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Determination of Ratio of Wood Deterioration
Using NDT Technique*'

Jun-Jae Lee™?" and Mun-Sung Bae ’

ABSTRACT

In ancient wooden structures, the mechanical properties of the structural members have been reduced
by time-dependent degradations such as fatigue or creep. Also, the external and internal deterioration was
caused by environmental condition, fungi, bacteria, or insect, and then reduced the quality of structural
members. However, the previous methods for evaluating the deterioration have been mainly depended on
the visual inspection. In this study, therefore, ultrasonic stress wave test, accelerometer stress wave test
were used to evaluate the deterioration of structural wood members in ancient wooden structures. Based
on the results, the quantitative criteria of stress wave transmitted velocity were proposed to evaluate the
deterioration of structural member. The proposed criteria were related to the degree of deterioration. In
accelerometer stress wave, the criteria of deterioration of wave reciprocal velocity was below 1800 ys/m
at incipient deterioration (below 12% ratio of deterioration), between 1800 and 2200 ys/m at moderate
deterioration (12~17%) and above 2200 ys/m at severe deterioration (above 17%). The ultrasonic stress
wave, the criteria of deterioration were 800 and 950 ys/m at below 8% and above 15% of the degree of
deterioration respectively.

Keywords : deterioration, ultrasonic stress wave test, accelerometer stress wave test, criteria of deterioration,
ratio of deterioration

1. INTRODUCTION

Lee er al(2002) asserted that sound wood
had a strong cell wall structure, but physical
and chemical variations were occurred by the
invasion of deterioration organisms within the
individual cells. The mechanical properties of
wood have been reduced by fatigue, creep for

time-dependant, change of moisture contents,
insect, weathering, and so on. The structural
members of ancient wooden structures have
exposed to the conditions as above. It makes it
possible to reduce mechanical properties of
structural wood members. It might lead to the
collapse of the structures. Zabel & Morrell
(1992) insisted that reliable decay detection is a
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Table 1. Description of the specimens

Post Beam
. Width Depth Length Width Depth Length
Rectangular cross section
15~16 15~16 190~236 8.5~14 13~22 143~264
. Diameter Length Diameter Length
Circular cross section
18~26 147~306 17.5~21 152~160

*Unit : cm

major challenge, and it is especially important
to detect decay before serious damage occurs.
However, the previous methods were not suffi-
cient to evaluate the deterioration for repairing
and replacing the structural members because
these methods could not exactly take out the
deteriorated degree or location of wood. Espe-
cially, the deterioration by termite can't be de-
tected with these methods. Consequently, the
location and degree of deterioration should be
evaluated exactly for effective conservation and
maintenance of ancient wooden structures.

By definition, nondestructive testing (NDT) is
the science of identifying physical and mechan-
ical properties of a piece of material without
altering its end-use capabilities. The requirement
of NDT is expanding because an increasing
amount of resources has been devoted to repair
and rehabilitation of existing structures rather
than to new construction. As more resources are
devoted to repair, an increasing emphasis must
be placed on the in-place assessment of struc-
tures. This, in turn, requires accurate, cost-
effective NDT techniques.

In this study, the structural members were
evaluated by the scientific NDT method for
assessment of internal state. That is, the deterio-
rations of the structural member were evaluated
by two types of stress wave timer (accelerom-
eter stress wave test, ultrasonic stress wave test)
based on NDT and drilling resistance tester was
used to aid results of the NDT. Based on the
result of this study, the criteria of deterioration
for the stress wave according to the degree of

deterioration were proposed. It was not volun-
tary, subjective criteria but objective, scientific
criteria for degree of deterioration used by the
NDT. It helps to us for conservation of disap-
pearing ancient wooden structures.

2. MATERIAL and METHODS

A total of 27 specimens were used in the
study and were mainly post and beam which
had various diameters and lengths. Also, the
specimens had both rectangular and circular
cross section(Table 1). The specimens, which
were replaced with new members, have been
obtained from ancient wooden structures because
they were suspected of deterioration.

All specimens were Korean Pine (Pinus
densiflora). Specific gravity, which was measured
following ASTM D 2395 Method A (Volume
by measurement), was 0.41 ~0.52. The moisture
content was 13.04~14.07(%) and followed
ASTM D 4442-92 Method A (Oven-Drying (pri-
mary)). All specimens for the specific gravity
and the moisture content were obtained from
each cross-section after NDT.

2.1. Nondestructive Testing

Before NDT, a visual inspection was carried
out and the specimens were classified to
progressive deterioration and sound for surface.
And then, the NDT was performed. In this
study, deterioration of specimens was evaluated
by the accelerometer, ultrasonic stress wave
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tester of devices for NDT. And then drilling
resistance tester was used to aid the NDT.

Accelerometer stress wave timer (Metriguard
239-A) have range of time to 0~9,999 (us) and
resolution of = 1 (us). Ultrasonic stress wave
timer (PUNDIT-PLUS) was consisted of two
54 kHz transducers coupled to an ultrasonic
transmitter and receiving unit which have a
diameter of 50 mm and have the resolution of
* 0.1 (us). transit times are used to be a
qualitative evaluation for inner deterioration of
wood. The stress wave transmitted time increase
along the increment of transmitted length and
have a deep correlation to density of material.

In general, the transit time increases along
the decrease of density caused by a progressive
deterioration.

Drilling resistance test is a quasi-nondestructive
test which has been used to detect decay in
trees and timber. It is classified as quasi-
nondestructive because a small diameter (3 mm)
hole remains in the specimen after testing. Dirk
& Peter(1994) showed that this hole is small
enough to have only negligible structural effects
on the remaining cross section, and may be
sealed to prevent an access for agents of decay.
Drilling resistance tester (IML-RESI F-400)
operates under the premise that resistance to
penetration is correlated with material density.

Drill resistance is determined as measuring
the power required to penetrate through the
material. Frank(1994) showed that plotting drill
resistance versus drill tip depth results in a drill
resistance profile which can be used to evaluate
the internal condition of a tree or timber
member and identify locations of various stages
of decay.

Each member was marked at 50 mm intervals
along the length as shown in Fig. 1. Accel-
erometer stress wave test was carried out in six
directions at each marked position, approx-
imately 30 degrees apart. And then, ultrasonic

s 1. Stress wave test

2. Ultrasonic wave test

3. Drilling resistance test

Fig. 1. Measured points for the nondestructive testing
in the specimens.

stress wave test and drilling resistance test were
performed by a sequence at the same position
where accelerometer stress wave test was car-
ried out. Drilling resistance test was used to
assist the NDT in this study and to calculate
ratio of deterioration by Resistograph which
was profiled by drilling resistance test. That is,
criteria of deterioration of stress wave were
based on the relation between stress wave trans-
mitted time and ratio of deterioration at the
same position.

After NDT and drilling resistance test, each
member was cut at the position where the NDT
was carried out. And then, the boundary of
deteriorated part was marked.

2.2. Ratio of Deterioration

The Resistograph produces two forms of pro-
file. One is a simple trace on a special waxed
paper strip which slides in along the top of the
instrument. The other can be stored in an on-
board computer, and then downloaded to a desk-
top system for review, analysis, and printing as
shown in Fig. 2.

The horizontal axis of Fig. 2 indicates the
length passed through the specimen, and the
drill moves from right to left. The vertical axis
has no unit, but indicates relative density. For
example, a high point indicates relatively higher
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g. 2. Resistograph for detecting the extent of
deterioration.

density of wood than a lower point. The length
of deterioration could be investigated by the
change of amplitude in Resistograph and was
used to calculate the ratio of deterioration (%).

3L

1= 4
Rd=_—L x100(%) )]
total
where,
Ry : ratio of deterioration (%)
La : length of deteriorated parts (m)
Liow @ total path length (m)
i :L,2,3, 0.

In this study, the ratio of deterioration was
related to the stress wave transmitted time.
After analysis of the relation between the ratio
of deterioration and the stress wave transit time,
the criteria of deterioration were proposed ac-
cording to the degree of deterioration.

3. RESULTS and DISCUSSION

3.1. Comparison Between Acceler-
ometer and Ultrasonic Stress

Stress wave propagation in wood is a dynamic
process which is related to the physical and
mechanical properties of wood. Several different
types of wave can propagate in wood structures,
such as longitudinal wave, shear wave, and
surface(or Rayleigh) wave. Longitudinal wave
among these waves travels to wood at the
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Fig. 3. Relationship between the accelerometer and
the ultrasonic stress wave reciprocal velocity.

fastest velocity and are commonly used to eval-
uate wood properties.

Robert et al.(1998) showed that the behavior
of wave in sound wood differs from that in
decay wood. Particularly, a stress wave will
attenuate more rapidly in decayed wood than in
sound wood. Therefore, if the reciprocal velocity
would higher than others, it means that there
was a possible deterioration in estimated parts.

In Fig. 3, it showed the relationship between
the accelerometer stress wave reciprocal velocity
and the ultrasonic stress wave reciprocal velocity.
Ross(1999) insisted that speed-of-sound trans-
mission is a frequently used parameter that
correlates well with various wood properties.
The values in Fig. 3 were measured at the same
position of specimen.

However, the more a stress wave reciprocal
velocity was high, the more a dispersion of data
was large. It means that the result of between
the two test devices was different in spite of
measuring the transmit time at the same position.
It was followed reasons that a generated wave
from the PUNDIT-PLUS was easy to diffuse
and attenuate while passed through the wood
and then, the received transducer was not re-
ceived the signal since a low sound pressure of
it. Also, surface of a post was sound when a
visual inspection was performed before the
NDT but experimental errors could be occurred
to the interface between the post and the
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Fig. 4. The comparison between the Resistograph
and visual inspection for extent of deterioration.

transducers because the surface of a post might
not flat cause by drying checks.

A stress wave reciprocal velocity was high, it
was indicated that deteriorations could be pos-
sible to exist in wood. In this case, the trans-
mission of wave was affected by deterioration.
That is, if the deterioration would exist, a gen-
erated wave could not be transmitted directly at
the deteriorated part but be transmitted reflec-
tively or diffractively.

A main difference of between Pundit-plus
and Metriguard 239A was the principle upon
which a wave was generated. In the Metriguard
239A, it could use the wave which was gener-
ated by impact of hammer on a specimen but
Pundit-plus could use a piezoelectric transducer
to generate the wave. A transit time could be
measured by Metriguard 239A at the part which
could not be measured by ultrasonic stress wave
because the vibration caused by impact of ham-
mer might be affected to the received transducer.

3.2. Analysis of Resistograph Pattern

Deterioration marks the change of wood den-
sity at the beginning. Once decay became well
advanced, the wood structure was broken down
and wood density decreased drastically. The
change from sound to incipient deterioration
and from incipient to advanced deterioration
could be detected by the drilling resistance tests,

although the extent also depends upon the species
and growth patterns of the individual specimen.

Resistograph showed the internal state of
wood and could reveal several defects as crack,
knot, hole, insect, and fungi. By plotting out the
depths of sound and deterioration area in the
specimens, it made it possible to map an ap-
proximate extent of deterioration. The ratio of
deterioration was based on the analysis of
Resistograph and could be a foundation to pro-
pose criteria of deterioration. Therefore, accurate
analysis of Resistograph was very important in
this study.

It could be understood the properties of
density profile on Resistograph through the
comparison between real cross-section and pattern
of Resistograph. Based on these results, the
length of deterioration was measured in real
cross-section and then it was compared with the
calculated length of deterioration used by drilling
resistance test.

Also, it made it possible that the error, which
as ratio between a real length of deterioration
and length of deterioration calculated by the
Resistograph, was about 1.14.

Error=

Visual inspection _
Resistograph 1.14 &)

This indicated that the real length of deterio-
ration was much closed to the result of drilling
resistance test. However, it was not equal because
of following reason.

First of all, the penetration of drill needle
couldn't pass straight. As drilling resistance
tester contacted to the evaluated spécimens, the
penetration of drill needle might be curved by
various properties for the internal wood.

3.3. Proposition of the Criteria of
Deterioration : ‘

The experimental results of accelerometer and
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Fig. 5. The analytical method for determining the
criteria of deterioration.

ultrasonic stress wave were not quantitative but
qualitative evaluation. So, the criteria of deterio-
ration of accelerometer and ultrasonic stress wave
reciprocal velocity had to be determined for
quantitative analysis according to the degree of
deterioration because they were needed to
evaluate the internal deterioration in wood.
The internal defects of structural members
were investigated and the ratio of deterioration
was calculated to propose the criteria of dete-
rioration. In order to find out the adequate
criteria of deterioration, the horizontal line (B)
which indicated the stress wave reciprocal
velocity was moved to upward simultaneously
from origin in a vertical axis when the vertical
line (a) which meant the ratio of deterioration
was moved horizontally with 1 percent interval.

A Dy
S‘[ (A+A25')N+ (C+D)y

x100/2(%) (3)

where,

N : Number of data in each range

A, B, C, D : Separated areca by the inter-
section between stress wave reciprocal
velocity and ratio of deterioration

The stress wave reciprocal velocity increased as
the ratio of deterioration was improved. When
the percent in the area of A and D was maxi-
mum values, the lines(a,f) were determined.

The Smax Which was calculated by the formula
(3) was presented to determine the criteria of
deterioration according to the degree of deteri-
oration (Table 2).

When S was maximal value till less than 8%,
the ultrasonic stress wave reciprocal velocity
was 800(us/m) and the value of S was maxi-
mum as it was 950(us/m) from 9 to 15 percent.
Therefore, the criteria of deterioration for the
stress wave reciprocal velocity could be deter-
mined to quantitative evaluation of the deterio-
ration and the accelerometer stress wave recip-
rocal velocity was analyzed as the same method.
And then, the deterioration was divided into 3
grades according to the ratio of deterioration.
The criteria of deterioration and the classified
degree of deterioration were following (table 3).

In the case of accelerometer stress wave,
wave reciprocal velocity was below 1800 (ys/m)
until the ratio of deterioration of 12% and was
1800~2200 (us/m) as ratio of deterioration in-
creases from 12% to 17%. When accelerometer
stress wave reciprocal velocity was above 2200 (ys/m),
ratio of deterioration was increased above 17%.
Consequently, we might decide the incipient
stage (grade 1) of deterioration at the below
1800 (us/m), the moderate stage (grade II) at
the between 1800 and 2200 (ys/m) and the
severe stage (grade III) at the above 2200 us/m.

In the case of ultrasonic stress wave, simi-
larly, the ultrasonic stress wave reciprocal
velocity was below 800 (us/m) until the ratio of
deterioration of 8% and was 800~950 (us/m)
when ratio of deterioration increases from 8%
to 15% respectively. As ultrasonic stress wave
reciprocal velocity was above 950 (us/m), ratio
of deterioration increases at above 15%.

CONCLUSIONS

Based on the results of this study, we con-
cluded the following and propose the criteria of
deterioration of stress wave reciprocal velocity
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Table 2. The Swax under the criteria of deterioration according to the degree of deterioration

Ultrasonic stress wave reciprocal velocity

Accelerometer stress wave reciprocal velocity

(us/m) (its/m)
RD*_ ~800 ~%00 ~950 ~1000 ~1050 ~1100 Rrp ~1800 ~1900 ~2000 -~2100 ~2200
(*0) Smax (%) Sinax
1 19120 9094 9046 8964 8904 8814 1 80.18 7986 7937 7819 7798
2 9113 90.86 90.64 89.81 8920 8830 2 80.07 7974 7951 7832 78.10
3 19120 90.89 9065 90.05 89.68 8875 3 8047 8037 8036 79.13 7888
4 19124 9092 90.66 90.04 89.66 88.72 4 80.68 80.56 80.53 79.55 79.29
5 19067 9024 9020 8977 8933 8831 5 80.34 80.15 80.03 7893  78.61
6 8923 88.66 8884 8829 8775 8692 6 7940 7938 79.09 7870 78.28
7 8851 88.06 8817 8744 8677 8582 7 7847 7830 7814 7759 77.37
8§ 8741 8683 B86.88 8602 8525 8420 8 T686 7658 7628 7559 7528
9 8668 8637 | 86.84 8543  84.59 8347 9 7597 7562 7558 74.80 74.81
10 8578 86.03 8655 8505 8414 8335 10 7621 7616 7603 7553 75.50
11 8639 8637 8683 8514 8413 8326 11 7665 7653 7632 7573 76.07
12 8536 8581 B86.69 8445 8380 8288 12 7617 7599 7571 7505 7537
13 8474 8492 8558 8335 8262 8162 13 7608 7627 7587 7555 75.83
14 84.73 85.00 ' 8587 83.60 8271 8207 14 7735 7794 7783 7736 77.58
15 B84.14 8466 | 8551 8251 81.15 8080 15 7637 7690 76.66 7607 76.24
16 8089 8343 83.01 8310 8458 . 8413 16 7720 7769 7790 7717 7730
17 8083 83.75 8325 8308 8405 8306 17 7690 7735 7749 7667 7921
18 80.72 8325 8269 8272 8366 8467 18 76.13 77.19 7727 7636 78.99
19 8042 8258 8195 8225 8314 8414 19 7691 7796 7795 7691 79.66
20 80.81 83.26 8255 8315 8399 8499 20 7679 7784 7847 7732 80.17
21 7637 7742 7803 7682 79.72
22 7646 7750  78.08 76.78  79.77
23 7633 7737 7790 7647 79.58
24 7644 7748 7797 7643 79.65
25 7632 7736 7779 7608 8036

*] : Ratio of the data count of A and B in total data count, 2:Ratio of Deterioration

which were based on the ratio of deterioration
with evaluating for deteriorated members of
ancient wooden structure by NDT.

1) The internal state of structural members
was evaluated by NDT and the ratio of dete-
rioration could be calculated used by the anal-
ysis of Resistograph which was profiled by

drilling resistance test. Also, the location and
area of internal deterioration were detected by
drilling resistance test but it was qualitative
analysis.

2) Based on the ratio of deterioration, the
criteria of deterioration could be proposed to
determine the deterioration according to the
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Table 3. Criteria of deterioration using the accelerometer and ultrasonic stress wave reciprocal
velocity according to the degree of deterioration

Nondestructive Test

Grade of criteria of deterioration

I I I
Accelerometer stress wave reciprocal velocity(us/m) <1800 1800~2200 >2200
Ratio of deterioration(%) ~12% 12~17% 17%~
Ultrasonic stress wave reciprocal velocity(ys/m) <800 800~950 >950
Ratio of deterioration(%) ~8% 8~15% 15%~
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Fig. 6. Determination of the criteria of deterioration.

degree of deterioration by accelerometer and
ultrasonic stress wave reciprocal velocity.

3) In accelerometer stress wave, the criteria
of deterioration of wave reciprocal velocity was
the below 1800 us/m at the incipient deterio-
ration (below 12%), between 1800 and 2200 ys/m
at the moderate deterioration (12~ 17%) and the
above 2200 ys/m at the severe deterioration
(above 17%).

4) In ultrasonic stress wave, the criteria of
deterioration of wave reciprocal velocity is the
below 800 us/m at the incipient deterioration
(below 8%), between 800 and 950 us/m at the
moderate deterioration (8 ~15%) and the above
950 us/m at the severe (above 15%).

FUTURE WORKS

The results of this study could show the
relationship between the ratio of deterioration
and the wave reciprocal velocity and then, the
deterioration for inside parts of wood was
evaluated by the stress wave reciprocal velocity.
However, the research on the correlation of
NDT and deterioration is still a large field with
many open questions. In the future, we will
study to reveal a relationship between com-
pressive strength of structural members and
wave reciprocal velocity using the criteria of
deterioration which were proposed in the study.
And then we will be able to predict a residual
strength of structural members using the NDT.
If it should be produced, the evaluation for safe-
ty of ancient wooden structure may be possible.
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