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Monitoring Acoustic Emissions from Finger-Joints from Tropical
African Hardwoods for Predicting Ultimate Tensile Strength
By 1. Ayarkwa, Y. Hirashima, K. Ando and Y. Sasaki

Graduate School of Bioagricultural Sciences, Nagoya University, Japan
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Summary

The patterns of acoustic emISSIOns generated during tension test of.finger-joints from·three-tropical
African hardwoods, Obeche (Triplochiton scleroxylon), Makore (Tieghemella heckelii) and Moabi (Bail
lonella toxisperma) were evaluated to assess their potential usefulness for non-destructively predicting
ultimate tensile strength. The acoustic emission patterns generated were observed to differ depending on
the type of finger profile and the wood species. Regression coefficients from cumulative acoustic emis
sion count versus applied stress squared functions also varied with the profile and species type. When
ultimate tensile strength was correlated with these regression coefficients, for stresses applied up to 50 %
of mean ultimate strength, the logarithmic regression model developed could predid fingei':jolnCstrength
accurate to ±12 %, ±13 % and ±18 % for Obeche, Makore and Moabi, respectively. The model was also
sensitive to the type of finger profile used for all three.,tr6pical African hardwoods.

The results indicate that this acoustic emission monitoring procedure could be useful for non
destructively predicting ultimate tensile strength of finger-joints from the three tropical African hard-
woods. -

Introduction

Sawmill residues and finger jointing

There have been significant changes in the utilization of
forest product resources for engineering applications in

recent years, particularly in the utilization of forest and
sawmill residues for the production of various value-added

products, such as finger-jointed timber. The need to set up

finger jointing plants to utilize the enormous volume of trim
ends and other sawmill residues has been a focal issue in

Ghana recently (Prah 1994; Ofosu-Asiedu et at. 1996). The

finger jointing technology is an opportunity for sawmills to

upgrade waste, improve return on low-grade timber (Kohler
1981; Fisette and Rice 1988; Beaulieu et al. 1997), and is

also an ideal method of improving the efficiency and prof
itability of sawmills (Strickler 1980; Ulasovets and Make

rova 1988). It is also a means to promote the efficient uti

lization of tropical timber

A finger joint is a type of structural end joint used in glue

laminated timber (glulam) to form long continuous lamina

tions out of individual pieces of timber, and also in other

engineered wood components such as trusses and I-joists
(Burk and Bender 1989). The strength of a finger-joint has

been found to depend on, among other factors, the strengths

and qualities of the pieces being jointed, and since finger

joints may be produced from sawmill residues of varying
qualities, there is the need to contlnually monitor the strength

qualities of the finger-joints being produced. However, the
classic static tests, which are considered as more desirable

evaluation methods for the mechanical properties of struc

tural timber, are often difficult to perform and are time

Holzforschung / Vol. 55/2001 / No.6
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consuming. Fast, reliable and easy-to-use non-destructive

methods for predicting finger-joint properties may go a long

way to promoting the development of the finger jointing

technology in tropical African countries. Non-destructive
wood testing permits wood properties of individual lumber

pieces determined destructively to be correlated with other·
wood properties measured non-destructively in order to

assign property values without damage due to overloading,

thereby improving the efficiency of timber utilization

(Bodig and Jayne 1982).

Acoustic emissions

Timber, as well as all other materials, contains minute flaws

randomly distributed throughout the volume of its sub

stance. When subjected to stress, these flaws initiate micro
fractures. The term acoustic emission (AE) refers to the

elastic waves produced by deformation and failure process

es occurring in stressed materials. A flaw or a crack is gen~
erally regarded as the source of AE activity (Noguchi et at.
1986; Suzuki and Schniewind 1987; Rice and Skaar 1990;
DeBaise et at. 1966). AE can give information regarding

plastic deformation and failure of materials, and therefore

has been a popular non-destructive material testing tech

nique. According to DeBaise et at. (1966), the strain ener

gy or stress waves released are, in most cases, caused by

shifts in alo_caLd(~fect area, sometimes called micro-checks,
and arise from local stress concentrations in non-homoge

nous materials. Other known reasons for the production of

AE include material dislocations, phase changes or the

growth of cracks (Rice and Skaar 1990). According to
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Table 1. Selected fLOger profiles for the finger-joints

Profile Type Finger Length
L(mm)

Pitch

p (mm)

Tip Width
I (mm)

Slope of Fingers
8

Relative Joint Area

(2L/p)

Cross Section

Reduction (lip)

FI

F2

F3

10

18
20

3.7

3.7
6.0

0.6

0.6

9.6

I in 6

I in 12

3 in 20

5.5

9.7
6.7

0.16
0.16
0.10

Refer to Figure I
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Materials and Methods

Table 2. End pressures for the finger-jointing (MPa)

3

2

4

F3

4
8

12

F2

Obeche

4

8
12

F1F3

Timber Species

8

12

18

F2FI

Moabi and Makore

End Pressure

F1, F2 and F3 represent the three finger profiles studied

mates offailure load accurate to ± 10 %. Dedhia and Wood

(1980) also concluded that the joint strength could be esti
mated from AE at 80 % of failure load with an accuracy of

7 %. Sato et ai. (1983) investigated cumulative AE count
versus tension stress to failure, and obtained a relationship

quite similar to that reported on structural size tension spec
imens of Pinus spp. by Knuffel (1988). Sato et ai. (1985),

on the application of AE to mechanical testing of wood,
reported on a useful regression of AE count versus load
squared. According to Knuffel (1988), tension testing
appeared to-be the most appropriate mode in which AE phe
nomena in timber could be investigated.

The objective' of this study was to determine whether any

of the parameters of the acoustic emissions generated could
be correlated with ultimate tensile strength (UTS) of finger

joints from three tropical African hardwoods with the aim
of non-destructively predicting the UTS.

Materials

Finger-joints were prepared under factory conditions from three

profile types (Table I and Fig. I) using fairly straight-grained wood

samples of Obeche (Triplochiton scleroxylon) of mean density
of 351 kg/m3, Makore (Tieghemella heckelii) of mean density of

677 kg/m3, and Moabi (Baillonella toxisperma) of mean density of

819 kg/m3. The wood samples, which were free of visible defects,
were matched on the basis of their modulus of elasticity (MOE),

determined by the longitudinal vibration technique, before jointing

(Samson 1985; Fisette and Rice 1988). The mean moisture content
of the kiln-dried wood samples at the time of finger jointing was

9 %. The finger-joints were produced using resorcinol formalde

hyde glue (DIANOL 33N) and end pressed using three different

pressures (Table 2). The different finger profiles (FI, F2 and F3)
and end pressures were studied in order to secure a wide range
of failure stresses and to obtain different qualities of finger-joints

for the analyses. The adhesive was double spread on the samples

before pressing, and the specimens were cured under a temperature

PI
P2

P3

Porter et ai. (1972) and Knuffel (1988), fractures develop in
three distinct phases: initiation, growth and ultimate failure.
Fracture growth in timber commences at very low stress
levels, increases slowly at first and then at a certain point
"takes off' rapidly, escalating in frequency and extent until
catastrophic failure takes place (Knuffel 1988). As a mate
rial is stressed, the resulting AEs produced at the defect site
propagate throughout the material, and are usually detected
by a sensor coupled to the surface being monitored (Porter
et ai. 1972; Dedhia and Wood 1980; Honeycutt et ai. 1985;

Rice and Skaar 1990). The sensor converts the incoming
signal to an electric impulse which is amplified and condi
tioned to remove extraneous noise. Many systems in current
use allow the emissions to be filtered such that only signals

(termed "counts" or "event-counts") above a certain thresh
old level are registered (Rice and Skaar 1990). The most
common method of reporting AE activity is to describe the
count rate or cumulative event-counts as a function of the
stress applied to the material (Rice and Skaar 1990).

The amount of strain energy or AE released is correlated
with mechanical properties of timber or adhesive joints.
Porter (1964) was the first to study the application of AE
to wood by using it in a study of fracture mechanics in
wood. There have been several attempts at using the tech
nique to evaluate the strength of adhesive bonds. Pollock
(1971) used the technique to predict failure of adhesive
bonds stressed in tension, and found that specimens with
poor adhesion had a higher emission rate than those with
good adhesion which emitted at lower stress levels. Porter et

aL'(l972) and Dedhia and Wood (1980) used AE to

)h'9li~destructively predict failure of 2" X 6" (i.e. 50 mm X

~!F~~Qmm)Douglas fir finger-joints. These studies indicated
;1'~~~tprediction of the ultimate bending strength depended
¥'.7oIiTtfielo_i):\latwhich the prediction was made and the nature

~g.t:~-joint.Porter et ai. (1972) reported that a load
i5eYondthe proportional limit should permit esti-
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10/TD1

(I)

Printer 1
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SAE·l000AI
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~D nDefledion .~
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To"
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k· )1=)1-Z')1' CV

Fig. 3. Schematic diagram of the aco~~i.~ ~~:~~test set-up.

con grease and rubber bands (Figs. 2 and 3). Signals received by
the AE sensors were pre-amplified to 40 dB and further amplified
by a main-amplifier to 20 dB. Threshold level was SOmY. This
threshold was just above the noise level at the beginning of the test,
and thus.minimized.the_p-QssibiliJi'Slf iEtr:Q~~~ng emission signals
arising from changing background noise leveL An AE'AnaIYzer,
model SAE-IOOOA, .equipped with band filters received, filtered
and counted the ~mplified signals (Fig. 3). The filters were set
between 100 kHz and 500 kHz. All signals outside this band were
attenuated. Loads ';;Verealso channeled through a strain amplifier
to the AE Analyzer. The digital signals from the counter were con
verted to analog form and both loads and counts were sent to a per
sonal computer for processing.

Data analyses

Analyses of variance of test data from different end pressures

Analyses of variance performed using the F-test (at a. = 0.05)
showed that end pressure was not statistically significant with
respect to UTS, Therefore the test data collected for the three
different end pressures for each finger profile type were combined
for each species in an attempt to increase sample size for the data
analysis.

Selection of stress levels for predicting UTS

As non-destructive prediction method, low stress levels which
would not cause incipient failure in the finger-joints and subse-

. quently lead to failure in service, or stress levels which might break
only an insignificant number of samples being tested were consid
ered as best. The accuracy of predicting finger-joint strength, how
ever, has been reported to decrease, the farther away from the ulti
mate stress the prediction was made (Porter et al. 1972; Dedhia and
Wood 1980), Two stress levels, SO% and 70 % of mean ultimate
strength of each species, were selected for predicting the finger
joint UTS. The 70 % stress level was close to the proportional limit
stress of Obeche finger-joints of 67 %, and it was also used for sim
ilar studies on modulus of rupture of specimens of the same species
(to facilitate comparison). Strickler et al. (1970) reported that
proof loads between 60 and 90 percent of the expected ultimate
strength did not significantly reduce the tensile strength of end
jointed Douglas fir, indicating the general safety of predicting at
70 % of ultimate stress. The lower stress level of SO% selected for

prediction was expected to break less than I % of samples as cal
culated from the normal distribution of the test data (Fig. 4).
Expressing the stress level as a fraction, k, of the mean ultimate
strength, and the'standard deviation as the product of the mean ulti
mate strength, )1, and coefficient of variation, CV, the following
equation (I) could be written.

Static tension test

The tension specimens were tested using a servo-controlled fatigue
test machine (Shimadzu Servopulser EHF-ED 10rrD I) of static
loading capacity of ± 100 kN, A cross-head speed of 3 mm/min
was used, and failure occurred within 5 to 10 minutes of test dura
tion, Each replication of specimen was tested in accordance with
ASTM D 198-84. Specimens were set up between the grips such
that the finger-joint was at mid-span position of the 500 mm free
span. Elongation was measured using two transducers set over a
distance of 80 mm with the finger-joint positioned in the middle
(Fig. 2). All the specimens were loaded to failure and ultimate ten-

of 30°C for about 48 hours. The samples were planed, ripped and
cross cut to tension test specimen dimensions of 15 X 70 X 700 mm
for Makore and Moabi, and J 5 X 58 X 700 mm for Obeche, due
to insufficient supplied wood samples of Obeche. The specimens
were conditioned to nominal 10% moisture content, under con
trolled temperature of 20 ± 1°C and relative humidity of 55 ± 3 %,
before the test.

Fig. 2. Set-up of tension test for finger-jointed specimens.

sile strength (UTS), modulus of elasticity (MOE) and mean pro
portionallimit stress were determined. Ninety (90) specimens were
tested for each species, and those that failed outside the joint were
excluded from subsequent data analyses,

Recording of acoustic emissions

One of the most critical factors in AE sensing is the coupling be
tween the sensor face and the sensed material, in that air gaps
greatly attenuate ultrasonic transmission (Beall and Wilcox 1987),
Two AE sensors were coupled to each face of a test specimen
25 mm apart on each sid\: of the finger-joint, with the aid of sili-

Holzforschung / VoL 55 /200 I / No.6
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0.06

iE-- Mean ~ 34.61 MPa

UTS (MPa)

Fig. 4. Normal distribution of ultimate tensile strength (UTS) of
finger-joints from Obeche.

on applied stress, P, for the finger-jointed specimens under the
present study (Fig. 5) followed Sato's et at. (1985) regression func
tion expressed by equation (7).

AE generation from the different profiles and lumber species

The cumulative AE count versus applied stress curves (Fig. 5)
showed that AE activity started earlier in specimens of profiles FI
and F3 than those of profile F2 for all the three species studied
(Table 3). For profile F2, AE began at stress levels of 48 %, 19%
and 25 % of mean UTS for Obeche, Makore and Moabi, respec
tively (Table 3). Shortly after start, AE generation from profiles
FI and F3 seemed to have increased rapidly (Fig. 5) until failure
occurred at comparatively lower stress levels than for profile F2.
For specimens from profile F2, however, AE generation seemed to
have proceeded less rapidly than specimens from profiles F I and

70605040302010

0.01

0.05

'"
.;;( 0.04c:

2:1

~ 0.03

:0
'"

..g 0.02
P:

(4)

The stress intensity factor, K, is also proportional to the applied
stress, P, as follows

70
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ProfileFI
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Applied Tensile Stress, P, (MFa)

20

!qProfile.F~qq.

¥.!j r }'''''''iiT
q'qqq qqq. !
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C
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0

Fig. Sa. Relationship between cumulative AE count and applied
tensile stress for Obeche finger-joints of three profile types.

1200

1000

Z
C

800
" 0u

~ 600" .~OJ
400:; E"u 200

0

0

(2)

(3)

k = I - 2.33 . CV

where E is Young's modulus.
Onogami et al. (1979) reported that cumulative AE count, N, is

proportional to the stress intensity factor, K, as

From which k = I - z . CV. For a standard normal variable

z = 2.33 corresponding to I% probability of failure, the equation
was simplified as

The proportion of the ultimate strength used as the predicting
stress level, k, calculated from equation (2) came to about 50 % for
Obeche, 42 % for Makore and 31 % for Moabi. 50 % of ultimate
stress level was used to ensure that a reasonable number of acoustic

emissions could be collected for the case of Obeche specimens,
where, generally, fewer AEs were emitted until 50 % of ultimate
strength was reached. This explains the difference between the
number of specimens tested and those analyzed for each species.

Theoretical considerations on AEs

According to Hartbower et al. (1972), Ono (1973) and Suzuki and
Schniewind (1987), the release rate of fracture energy, G, in the
plane stress of isotropic materials is related to the stress intensity
factor, K, by

Koc P (5)

This indicated that cumulative AE count was related to the
applied stress as N oc p2

implying that,

Fig. Sb. Relationship between cumulative AE count and applied
tensile stress for Makore finger-joints of three profile types.

(6)

where a = constant.
Sato et at. (1985) showed that the cumulative AE count, N, and

the applied load, Q, could be similarly related as shown in equa
tion (7).

where a = regression coefficient of the cumulative AE count vs .
applied load curve, and

b = coefficient relating to the Kaiser effect (Kaiser 1953)
The importance of the relationship between applied stress and

cumulative AE count lies in the possibility of estimating ultimate
tensile strength non-destructively using AEs. The regression of N
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Fig. Sc. Relationship between cumulative AE count and applied
tensile stress for Moabi finger-joints of three profile types.

(7)N= aQ2 + b
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Table 3. Mean stresses, ratios of stresses at start to stresses at completion of AE, and mean regression coefficients, a, for linger-joints
from Obeche, Makore and Moabi
Species

ProfileMean StressMean UTS"'Ratio of StressMean Regression Coefficient,Mean Regression Coefficient,
Type

at I" AE Count(MPa)at 1st AE to UTSa, at 50 % Prediction Levelii, at 70 % Prediction Level
(MPa)

(%)

Obeche

Fl9.5235.39280.291 (0.007-2.457)0.217 (0.004-0.537)
F2

16.7440.40480.151 (0.008-0.665)() 164 (0.003-1030)
F3

10.1929.77290.526 (0.028-3.177)0388 (0020-1564)
ALL F

117734.61340.347 (0.007-3.177)0.265 (0.003-1564)

Makore

FI5.9248.38120.358 (0.042-1.515)0.313 (0.035-1084)
F2

9.1757.10190.162 (0.003-2.759)0.125 (0.003-0.630)
F3

5.8244.44120.335 (0.015-0.789)0.342 (0.022-0.752)
ALL F

6.8849.36140.286 (0.003-2.759)0.268 (0.003-1.084)

Moabi

Fl4.0130.79100.586 (0.0 LO-1436)0.497 (0.0 13-l.353)
F2

9.4352.10250.151 (0.004-0.854)0.147 (0.001-0.974)
F3

6.4833.38170.288 (0.010-1.285)0.321 (0.009-1026)
ALL F

6.3938.50170.339 (0.004-1.436)0.322 (0.001-1353)

" Ratio calculated using mean UTS of all profiles of each species (i.e. ALL F). Values in parenthesis are ranges of regression coefficients, a.

where f = UTS of specimen (MPa)
a = regression coefficient of cumulative AE count versus

applied stress curve
c, d = regression coefficients for logarithmic function

E = residual error

F3. Curves from profile F2 were oflower curvature than those from
profiles F1 and F3, possibly stemming from the less rapid increase
in AE generation from profile F2. A more rapid and early AE
activity has been reported to be indicative Of a weaker specimen
(Pollock 1971; Noguchi et at. 1986,1992; Beall and Wilcox 1987).
The pattern of AE activities from the three finger profiles of each
species seemed to be indicative of the fact that finger-joints from
profile F2 were stronger (Table 3) and more efficient than those
from profiles F1 and F3. This result agreed with earlier results
reported on finger-joints from the same hardwoods (Ayarkwa et at.
2000). For the three hardwoods studied, AEs from finger-joints
from the low-density Obeche began comparatively later, about
34% of mean UTS, than those from the medium-density Makore
of 14 %, and the high-density Moabi of 17 % (Table 3). The later
start of AE generation from finger-joints from Obeche may possi
bly be due to their higher joint efficiencies (Ayarkwa et at. 2000).

Predicting UTS

AE patterns non-destructively to predict finger-joint UTS by plot
ting, for each specimen tested, the cumulative AE count versus
applied stress curves up to 50 % and 70 % of mean ultimate
strength of each species. The function in equation (7) was fitted to
each curve and the regression coefficient, a, was determined. Mean
values of the regression coefficients, a, summarized in Table 3,
indicated that the lower the regression coefficient, the stronger the
finger-joint for all finger profiles studied for each species.

For the specimens tested for each finger profile of each species,
and for the combined data for all profiles of each species, the
destructive parameter UTS was correlated with the regression coef
ficient, a, for both the 50 % and 70 % prediction stress levels. The
distribution of the data points in all cases indicated a non-linear
relationship between the two variables. Using the least squares
regression analysis, a logarithmic function (eq. (8)) was observed
to be the best-fit function.

Logarithmic function:

f = c Ln (a) + d + E: (8)

Absolute percentage error

The scatter of the points on the plots of UTS against the regression
coefficient, a, was assumed to stem primarily from errors in pre
dicting the UTS. Therefore, absolute percentage error for each pre
diction made using the developed regression models was calculat
ed using the relationship

Absolute percentage _ Ipredicted UTS ~.actual UTSI
error (%) - Actual UTS X 100 (9)

Mean absolute percentage errors were calculated for each fin
ger profile of each species, and for the combined data for all pro
files of each species.

Results and Discussion

The summary of the results of the study are presented in
Tables 3, 4 and 5 for the mean stresses, correlation coeffi

cients and mean absolute percentage errors for the predic

tions of UTS for the different finger profiles and the com

bined data for each species. Table 5 also presenteds the

regression parameters and the significance of the regression
models developed for the combined data for each species

(at a=: 0.01), for both the 50 % and 70 % predicting stress

levels. Regression diagrams for the combined data from the

three profile types of each species are presented for the two

predicting stress levels in Figures 6 to 8. The regression dia
gram of UTS on static tension MOE for the same finger

jointed specimens are also presented in Figure 9 for com- .
parison.

The results showed negative correlation between UTS

and the regression coefficient, a, for all the regressions

(Table 5 and Figs. 6 to 8). This indicated that as the regres
sion coefficient, a, increased, UTS decreased, and vice versa.

For the individual finger profiles (Table 4), the trend in
the differences in correlation coefficients between the 50 %

and the~'70~%-pr€dic~ingstress levels was not consistently
clear. However, correlation coefficients obtained for the

70 % stress level seemed slightly higher than those for the
50 % stress level for Makore and Moabi. For the combined
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Table 4. Summary of parameters for the regression of UTS on regression coefficient, a, of cumulative AE count versus applied stress
squared for three finger profiles of Obeche, Makore and Moabi

Species

Obeche

Makore

Moabi

Protlle Type Correlation Coefficients from Prediction at"Mean Absolute Percentage Errors from Prediction at

50%

70% 50%70%

FI

0.49 (n == 24)0.43 (n == 19) 10.84 [10.69]9.35[7.38]
F2

0.58 (n == ]4)0.44 (n == 22) 10.64 [7.91]11.37 [8.00]

F3

0.30 (n == 22)0.57 (n == 23) 12.02 [971]7.94 [5.10]

FI

0.42 (n == 21)0.4] (n == 21) 13.29 [12.60]13.02 [12.21]
F2

0.68 (n == 26)0.72 (n == 26) 12.70 [7.48]12.20 [9.13]

F3

0.18 (n == 36)0.18 (n == 31) 12.84 [11.23]12.81 [11.35]

FI

0.19 (n == 20)0.29 (n == 21) 21.22 [23.64]14.31 [12.36]
F2

0.62 (n == 22)0.63 (n == 22) 10.89 [10.49]10.53 [10.25]
F3

0.41 (n == 23)0.45 (n == 23) 21.34 [8.94]15.08 [9.82]

n == sample size analyzed. Values in square brackets are standard deviations.
# Denotes absolute percentage error calculated from equation (9).

Table 5. Summary parameters for the regression of UTS on regression coefficient, a, of cumulative AE count versus applied stress squared
for combined data from three profiles of Obeche, Makore and Moabi

Species PredictionNo of SpecimensLinear Regression ModelCorrelationSignificance#Mean Absolute

Level
Analyzed Coefficientof Model at 1%% Error

Obeche

50% (jQf== -2.493Ln(a) + 28.9780.5~*12.41 (8.46)
70%

/64f == -2.555Ln(a) + 31.3760.56*11.54 (6.86)
""-"'.'- Makore 50% 78f== -5.308Ln(a) + 40.8720.62*12.92 (9.50)

70%
78f == -6.002Ln(a) + 40.6520.63*12.70 (8.50)

Moabi
50%'"65

f==-4.704Ln(a) + 31.1430.66*17.99 (l1.l9)
70%

66,f== -5. 114Ln(a) + 30.8700.67*17.55 (9.38)

f == MOR; a == regression coefficient of cumulative AE count versus applied stress squared: Values in parenthesis are standard deviations.
* Denotes statistically significant at 1% level. # Denotes absolute percentage error calculated from equation (9).

data for each species (Table 5), there seemed to be no sig
nificant differences between the correlation coefficients

obtained for the two predicting stress levels. Among the
three finger profiles studied for each species (Table 4), pro
file F2 seemed to have resulted in higher correlation coeffi
cients than profiles FI and F3, for both the 50 % and the
70 % predicting stress levels. This trend might be related
to the higher joint efficiency reported on finger-joints pro
duced from finger profile F2 than those from profiles FI and

F2 (Ayarkwa et at. 2000). Although the correlation coeffi
cients, which ranged between 0.18 and 0.72 for the individ
ual finger profiles (Table 4) and between 0.55 and 0.67 for
the combined data for each species (Table 5), were not very
high, the test of significance (at a. = 0.01) indicated that
the regressions were statistically highly significant. Thus
the data obtained gave reason to conclude that logarithmic
relationship existed between the UTS and the regression
coefficient, a.

60

••r
..

A'_A___
Y ~ -2.493Ln(x) + 28.978]

R=O.55

OBECHEa

0.511.522.533.5

60

I •50
-;;;-40

~</>30
!:i

20
10a

a
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." • •. •
.• ..

.•
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Y ~ -2.555Ln(x) + J 1.376
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0.4

0.60.811.21.41.61.8

Regression Coefficient, a

Fig. 6a. Regression of ultimate tensile strength (UTS) of Obeche
finger-joints on regression coefficient (a) of cumulative AE versus
applied stress squared up to 50 % of ultimate stress .• == Obeche,
• == Makore, .•. == Moabi .

Regression Coefficient. a

Fig. 6b. Regression of ultimate tensile strength (UTS) of Obeche
finger-joints on regression coefficient (a) of cumulative AE versus
applied stress squared up to 70 % of ultimate stress .• == Obeche,
• == Makore, .•. == Moabi.

Holzforschung / Vol. 55 / 2001/ No.6



658 J. Ayarkwa et at.: Finger-Joint Ultimate Tensile Strength from Acoustic Emissions

;

i
;•

• ;.. i

~~tt, ...

,

.....~ i

':'
..

..
.... I".

• -
v = -5.308Lnlx) + 40.872

i

R = 0.62

1
MAKORE

I

•

1.6

•
•

1.4

MOAB!

..•

1.2

•

0.8

Y= -4.704Ln(x) + 31.143
R= 0.66

0.6

•

0.40.2
a

a

20

10

32.51.50.5

a
a

70

00

80

20

10

Regression Coefficient, a Regression Coefficient, a

Fig.7a. Regression of ultimate tensile strength (UTS) of Makore
linger-joints on regression coefficient (a) of cumulative AE versus
applied stress squared up to 50 % of ultimate stress .• == Obeche,
• = Makore, ..•.= Moabi .

Fig. Sa. Regression of modulus of rupture (MOR) of Moabi fin
ger-joints on regression coefficient (a) of cumulative AE versus
applied stress squared up to 50 % of ultimate stress .• = Obeche,
• == Makore, A == Moabi.
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Fig. 8b. Regression of ultimate tensile strength (UTS) of Moabi
finger-joints on regression coefficient (a) of cumulative AE versus
applied stress squared up to 70 % of ultimate stress .• == Obeche,
• == Makore, ..•. == Moabi.
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tension modulus of elasticity (MOE) of finger-joints from Ob
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-- Obeche, - - - Makore, Moabi.

finger-joints dedined, the accuracy of predicting UTS also

reduced.-This--also agreed with Porter et al. (1972) and

Dedhia and Wood (1980) who indicated that the accuracy of

predicting finger-joint strength from AE depended on the

nature of the joint. The decreased accuracy for the less

Mean absolute percentage errors calculated from the

regression models, did not show significant differences be

tween the 50 % and the 70 % predicting stress levels for the

combined data for each species (Table 5), although the 70 %
stress level appeared to have resulted in slightly lower mean

errors. For the different finger profiles of each species, the

results showed that the 70 % predicting stress level resulted
in lower mean percentage errors than the 50 % stress level

(Table 4). The mean absolute percentage errors for the com

bined data could be rounded up to 12 %, 13 % and 18 % for

Obeche, Makore and Moabi, respectively, for both the 50 %
and the 70 % predicting stress levels. The results obtained
seemed to agree with Porter et at. (1972) and Dedhia and

Wood (1980) who reported that the accuracy of predicting

finger-joint strength from was AE reduced, the farther away

from the ultimate stress the prediction was made. The
results further showed for both the 50 % and the 70 % stress

levels that, generally, higher accuracy was obtained when

UTS was predicted from the models developed for speci
mens from profile F2 than those from profiles Fl and F3

(Table 4). Finger profile F2 has been reported to be the most

efficient profile among the three profiles studied (Ayarkwa

et al. 2000), seemingly indicating that as the quality of the
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efficient finger profiles Fl and F3 may be partly attributa

ble to spurious acoustic signals generated by the poor-qual

ity joints loosening up. This might have led to an underes

timation of the true UTS of the specimens. Among the three

species studied, prediction accuracy for the combined data

appeared to decrease with wood density, decreasing from

the low-density Obeche of 12 %, through the medium-den

sity Makore of 13 % to the high-density Moabi of 18 %, for

both the 50 % and the 70 % predicting stress levels. This

might be due to the increase in variability of UTS of finger

joints with increase in wood density already reported on
finger-joints from the three species (Ayarkwa et al. 2000).
The greatest variability in finger-joint UTS reported on the

high-density Moabi were attributed to poor gluability, pos
sibly stemming from low porosity, poor wettability and the
likely presence of extractives in excess amount in the wood.

The decreased accuracy may also have resulted from spuri

ous acoustic signals generated by the poorly jointed fingers

of the finger-joints from Moabi sliding over each other,
which might also have led to an underestimation of the true

UTS of the specimens. It may be inferred from the mean

percentage errors (Tables 4 and 5) that predicting UTS at

70 % of mean ultimate strength seemed a slightly better
option. However, the 70 % stress level could break an unre

alistically high proportion of specimens of each of the three

species during stress application. Consequently, the 50 %
predicting stress level, which could break a small propor
tion of specimens of the three species (less than 5 %) under

proof testing, may therefore be recommended as the most

economic option. For Obeche, however, to ensure that rea

sonably adequate number of AEs would be generated for
subsequent analysis, around 60 % of ultimate stress level,

which might break only about 3 % of specimens may be
recommended.

Machine stress grading is based on the establishment
of a statistical correlation between the stiffness of lumber

(MOE) and its UTS. The correlation coefficients of 0.04,

0.25 and 0.07 obtained from the regression of UTS on

MOE for the finger-joints from Obeche, Makore and

Moabi, respectively (Fig. 9), indicated that the UTS-MOE

correlation would be of little use for the finger-joints used

in this study. Therefore, the AE monitoring appeared to hold

greater prospects for non-destructively predicting UTS of

finger-joints from the three tropical African hardwoods.

Conclusions

The results of the study suggested that the regression coef
ficient, a, of the cumulative acoustic emissions counts

versus applied stress squared function is a sensitive indica

tor of ultimate tensile strength of finger-joints from the

three tropical hardwoods. Although correlation coefficients

obtained for the regressions were low, the regression models

developed were statistically highly significant (a = 0.01),
indicating their suitability for predicting ultimate tensile

strength. Mean absolute percentage errors obtained were

reasonably good, indicating that measuring AE up to 50 %
of ultimate strength of finger-joints from Makore and Moabi,

and up to 60 % for Obeche seem the best options. The devel-

oped models also seemed sensitive to the quality of the

finger-joint, as the accuracy of predicting ultimate tensile
strength reduced with the strength of the finger-joint.

The results of the study have given an indication that this

acoustic emission monitoring procedure could be useful for

non-destructively predicting UTS of finger-joints from the
three tropical African hardwoods.
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