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Prediction of wood density and compressive strength based on combined
nondestructive testing technology
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Abstract: To realize nondestructive testing of ancient wood components, we proposed linear prediction formulas for
wood density and compressive strength based on combined testing technology. The ultrasonic wave velocity and
compressive strength of 12 kinds of wood in different grain directions, as well as the impedance ratio in radial and
oblique directions, were measured using the ultrasonic-needle resistance instrument combined detection technology.
The regression coefficients in the prediction formulas were fitted, and then the prediction formulas were applied to
the prediction of the density and compressive strength of two kinds of new wood and a kind of ancient wood. Results
show that the ultrasonic wave velocity and impedance ratio of wood were positively correlated with wood density and
compressive strength, and the goodness of fit of the linear relationship obtained by multiple regression method was
significantly improved when the ultrasonic-needle resistance instrument combined detection technology was adopted.
When predicting the density of new and ancient wood, only needle resistance instrument technology achieved
accurate prediction. The prediction error of new wood was less than 5% , and that of ancient wood was less than
1% . When predicting the compressive strength of new and ancient wood, the prediction error of single detection
technology was large, while the prediction effect of combined detection method was better. The prediction error of
new wood was less than 5% , and that of ancient wood was less than 9% . The tests verify the feasibility of using
ultrasonic needle resistance instrument combined detection technology to predict wood density and compressive
strength. The results can provide important technical support for the health monitoring of ancient building wood
components.
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Tab.1 Proposed wood density prediction formulas

- Bt fiHLYASN
R PR AR P =piv+py (1)
BEBEACEAR P=pir+p, (2)
AT - BB AR A A BR P =pir+pyv +pg (3)
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Tab.2  Proposed wood compressive strength prediction formulas

T Bt SiIFASN
A PAAR S=piv+p, (4)
FHEBRACEAR f=pir+p, (5)
R - ARG AR f=pir+pv+p (6)
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Tab.3  Average density of each group of 12 kinds of woods

(kg'm™)
R Fh A4 B4 cHd D4
(RN 503.183 495.158 506.531 531.829
FIAEA 668. 381 662.333 670.392  688.563
SRV 558.086 550. 086 561.595  550.624
A 615.034 615.396 618.033  538.406
BA 620. 536 623.590 618.580  579.867
A 631.005 627.998 634.511  654.153
KA 553.746 550. 600 556.619  588.983
WA 602.338 608. 756 602.771  633.134
BN 829.588 828.333 826.883  847.334
A 823.965 823.133 823.883  826.860
A 725. 864 727.181 723.546 721.451
PEA 630.204 628.823 631.133  639.417
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Fig.2  Test process

3 R EREMNT

HE DA 1) B A 110 68 P e el BT G LT
S8R J3E S B A IO Y, 1 S i o ) B AR 3R
1B, FRAEAS R AR ol 1) B3040 A 2R AT El A R AR 40 BT
Xt FRHBTECI B X 5 P i /N iR ) B 7
AR — AT A3 RS 50N, e SCik[9 ] Y
JIEREN A B RIS B — A TR S — D 0 =2 [ 1)
BHT L il £ BOF 35 48 5 X6 0 H 58 2, % 4 4
7 ~20 S BT REETIA 12 FhARH A I3
R NE 4,

(2) B BBOE A (c) PUEHEBEN X

F4 12 FARMEIRNE R
Tab.4 Test results of 12 kinds of woods

. B P (kmes ™) [GET = e UL/ MPa
J[E2s (el EAn| R (| R £ (el 515 Ak
[ /N 2.502 1.289 0.982 1.116 10. 833 13.333 49.671 7.390 9.171 4.018
FIHEA 2.616 1.375 1.208 1.270 29.750 35.167 62.933 15.921 11.072  13.367
AN 2.553 1.333 1.148 1.063 14.500 13.667 58.878 8.255 9.871 4.435
A 2.602 1.315 1.085 1.093 27.333 22.000 60.123 11.477 10.456  7.106
A 2.594 1.339 1.067 1.099 27.500 27.667 65. 860 10.385 8.884  9.410
AR 2.590 1.388 1.200 1.360 27.500 28.333 62.471 11.544 12.419  13.013
KA A 2.580 1.247 0.984 1.117 15.000 19.167 56.030 7.687 9.505  6.289
A 2.538 1.344 1.152 1.226 23.333 30.333 56.979 12.065 12.680  10.492
Epi 2.667 1.456 1.354 1.444 51.467 48.500 78.167 22.130 14.830  15.780
[:¥/N 2.703 1.453 1.301 1.325 49.166 40. 000 75.181 18.560 14.410  14.910
b 2.623 1.422 1.308 1.362 37.333 28.667 64.990 17.990 14.360  15.650
PEA 2.537 1.335 1.135 1.279 26.000 31.500 55.760 13.550 11.800  10.460
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Fig.3  Relationship between anisotropic ultrasonic wave velocity and density
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Tab.5 Regression coefficient and goodness of fit of anisotropic

ultrasonic wave velocity and density

J71H] P P2 R?
Jlias 1610.0 -3526.0 0.810 4
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Fig.4 Relationship between impedance ratio and density
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Tab.6 Regression coefficient and goodness of fit of impedance

ratio and density

Jrnl Py P2 R?
11 7.967 421.5 0.9823
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Fig.5 Relationship between ultrasonic wave velocity, impedance ratio, and wood density
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Tab.7  Regression coefficient and goodness of fit between
anisotropic ultrasonic wave velocity, impedance ratio,

and density

A5 P P2 Po R?
R BHPT + WA E  7.390 143.9 64.68 0.983 6
R PT + R 7.253 155.7  230.20 0.984 0
AP + 5% BE 6,950 121.6 309.10 0.987 4
FHEBABT + B 5,713 343.3 66.91 0.8751
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Fig.6  Relationship between anisotropic ultrasonic wave velocity and compressive strength
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Tab.8 Regression coefficient and goodness of fit of anisotropic

wave velocity and compressive strength

J71H) P1 P2 R?
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Fig. 7 Relationship between impedance ratio and compressive strength
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Tab.9 Regression coefficient and goodness of fit of anisotropic

impedance ratio and compressive strength

Il P1 P2 R?
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Fig. 8 Relationship between ultrasonic wave velocity, impedance ratio, and compressive strength
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Tab. 10 Regression coefficient and goodness of fit between

anisotropic ultrasonic wave velocity, impedance ratio,

and compressive strength

HERE Ry P P Po R?
Rl BT + I
F T BT + 42 1 ik ok
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AT BT + Ak 1 gtk
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0.031 13 13.22 -4.604 0.8369

0.169 20 18.97 -17.680 0.893 3

EENAE S IORERS S
4.1.2 RTINS R M

B A A 45 2 28 1 T 00 (R ECSE (B DL 3% 10,
FFAR G5 R B 2 A T, RS N ORR 2 1%
K (7) 5

Comor = x 100% (7)

r

K e, WIRE, o, WEIHUE, ¢, A PAE, 115 3K
7 TN (R T LS

H13R 10 TR, ] PR 75 5 T A5 21 ) A b o
(DR, HAIRZEATRE , B/ 1. 6% , Fe Rik 9% ,
A P IR DRy — e ARG I T B, ARG I ) A
B2z, WA AN e BEAT RE— 2 DAL A B
SN St vl R G N N R s R RS R
i, LA B BELSCRR I 7 3k (9 T R 22 BRASBE A D 4
N 7% A, AL A B R 22 278 5% LATR B A
7 1% TN R 22 1 /N T 49, LR 73 P00 2 22
TE 3% VAN . I E3CHnd e T ik B 2 2%,
ELARYTIIN RS B AR LB BRI J7 125 11 & $2 7
ANZ  BNIE T AESE PR TR al ST AR I 7 i
SEBUX AR 85 P AR
4.1.3  PUHsE R HUE5 5504

B MDA BE 25 18 B0 2 04 ST A 5 58 PR (E AL
A1, AR LT AT, SR A 7 B AR A (4
o R AR PSR EE AL L IR 25N T 6% R




148 - 172 S - S R | A N = = 55 %

A ) BT s it JBE M AR B 2% IR 25 B KA 15% , H
X% 1) 7 P 56 A T K, XA S P TR P A 5
Xof AHE AR A SR WL AR TT-A0 T 265 1> S R e 22
2B R B BEAE AR RS AR NS A2 )40 He i P

AN RCR B, TR 2E/IN T 3% 5 X 5% 16) 4 a] ()
INZOR 15 25 B B 5E P KM IR ZE 0 A AE T% ~
129 Z 18] o LA_E 235 5450 I ] — Ffo i 7596 X LA 5 2R
XA T 588 B RO At T

R0 2HAMBHEZENTNESESE

Tab. 10  Predicted and actual density of two kinds of woods in each group (kgem™)
265 ol HSH .
AR AT P D F AR BEAT L 165
AL AR TN 684.13 657.10(3.95% ) 668.48(2.29% ) 667.65(2.40% )
HRIEA 669. 84 717.88( -7.17% ) 637.93(4.76% ) 644.75(3.74% )
B4 AR ¥ 680. 13 691.55( -1.67% ) 663.47(2.44% ) 666.75(1.96% )
BIEA  663.86 692.86( —4.36% ) 637.93(3.90% ) 643.64(3.04% )
ca LA 687.33 749.77( -9.08% ) 671.13(2.35% ) 684.61(0.39% )
IR 656.33 671.75( -2.34% ) 637.21(2.91% ) 642.41(2.12% )
D4 AL YN 701.45 713.16( -1.66% ) 702.19( -0.10% ) 712.39( -1.56% )
BIEA  690.73 703.95( ~1.91%) 642.06(7.04% ) 670.86(2.87% )

11 2HAMEZEOERERNESEXE

Tab. 11 Predicted and actual compressive strength of two kinds of woods MPa
5 171 WFh HAHE A
R A 7 T AR BELHT L T 1A T

i A 63.50 63.12(0.59% ) 63.88( ~0.60% ) 63.550( —0.090% )

BIEA  62.74 68.14( -8.60% ) 61.58(1.85% ) 64.880( —3.410% )
- A 13.63 15.13( ~11.03%) 13.81( ~1.34%) 14.180( -4.010% )

BiEA 1313 15.19( ~15.71%) 12.68(3.41%) 13.310( —1.380% )
i AR 13.07 13.82( =5.73%) 12.05(7.77% ) 13.520( —3.440% )

RIEA 12.01 12.15( -1.15%) 27.07(11.45% ) 12.018(0.003% )
pops 1K 13.65 13.05(4.38% ) 12.46(8.65% ) 13.030(4.520% )

BIEA  12.04 12.66( —5.19%) 10.09(16.12% ) 11.680(2.910% )
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Fig.9 Ancient wood in the study and its sampling place
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Tab. 12 Predicted and actual values of ancient wood density (kg-m™)
415 EH B
AR A1 75 3 90 AR A1 BT L 35000 A T
A2 580.34 488.92(15.75% ) 583.49( -0.54% ) 573.79(1.13% )
B 2 580.43 626.22( -7.89% ) 582.77( -0.40% ) 586.32( -1.01%)
C 4 585.62 621.63( —6.14% ) 585.16(0.07% ) 588.90( -0.56% )
D4l 554.07 719.45( —29.84% ) 577.30( —4.19%) 638.27( ~15.19% )

13 HAZFEOERENTUESERE

Tab. 13  Predicted and actual values of anisotropic compressive strength of ancient wood

J5'1] HAE B
R4 7 e T M4 BEL T LE 15 A T
Mz 49.03 49.21( -0.36% ) 59.47( -17.21%) 52.94( -7.96% )
=) 9.83 12.16( -23.66% ) 10.24( -4.12% ) 10.63( -8.10% )
X1 10.03 11.08(10.52% ) 10.52( -4.92% ) 10.93( -8.99% )
) 45° 10.00 13.31( -33.11%) 7.54(24.56% ) 10.91( -9.11%)
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