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ABSTRACT

Time-domain acoustic emission (AE) parameters were monitored during the drying of 25- and 50-
mm-thick California black oak (Quercus kelloggii). Consistent drying conditions (82 C dry bulb
temperature/43 C wet bulb temperature) were used throughout the experiment, and an AET 5500
acoustic emission monitoring system was used to monitor AE activity. AE event rates for both
thicknesses were similar, with approximately 90% of all activity occurring during the initial 15 to 20
hours of drying, when the average moisture content was still above 50% (oven-dry basis). Active
propagation of surface checks was consistently associated with the occurrence of an increasing number
of high amplitude events (i.e., those between 60 and 79 dB), although nonvisible micro-failures could
have been associated with the large number of lower amplitude events. The high amplitude events
typically comprised less than 1% of all events occurring during a given run. Surface-mounted trans-
ducers did not detect AE associated with the internal checking that occurred in all test samples.

Keywords:

INTRODUCTION

As early as 1964, researchers began report-
ing on the possibility of using acoustic emis-
sion (AE) to monitor stress development dur-
ing drying (Skaar et al. 1980). It was not until
1980, however, that research in the drying area
began in earnest, and since that time there have
been many publications related to this topic.
The central objective of research in AE has
been the development of a reactive kiln control
system, similar in nature to that described by
Skaar et al. (1980) and Honeycutt et al. (1985),
and by Noguchi et al. (1987). Honeycutt et al.
(1985) reported that the drying rate of oak
specimens was controlled by adjusting kiln
conditions to maintain a ring-down count rate
of approximately 1,000 per minute. Noguchi
et al. (1987) reported on a control system in
which 1-inch-thick circular disks were dried
based on a preset value for the ring-down
counts per 10 second interval (designated as
p) and on the rate of increase of p over 10
minute intervals.

Several studies have confirmed that AE re-
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sulted from strains and fractures that occurred
during drying (Kagawa et al. 1980; Wassipaul
et al. 1986; Ogino et al. 1986; Noguchi et al.
1987). Others have reported that the level of
AE is affected by specimen size, species (e.g.,
hardwoods versus softwoods), and drying con-
ditions (Becker 1982; Noguchi et al. 1980,
1983, 1985). These studies have investigated
the drying of boards or disks (i.e., cross sec-
tions). The majority of studies to date have
used AE time-domain parameters in their
analysis; however, recent publications have also
reported on frequency-domain analysis to
monitor drying (Sadanari and Kitayama 1989;
Ogino et al. 1986).

Several AE publications related to drying
defects have concentrated on detecting and
quantifying checking. Techniques that have
been used to detect checking have included
monitoring an electrical current in conductive
paint (Noguchi et al. 1987), and periodically
photographing the drying specimen (Ogino et
al. 1986). Two other publications have re-
ported on methods to quantify the size or
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amount of checking. Michalski (1983) used the
stress wave factor (a measure used in acousto-
ultrasonic testing and is based on a function
of the pulser replication rate, the reset time,
and the number of threshold crossings) to
monitor the amount of internal checking that
occurred during drying, and Quarles and Zhou
(1987) reported that image analysis could be
used to quantify surface checking during dry-
ing.

The research discussed here expands on the
current knowledge related to the characteriza-
tion of AE associated with check development
during drying. The primary objective of this
study was to characterize the AE activity as-
sociated with surface check initiation and
propagation. Specific objectives included 1)
determining whether the AE time-domain
parameters of event rate and peak amplitude
distribution could provide additional infor-
mation, relative to the already investigated
ring-down count rate, regarding the state of
surface check development and propagation,
and 2) determining whether surface mounted
transducers could detect the occurrence of in-
ternal checking.

MATERIALS AND METHODS

Flat-sawn California black oak (Quercus kel-
loggii), a red oak type, was used for all drying
runs. Experimental material consisted of nom-
inal 25-mm and 50-mm-thick boards with di-
mensions of either 100 mm (width) by 140
mm (length) or 150 by 140 mm. The 100- by
140-mm samples were designated S, and the
150- by 140-mm samples were designated L.
All edges were sealed with silicon caulk and
aluminum foil prior to drying. Constant drying
conditions of §2 C dry-bulb and 43 C wet-bulb
temperature were used for all drying runs. The
severe conditions were used to help ensure sur-
face checking. The 25-mm samples were dried
for approximately 48 hours, and the 50-mm
samples were dried for approximately 72 hours.
The drying rate of each sample was monitored
by mounting the sample on a weighing plat-
form that was connected to a load cell. The
load cell was mounted on the under side of the

kiln, and therefore was not subjected to the
kiln conditions.

The door to an experimental micro-kiln had
three glass windows installed in order to enable
the drying process to be videotaped. Lights
were mounted in front of two of the windows
and a video camera was mounted in front of
the third window. The drying sample was
mounted vertically on the load cell, making
the videotaping of surface check development
possible. The back side of each sample could
not be viewed, but was inspected at the con-
clusion of each run. The first 12 hours of each
drying run were taped. The videotapes were
played back in an image analysis system (an
Olympus Corporation C-2 Image Analyzer)
and the length of each surface check was mea-
sured as a function of drying time.

An AET (Acoustic Emission Technology)
5500! general purpose acoustic emission (AE)
monitoring system, in conjunction with a 286-
type microcomputer, was used to monitor and
record AE activity. A 1.0 V floating threshold,
with a total system gain of 80 dB (60 dB
preamp), and a 125-250 kHz filter were used
in all runs. With these settings, the minimum
and maximum peak amplitudes for a given
event were 40 and 79 dB, respectively. Two
175 kHz resonant piezoelectric transducers
were attached to the surface of each sample
using a high temperature hot-melt adhesive.
The hot-melt adhesive served a dual purpose
as a couplant, and as an adhesive to hold each
transducer stationary. A small angle brace and
constant force spring were also used to secure
each transducer to the wood sample (Fig. 1).
Each transducer was 22 mm in diameter. Since
physical properties and anatomical character-
istics of wood affect propagation, two trans-
ducers were used on each sample in order to
minimize attenuation effects. The transducers
were located 40 mm from each end of the sam-
ples, and 60 mm apart. Sample material was
obtained from oak logs processed at the Uni-

! Manufactured by Hartford Steam Boiler Inspection
Technologies, Sacramento, California.
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versity of California Forest Products Labora-
tory, and was not surfaced prior to drying.
However, a 25-mm diameter end mill was used
to prepare a relatively smooth surface where
the transducers were positioned.

A post processing program was written to
allow for the measured AE time-domain pa-
rameters to be averaged over a user selected
time interval. This program also incorporated
a histogram feature which allowed the distri-
bution of AE events based on peak amplitude
or other event parameters, and user selected
ranges and time intervals, to be determined.

RESULTS AND DISCUSSION

Information presented in this paper will be
limited to AE event rate and peak amplitude
data. Other time-domain data were initially
analyzed (ring down counts, rise time, event
duration, and a measure of energy, defined by
a function that includes peak amplitude and
the logarithm of event duration), and the trends
were very similar to those observed in the event
rate and peak amplitude data (Quarles 1990).

The average initial and final moisture con-
tents for the 25- and 50-mm samples were
97.6% and 94.3%, and 11.9%, and 13.4%, re-
spectively. The total events and the number
of events per peak amplitude group for each
sample are given in Table 1. The absolute
number of events was quite variable between
specimens, and even between transducers
mounted on the same specimen (differences
between transducers can be expected because
of differences in the calibration curves of given
transducers). Note that the total events bore
little relation to whether surface checking ac-
tually occurred. In fact, the total events be-
tween specimens, and even between thick-
nesses, were not significantly different (p-values
= 0.92 and 0.32, respectively). These results
indicated that cumulative events alone were
not indicative of the propensity to check and
therefore would not be an appropriate con-
trolling parameter. This observation is in
agreement with the results of Noguchi et al.
(1987). These results also showed that as long
as the samples were properly end-coated to

FiG. 1.
weighing platform and the transducer locations on the
sample, and the technique used to attach the transducer
to the wood.

Photograph of the experimental setup showing

prevent excessive end drying, AE activity was
not a function of specimen size. Therefore, even
though specimen size, designated by either S
or L, will be indicated, no distinction will be
made between the two sizes when discussing
results.

With the experimental drying conditions (82
C dry bulb temperature/43 C wet bulb tem-
perature), the 12 hours of videotaping were
sufficient to observe check development and
propagation to maximum length, and usually
sufficient to observe check closure in the 25-
mm material. In some cases, however, check
closure was observable only because of dra-
matic decreases in check width, even though
the check length remained unchanged. For the
50-mm material, 12 hours was sufficient to
monitor check development and propagation.
With these samples, check closure occurred
approximately 25 hours into the drying run.

General trends in AE activity

Two event versus time curves for 25-mm
specimens are shown in Fig. 2. In these plots,
the number of events per 10-minute interval
is shown. The moisture content determined
from load cell data is also shown. Note that
checking was not observed in sample S13144,
For all 25-mm specimens, there was a consis-
tent global or local maximum in the event rate
data at approximately 0.5 hours (labeled A),
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FiG. 2. Events per 10-minute interval and moisture
content curves for the 25-mm samples S13144 and 112444,
Checking was observed in sample 1.12444, but not in sam-
ple S13144.

with subsequent peaks occurring later in the
run. This trend was observed whether or not
surface checking occurred. The same trend was
observed in the 50-mm samples (Fig. 3), with
the initial maximum occurring at approxi-
mately 1 hour (labeled A). These trends are in
qualitative agreement with the results of No-
guchi et al. (1985), and may have been caused
by events associated with cavitation of water
in the lumens (Milburn 1973; Tyree and Dixon
1983) and/or micro-failures that were not vis-
ible to the naked eye. A second peak occurred
after the initial maximum at 0.5-1.0 hours.
These maxima have been labeled B. In the 25-
mm samples and the 50 mm-sample in which
checking was observed, the secondary maxima
occurred when the average moisture content
of the samples was approximately 70%. In
sample S02184 (checking not observed), the
average moisture content at point B was ap-
proximately 55%.

The majority of AE event activity occurred
during the initial 15 to 20 hours, regardless of
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Fic. 3. Events per 10 minute interval and moisture
content curves for the 50-mm samples S02184 and L02284.
Checking was observed in sample L02284, but not in sam-
ple S02184.

thickness. After 20 hours of drying, the average
moisture contents for the 25- and 50-mm sam-
ples were approximately 40% and 50%, re-
spectively. The event curves for all samples
were generally similar. The maximum event
rate per 10-minute interval was greater in the
case where checking occurred, as was the change
in event rate as a function of time in the vi-
cinity of the second maximum (labeled B in
Figs. 2 and 3).

In order to determine whether drying tem-
perature had an unusual effect on the initial
maximum in AE activity (occurring from 0.5
to 1 hour), additional 25-mm samples were
dried at both 65 C and 50 C, each time using
a 43 C wet-bulb temperature. Results from
these tests showed that the maxima were still
present early in the run. These samples were
not videotaped during drying. Finally, a test
was run using a previously dried specimen that
had been cooled to room temperature and then
reinstalled in the kiln, and re-exposed to the
82/43 C conditions. No event peak was ob-
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FiG. 4. Events per minute, segregated by peak ampli-
tude group, for the 25-mm sample S13144 (surface check-
ing not observed).

served during this test, indicating that the ini-
tial rapid increase in events was not associated
with a strictly temperature-related phenomena
(i.e., it was not related to an increase in the
temperature of the transducer or thermal ex-
pansion in wood).

25-mm samples

With the 25-mm samples, surface checking
occurred in three of four samples. Events per
minute were analyzed. AE data presented for
the 25-mm samples will be restricted to trans-
ducer number 1 information since surface
checking predominately occurred in the vicin-
ity of this transducer. For those samples that
checked, checks became visible between one
and three hours into the run.

The AE events per minute for samples
S13144 (no observed surface checking) and

SAMPLE L12444
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FiG. 5. Events per minute, segregated by peak ampli-

tude group, for the 25-mm sample L12444 (surface check-
ing observed).

L12444 (observed surface checking), with
event data separated into peak amplitude
groups, are given in Figs. 4 and 5, respectively.
Only AE activity during the initial 15 hours is
shown in these plots. As observed in these fig-
ures, the event rate maximum at the second
peak (labeled B) was significantly greater for
sample L12444 and occurred earlier in the run.
The local maximum for sample 112444 oc-
curring at approximately four hours into the
run, corresponded to the time when the surface
checks had reached approximately half of their
maximum length. The rate of events having a
peak amplitude between 50 and 59 dB was
relatively constant for sample S13144, where-
as event activity in this range exhibited a local
maximum at approximately 4.5 hours in sam-
ple L12444. The increase and subsequent de-
crease 50-59 dB activity observed in sample
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112444 coincided to the time period during
which both surface checks were propagating.
Both checks had reached maximum length af-
ter six hours. The trend observed with the 50-
59 dBevents for sample 112444 was, however,
unusual in that the rate of 40-49 and 50-59
dB event activity in the other samples gener-
ally remained constant or decreased during the
time when checks were actively propagating.
It was evident from the figures that the event
rate for events with peak amplitudes greater
than 60 dB was greater and reached the max-
imum value earlier in the run for sample
L12444 compared to sample S13144. It was
also evident that the absolute number of high
peak amplitude events per minute was rela-
tively small (as indicated in Table 1). The small
number of high peak amplitude events and
their relationship to check development sug-
gested that it may be possible to detect severe
checking by simply counting events having a
large peak amplitude, e.g., greater than 60 dB.
The number of 60-79 dB events per minute
for samples S13144, 1.12444, and S12144 is
shown in Fig. 6. The length of each individual
surface check through 12 hours of drying is
also shown. Figure 6 shows that the occurrence
of 60-79 dB events in samples 1.12444 and
S12144 corresponded to the period when check
propagation was occurring. Outside this win-
dow, AE activity was significantly lower. It
should be noted that although checks reached
maximum length in a relatively short period
of time, propagation normally continued with
increases in check width, and presumably check
depth, although depth could not be measured.
Thus, after maximum check length was
reached, high peak amplitude events were as-
sociated with increases in check width and
depth. The occurrence of high peak amplitude
events through the initial 8 hours in sample
S13144 was less than that of sample 1.12444,
though this pattern was not as clear when com-
pared to sample S12144. Evidence of surface
checking was noticed on the back (unobserved)
side of sample S13144, and the AE activity
between 6 and 8 hours could have been as-
sociated with that. The majority of high peak
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FiG. 6. High peak amplitude events (between 60 and
79 dB) and check length as a function of drying time for
the 25-mm samples S13144, 112444, and S12144. The
length of each observed check is indicated by the curves
connecting the circles and triangles. Checking was not ob-
served in sample S13144.

amplitude activity observed in sample S13144
was in the 60~69 dB range, with events in the
70-79 dB range only occasionally exceeding 1
per minute (Fig. 4). As shown in Fig. 5, high
peak amplitude activity in sample L12444 was
much greater than that observed in sample
S13144, and emphasizes the importance of the
higher amplitude activity. A similar trend was
observed with the other 25-mm sample, al-
though the activity level was lower than even
sample S13144.

A summary of AE and check information
for the 25-mm samples is given in Table 2.
Information given in this table confirms the
trends observed in Figs. 4 though 6. The max-
imum level of event activity per time interval
in samples where checking occurred was much
greater than when checking did not occur. In
order to quantify this observed lag in AE ac-
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TABLE 2. Summary of event and check activity for the 25 mm samples. No checking was observed in samples S13144

and S502184.
. Maximum event activity/interval’ Elapsed time to 0.5 normalized
. Elapsed time . (elapsed time to maximum, h)! events for each interval
Thickness, Check to initial Maximum
Sample mm number observation, h length, mm 1 min 10 min 1 min 10 min
S13144 25 - - — 155 1,400 6.5 7.9
(6.4) (6.5)
S12144 25 1 2 6.5 575 5,900 4.2 4.4
2 4 3.9 (1.2-2.2) (1.5-2.0)
S$12344 25 1 1 13.9 500 4,900 3.6 4.2
2 1 8.0 (1.6) (1.5)
S12444 25 1 1 11.0 500 5,000 4.1 4.0
2 2 10.0 @.1) (3.8)
502184 50 — - - 98 818 9.5 -
(7.5) (7.5)
S03184 50 1 5 45.0 245 2,131 7.5 —
(3.0-3.5) (2.7-3.3)
103284 50 1 7 19.0 403 3,986 5.3 —
3.1 (3.0)
102284 50 1 7 10.9 217 2,153 7.0 —
2 7 27.7 9.2) 9.5)

! Excluding maximum at 0.5 hours.

tivity observed in Figs. 4 and 5, the event rate
for each sample was normalized to the total
events for that sample. The time to 0.5 nor-
malized events is also given in Table 2. Note
that the time to 0.5 normalized events for sam-
ple S13144 was between 35 and 45% greater
than for the other 25-mm samples. The time
to 0.5 normalized events for each sample and
peak amplitude group is given in Fig. 7. With
the exception of the 60-79 dB peak amplitude
groups for sample S12344, the trends for each
group were consistently the same, with the time
to 0.5 normalized events occurring much ear-
lier in samples where surface checking was ob-
served.

50-mm samples

As was the case with the 25-mm samples,
surface checking was observed in three of the
four 50-mm samples. Checking that did occur
consistently developed after approximately six
hours. Discussion will be limited to the checks
that occurred in the vicinity of transducer
number 1 (as was the case with the 25-mm
samples). A summary of AE and check devel-
opment information is given in Table 2.

As illustrated in Figs. 2 and 3, the event rate
plots for the 25- and 50-mm samples were
similar. The 40-49 dB and 50-59 dB event
rate plots for the 50-mm samples were also
very similar to those observed in the 25-mm
samples (Figs. 4 and 5), and therefore will not
be presented here. The previously discussed
lag in AE activity, indicated by the difference
in time to 0.5 normalized events for each peak
amplitude group, was also observed with the
50-mm samples. Within any peak amplitude
group, the time to 0.5 normalized events was
greater for the check-free sample (S02184). The
time to 0.5 normalized events for the 40-59
dB peak amplitude groups was approximately
10 hours for the check-free sample, compared
to approximately 6 to 7 hours for the samples
in which checking was observed. The most
significant difference occurred with the 60-69
dB and 7079 dB peak amplitude groups, where
the time to 0.5 normalized events was signif-
icantly greater for the check-free sample.

The relationship between check propagation
and the occurrence of high amplitude events
(between 60 and 79 dB) was very strong for
the 50-mm samples. The results for three 50-
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FiG. 7. The time to 0.5 normalized events, segregated

by peak amplitude group, for the 25-mm samples.

mm samples (the check-free and two others)
are shown in Fig. 8. These results were con-
sistent with those observed for the 25-mm
samples. The occurrence of high amplitude
events was minimal in the check-free sample,
with the number of such events only occa-
sionally exceeding one per minute. There was
a significantly greater increase in AE event ac-
tivity in the samples where surface check was
observed. The increase in high peak amplitude
AE events coincided with the observed in-
crease in check length, as shown in Fig. 8, and
check width and depth (from visual observa-
tions).

Occurrence of internal checking

At the conclusion of each run, the specimen
was removed from the kiln and inspected for
the presence of internal checking (honeycomb)
and collapse. During these inspections, it was
observed that every sample had developed ex-
tensive internal checking. Therefore, two ad-
ditional tests were conducted to determine, at
the drying conditions used in these experi-
ments, the time at which internal checking ini-
tiated in the 25- and 50-mm samples. Four
end-matched samples from each thickness
group were dried during each test. One of the
four samples was mounted on the weighing
platform. The run was interrupted at fixed in-
tervals so that samples could be pulled and
evaluated for the occurrence of internal check-
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Fic. 8. High peak amplitude events (between 60 and

79 dB) and check length as a function of drying time for
the 50-mm samples S02184, S03184, and 1.02284. The
length of each observed check is indicated by the curves
connecting the circles and triangles. Checking was not ob-
served in sample S02184.

ing. Shell and core moisture sections were cut
from each sample. The 25-mm samples were
pulled at 14, 22, 30, and 38 hours into the run,
and the 50-mm samples were pulled 24, 34,
44, and 54 hours into the run.

The moisture content and the 60-79 dB
events per 10-min interval for the 25- and 50-
mm samples are shown in Figs. 9 and 10, re-
spectively. Results from these tests showed that
the internal checking was visible after 30 and
44 hours, for the 25- and 50-mm specimens,
respectively. The average moisture content of
the 5-mm shell layer at the time internal check-
ing was observed was approximately 17% for
both thicknesses, and the average core mois-
ture content was 43% and 63%, respectively,
for the 25- and 50-mm specimens.

As previously discussed, more than 90% of
all events eventually detected through the run
occurred during the initial 15 to 20 hours, in-
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FiG. 9. Moisture content and 60-79 dB events per 10
minute interval as a function of drying time for the 25-
mm samples. The time of occurrence of internal checking
is designated by IC.

dicating that few of the detected events could
be associated with internal checking. The low
peak amplitude events rate was constant
throughout the period during which internal
checking was occurring. AE event data given
in Figs. 9 and 10 show that there were very
few high amplitude events associated with in-
ternal checking in the 25-mm sample. AE ac-
tivity in the 50-mm samplies increased slightly
during the period when internal checking was
occurring. In either case, the amount and du-
ration of AE activity associated with internal
checking were minimal compared to that for
surface checking, and indicated that wave
guides or imbedded probes would be necessary
to detect internal defects such as internal
checking, and probably collapse.

SUMMARY AND CONCLUSIONS

The ability to segregate events into peak am-
plitude groups proved to be very useful for
monitoring check development and propaga-
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FiG. 10. Moisture content and 60-79 dB events per 10
minute interval as a function of drying time for the 50-
mm samples. The time of occurrence of internal checking
is designated by IC.

tion. Results from these experiments have
shown that high peak amplitude events (de-
fined in this study as those greater than 60 dB)
were consistently associated with the propa-
gation of surface checks. Results indicated that
low peak amplitude AE (i.e., those less than
59 dB) corresponded to precursor activity, e.g.,
the development of micro-checks, which lead
to visible checks. There was a delay between
the maximum level of low peak amplitude
events and subsequent visible check propa-
gation.

Although it is clear that AE can be used to
monitor the development and propagation of
surface checks, data presented here indicated
that surface-mounted transducers cannot be
used to detect internal checking because they
appear to produce insufficient AE activity.
Wave guides or embedded transducers may be
required to detect internal checking and col-
lapse. Additional research in this area is cur-
rently being conducted.
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