Yangzhou: Yangzhou University, 2016.

KIGEER. N B ARG 73 M B PEROW 2546 5 (R BT ST [D]. K
Ji: R JRER TR, 2021.

Mi X C. Damage analysis and study on micro deterioration and
protection of material properties of yingxian wooden pagoda [D].

Taiyuan: Taiyuan University of Technology, 2021.


https://doi.org/10.3969/j.issn.1001-7461.2007.01.031
https://doi.org/10.3969/j.issn.1001-7461.2007.01.031
https://doi.org/10.1007/BF02482201
https://doi.org/10.1016/j.crhy.2009.08.009
https://doi.org/10.2488/jwrs.51.146
https://doi.org/10.37763/wr.1336-4561/65.3.405414
https://doi.org/10.1016/j.conbuildmat.2019.02.168
https://doi.org/10.2307/1493572
https://doi.org/10.2307/1493572
https://doi.org/10.1016/j.conbuildmat.2006.07.011

54

SRV A Tl R GE K TEATAG T P9 2 S 7T 7 e 13

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Tomassetti M, Campanella L, Tomellini R. Thermogravimetric
analysis of ancient and fresh woods[J].

1990, 170: 51-65.

Thermochimica Acta,

Popescu M C, Sakata Y, Popescu C M, et al. Degradation of lime
wood painting supports[J]. E-Preservation Science, 2005, 2(1-2):
649-658.

Froidevaux J, Volkmer T, Ganne-Chedeville C, et al. Viscoelastic
behavior of aged and non-aged spruce wood in the radial
direction[J]. Wood Material Science and Engineering, 2012, 7(1):
1-12.

TNEEIE, DRI 42, R, S5 AN MO RETET 22 f RN 45 i DO ARM
VB Fy 2P RESE R TUE R [J]. PUALARMABRIRE 2 4, 2019,
47(5): 56-64.

Sun HY, SuM L, Lii J X, et al. Research progress on effect of
microfibril angle and crystalline area in cell wall on wood
physical and mechanical properties[J]. Journal of Northwest A&F
University, 2019, 47(5): 56—64.

PR . AR (M. JEEC: Hh E Ml AR, 2006.

Xu Y M. Wood science [M]. Beijing: China Forestry Publishing
House, 2006.

KIGEER, ZERRTE. 7 IH AR ORAEIR I 2 2 8 I o FTadk Jé ).
X RY 52 REE, 2019, 31(5): 130-140.

Mi X C, Li T Y. Multi-parameter detection for characterizing the
status of preservation of archaeological wood[J]. Science of
Conservation and Archaeology, 2019, 31(5): 130—140.

2, TN, TROCH, 45 BB KR B A B SR (1]
SRS P AR, 2019, 31(1): 5864

Li X, Fu X H, Zhang W B, et al. Study of the degradation of wood
structural components of the Changchun Palace[J]. Science of
Conservation and Archaeology, 2019, 31(1): 58—64.

Tsuchikawa S, Yonenobu H, Siesler H W. Near-infrared

spectroscopic observation of the ageing process in archaeological

[66]

[67]

[68]

[69]

[70]

[71]

wood using a deuterium exchange method[J]. Analyst, 2005,
130(3): 379-384.

Mikleci¢ J, Jirous-Rajkovi¢ V, Antonovic¢ A, et al. Discolouration
of thermally modified wood during simulated indoor sunlight
exposere[J]. Bioresources, 2011, 6(1): 434—446.
Ganne-Chedeville C, Jaeaeskelacinen A, Froidevaux J, et al.
Natural and artificial ageing of spruce wood as observed by FTIR-
ATR and UVRR spectroscopy[J]. Holzforschung, 2012, 66(2):
163—170.

Rodrigues B P, Senalik C A, Wu X, et al. Use of ground
penetrating radar in the evaluation of wood structures: a review[J].
Forests, 2021, 12: 492.

WT5E, SR PRI, GKJBL, 45, JE T 2L AR Il S AR
F7ARBETE ks W E T (0] b s AR R 27 22 41, 2023, 45(7):
139-152.

Liu S Y, Xin Z B, Zhang H J, et al. Nondestructive testing of the
decay condition of ancient building roof boarding based on
infrared thermal imaging[J]. Journal
University, 2023, 45(7): 139—-152.
ffes, MUTr, B¢, 55 B E SR I HAR R R R 548k
% (7). AR 24, 2016, 37(8): 1713—1735.

He CF, Zheng M F, Lii Y, et al. Development, applications and

of Beijing Forestry

challenges in ultrasonic guided waves testing technology[J].
Chinese Journal of Scientific Instrument, 2016, 37(8): 1713—1735.
Senalik C A, Wacker J P, Wang X P. Evaluating the efficacy of
ground-penetrating radar as an inspection tool for timber bridges
[C/OL]//Proceedings of 4th International Conference on Timber
Bridges, Biel/Bienne, Switzerland, 2022. https://doi.org/10.24451/
6j5j-qw13.

(TR X A
WiERE  FIW)


https://doi.org/10.1016/0040-6031(90)80524-3
https://doi.org/10.1080/17480272.2011.629735
https://doi.org/10.1039/b412759e
https://doi.org/10.1515/HF.2011.148
https://doi.org/10.3390/f12040492
https://doi.org/10.12171/j.1000-1522.20220516
https://doi.org/10.12171/j.1000-1522.20220516
https://doi.org/10.12171/j.1000-1522.20220516
https://doi.org/10.24451/6j5j-qw13
https://doi.org/10.24451/6j5j-qw13
https://doi.org/10.24451/6j5j-qw13
https://doi.org/10.24451/6j5j-qw13

	1 古建筑木结构及其无损检测内容
	1.1 古建筑木结构类型与组成
	1.2 古建筑木结构常见缺陷
	1.3 古建筑木结构无损检测基本流程
	1.4 古建筑木结构详细检测基本方法
	1.4.1 外观检测
	1.4.2 含水率检测
	1.4.3 微钻阻力检测
	1.4.4 应力波检测
	1.4.5 木构件树种鉴定


	2 古建筑木构件缺陷无损检测与评估
	2.1 古建筑木构件隐藏缺陷无损检测过程及检测技术研究进展
	2.1.1 初步筛查
	2.1.2 验证性筛查
	2.1.3 精确检测

	2.2 古建筑木构件分等
	2.3 古建筑木材腐朽原因及其对力学性能的影响

	3 古建筑木材性质检测与评估研究进展
	3.1 古建筑木材力学性能无损检测与评估方法研究
	3.2 自然老化对古建筑木材性质的影响研究
	3.2.1 宏观力学性质的变化
	3.2.2 微观结构的变化
	3.2.3 化学组分的变化


	4 结　　语
	参考文献

