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Abstract. This study investigated the influence of wood grain angle (0�, 10�, 20�, 30�, 45�, 60�, 75�, and
90�) on acoustic emission (AE) characteristics of southern yellow pine columns subjected to compressive
loading. Four AE parameters considered were counts, cumulative counts, count rate, and amplitude. The
main conclusion was that AE cumulative counts vs time curves can be characterized by three distinct stages
in terms of AE count rates: initiation, growth, and acceleration. The initiation stage had a constant mean
count rate of 0.33 counts/s compared with the growth stage mean count rate of 19.10 counts/s, whereas the
acceleration stage had a mean count rate of 608.40 counts/s. Within each stage, count rates increased as the
grain angle increased from 0� to 30�, then dropped as the grain angle further increased to 90�. Maximum
AE counts and total cumulative AE counts all increased as the grain angle increased from 0� to 30� and
decreased as the grain angle further increased to 90�. Higher AE amplitudes were observed in the yield and
failing stages of tested wood columns according to their stress–strain curves plotted together with their cor-
responding amplitude–time curves. Maximum amplitude increased as the grain angle increased from 0� to
20�, then had a decreasing trend as the grain angle increased to 45�, followed by an increasing trend as the
grain angle increased to 75�. These differences in AE characteristics suggested that AE “signatures” in
terms of AE signals do exist for timber materials when subjected to compressive loading.

Keywords: Grain angle, acoustic emission (AE), southern yellow pine (SYP), compression,
stress–strain.

INTRODUCTION

Wood, a natural renewable resource, is a valuable
construction material, because of its low energy
consumption, workability, high strength proper-
ties, and reliability in structural applications
(Hindman and Bouldin 2015; Nguyen et al 2017;
Ramage et al 2017). Southern yellow pine (Pinus
spp. L.) (SYP) is a common and widely used
group of commercial softwood species in the
United States because of its availability, visual
appeal, and good strength properties, making it
suitable for use in structural applications (South-
ern Forest Products Association (SFPA) 2018).
The SYP species group grows throughout the
southeastern United States, from Virginia to
Texas (Junaid et al 2018).

Wood is an orthotropic material and has unique
mechanical properties in its three principal plane
directions: longitudinal (L), radial (R), and tan-
gential (T) (Green et al 1999; Reiterer and Stanzl-
Tschegg 2001; Kretschmann 2010). In lumber,
tension and shear failure are considered brash fail-
ures. However, compression failure is regarded as
a ductile failure (Andr�e et al 2013; Andr�e et al
2014) and must be considered in designing a
building structure. The design parameters mostly
considered are bending and compression perpen-
dicular to the grain when the wood is used as a
construction material (Turkot 2019; Carmona-
Uzcategui 2020; Carmona-Uzcategui et al 2020;
Irby et al 2020a; Turkot et al 2020). However,

wood is extremely strong in both compression
and tension parallel to the grain (Turkot 2019;
Carmona-Uzcategui 2020; Turkot et al 2020;
Carmona-Uzcategui et al 2020; Irby et al 2020a).

One of the most important variables affecting
compression properties in wood is grain orienta-
tion (Green et al 1999; Kretschmann 2010). The
orientation of grain relative to the strength of lum-
ber is critical in understanding the mechanical
properties of wood (Green et al 1999; Kretsch-
mann 2010; Ingemi and Yu 2019; Turkot 2019;
Carmona-Uzcategui 2020; Carmona-Uzcategui
et al 2020; Irby et al 2020b; Turkot et al 2020).
Therefore, the evaluation of strength properties
including compression parallel or perpendicular
to the grain becomes important for structural
design purposes (Green 2001).

Koch (1972) reported that southern yellow pine
loaded in compression parallel-to-the-grain devel-
oped a visibly well-defined pattern of buckling
failures. On the tangential faces of failed rectan-
gular wood columns, the lines of failure make a
grain angle of 45� to 60� to the column, longitudi-
nal axial direction, whereas on the radial faces,
the lines are about perpendicular to the axial
direction. Gupta and Sinha (2012) evaluated the
compressive properties of Douglas-fir (Pseudot-
suga menziesii (Mirb.) Franco) columns with
grain angles of 0�, 10�, 20�, 30�, 40�, 50�, 60�,
70�, 80�, and 90� (similar to our Fig 1) and found
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that the failure mode changed from shearing paral-
lel to the grain to rolling shear with increasing grain
angle orientation. Reiterer and Stanzl-Tschegg
(2001) reported that compression failure occurring
in columns subjected perpendicular to the grain
loading could be attributed to the collapse at the
earlywood and latewood sections in the annual
rings (the interface section of the wood). Several
studies, as reported by Gibson and Ashby (1997)
have addressed the complete mechanism responsi-
ble for these kinds of failures in softwoods.

Acoustic emission (AE) is defined as the phenom-
ena where transient elastic waves and stresses are
generated by the rapid release of energy from a
localized source or sources within a material
(ASTM 2024). All materials, including wood,
contain minute flaws that will initiate microfrac-
tures when subjected to stress. These microfrac-
tures will enlarge in intermittent step-like bursts
as the applied stress increases. During each of
these bursts, high-frequency elastic sound waves
are produced (Knuffel 1988). These elastic waves
released by materials because of fiber breakage,
under stress, can be detected and recorded by res-
onant transducers, such as AE sensors (Sharma
2017; Rescalvo et al 2020). The AE sensing
method can allow the detection of destructive
changes in materials, like wood, at the moment of
being stressed in compression, thereby provide
the possibility to follow destructive processes that

take place in wood construction beginning with
microcracks and ending up in total failure
(Reiterer et al 2000; Nasir et al 2022).

The most commonly used parameter for AE sig-
nals description is an AE “count.” An AE event is
“counted” when an AE signal exceeds a preset
threshold during any selected portion of the test
above any background noises. Derived measure-
ments include the AE cumulative (total) count
(Porter et al 1972; Ansell 1982; Sato et al 1984a;
Noguchi et al 1992; Raczkowski et al 1999;
Ayarkwa et al 2001; Gozdecki and Smardzewski
2005; Ando et al 2006; Chen et al 2006; Ritschel
et al 2013) and AE count rate (the number of
counts during a given time interval) (Sato et al
1984a; Gozdecki and Smardzewski 2005; Smard-
zewski and Gozdecki 2007; Du et al 2014).
A commonly used frequency domain measure-
ment is the AE amplitude. Hu and Zhang (2022)
investigated the peak amplitude of the AE signal.
In terms of time-domain vs frequency-domain
measurements, AE count rate and cumulative
counts are time-domain, whereas the amplitude
and peak amplitude are frequency-domain mea-
surements. The time domain refers to analyzing
the AE signal as it changes over time, whereas
the frequency domain refers to breaking down the
AE signal into its constituent frequencies and
then analyzing.

Figure 1. Prepared examples southern yellow pine (Pinus spp. L.) wood columns at various cross-grain angles of 0, 10, 20,
30, 45, 60, 75, and 90 degrees, respectively.
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Berg and Gradin (2000) investigated the tempera-
ture effects on the fracture history of Norway
spruce (Picea abies (L.) Karst.) under compres-
sion in both transverse and longitudinal directions
through recording the cumulative AE events.
They reported that an ideal temperature level for
introducing many failure sites during compression
should be well below 120�C and that the longitu-
dinal direction was the most efficient loading
direction for introducing flaws in wood during
compression (Berg and Gradin 2000). The AE
techniques have been effectively used to monitor
termite infestation in wood. For instance, AE was
used to monitor the activity rhythm and termite
feeding of some economically important termites
in the United States because microfracturing
occurred when wood was attacked by termites
that produced AE signals (Mankin et al 2002;
Indrayani et al. 2003). The AE techniques have
also been used to detect the early stages of wood
decay through subjecting wood blocks to com-
pression perpendicular to the grain in the radial
(Beall and Wilcox 1987; Raczkowski et al 1999)
and tangential directions (Noguchi et al 1992).

However, limited studies have been reported
using and assessing AE techniques to monitor the
failure progress in wood under a compressive
loading (Gong and Smith 2000; Dahlen et al
2018; França et al 2018). Specifically, the AE
behavior of SYP wood columns when subjected
to external loading with different grain angle
orientations has not been fully investigated. The

main research investigated the influence of wood
grain angles (0�, 10�, 20�, 30�, 45�, 60�, 75�, and
90�) on AE characteristics of SYP columns sub-
jected to compressive loading.

MATERIALS AND METHODS

Materials

One (1) parent SYP (Pinus spp. L.) dimensional
lumber board with dimensions of 3.810 cm
thick 3 28.575 cm wide 3 3.048 m long was
purchased from East Mississippi Lumber Com-
pany (Starkville, MS) and planed to a thickness of
2.54 cm.

Experimental Design

A complete one-way factorial experiment with
three replicates per experimental combination
was conducted to evaluate the effects of grain
angle (0�, 10�, 20�, 30�, 45�, 60�, 75�, and 90�),
as shown in Fig 1, in reference to the compressive
loading direction (that was parallel to the column
longitudinal axis). Figure 2 shows a diagram
methodology of how each wood column, at vari-
ous grain angles, was cut from a dimensional
lumber board.

AE Apparatus

The AE apparatus consisted of an AE measuring
system called Digital Signal Process (mDiSPTM),
a laptop computer with Physical Acoustics

Figure 2. Diagram methodology for cutting wood columns at grain angles of 0�, 10�, 20�, 30�, 45�, 60�, 75�, and 90� from a
southern yellow pine (Pinus spp. L.) dimensional lumber board.
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Corporation (PAC) Acoustic Emission for Win-
dows (AEwin) software installed, and a PAC AE
sensor. The AEwin software program collected
the AE signal data from the DiSP, recorded it in
terms of AE counts and amplitudes vs time,
and represented it in a graphical form. The AE
sensor operated at a frequency ranging from 50 to
200 kHz. For wood-based materials, the sensor
frequency range from 100 to 200 kHz provided
sufficient sensitivity to AE emissions of interest
(Beall 1985). The AE measuring system had a
threshold set to 30 dB, a preamp set to 40 dB, and
a filter with the range of 10 to 100 kHz. GorillaVR

hot glue sticks (Gorilla Glue Company LLC.,
Cincinnati, OH) were used in an AdTechVR Mini
Hi-Temp hot glue gun (Adhesive Technologies,
Inc. Hampton, NH) as a couplant between the AE
sensor and wood, as the technique to fasten the
sensor to the wood sample before testing. The
diameter of the AE sensor was 2.71 cm.

Testing

Twenty-four (24) small clear SYP columns mea-
sured 25.40 3 25.40 3 101.60 mm3 (Fig 1)
were cut from the parent board according to
American Society for Testing and Materials
(ASTM) Standard D143 – 23 (ASTM 2023).
Before compression testing, the short columns
were conditioned to constant mass in an envi-
ronmental conditioning chamber for a minimum
of three weeks at 22�C and 55.0% RH, and the
dimensions were recorded. Figure 3 shows the
setup for evaluating AE behavior of SYP wood
columns subjected to compressive stress. One AE
sensor was hot glued onto the wood column sur-
face at the middle of the column. All columns
were mechanically tested on an InstronVR Tinius-
Olsen Universal Testing Machine at a crosshead
speed of 0.30 mm per minute according to the
ASTM D143 – 23 standard (ASTM 2023).
Load–deformation curves with synchronous AE
activities were recorded. Before loading each col-
umn at test, physical volume dimensions (width,
depth, and length) of each sample were measured
using a Mitutoyo Absolute Digital Caliper (Model
No. CD-6” CSX, Serial No. 13152425; Kawasaki,
Japan, Asia) and recorded. Failure modes for each
tested column were evaluated, determined, and
recorded. The physical properties such as MC and
specific gravity (SG) of the samples were deter-
mined by oven-dry mass at 103�C in a Blue M
Electric Company Dry Oven (Model B-3005-Q,
Blue Island, IL). The coefficient of variation
(COV) was determined for all samples.

Statistical Analysis

Data were analyzed using Microsoft Excel 365
software (Microsoft Corporation). SigmaPlot ver-
sion 14.5 (Inpixon, Palo Alto, CA) software was
used for graph plots, scientific graphing, and data
analysis.

RESULTS AND DISCUSSION

Physical Properties

The MC values of tested wood columns ranged
from 7.70 to 12.80% (oven-dry basis), with an

Figure 3. Setup for evaluating acoustic emission (AE)
behavior (#2 in image) of southern yellow pine (Pinus spp.
L.) wood columns (#1 in image) when subjected to a com-
pressive load (#3 in image).
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average of 10.37% and a COV of 11.43%. The
SG values ranged from 0.39 to 0.59, with an aver-
age of 0.49 and corresponding COV of 9.61%.

Mechanical Properties

Failure modes. Table 1 summarizes the failure
modes recorded for each SYP column evaluated
in this study. The columns with 0� and 10� grain
angles developed a visibly well-defined pattern of
buckling failures. Figure 4 shows the typical fail-
ure modes observed in mechanically tested SYP
columns. The lines of failure made an angle to the
column in a longitudinal direction on the tangen-
tial faces of failed columns (Fig 4[a]). The lines
were perpendicular to the longitudinal direction
on the radial faces and were similar to those
described in Koch (1972). This buckling failure
was caused mainly by shear failure that occurred
at the overlap of the tapered ends of the tracheids,

which comprise most of the volume in SYP. This
was mainly because under a compressive load
parallel to wood cells, the longitudinal direction
overlaps the tapered ends of the tracheids as they
must induce shear forces between adjacent cells
(Koch 1972). Columns with 20� and 30� grain
angles all experienced shear parallel to the grain
(Fig 4[b]). The grain angles of 20� were observed
in shear failure, whereas the 30� was related to
the impact of wood density on its mechanical
properties, as a change in strength is normally
observed within annual rings and at the ring bor-
der as described by Jakob et al (1994). The shear
failures observed in this study occurred mainly in
the earlywood sections of the tested columns
because of the collapsing separation of the early-
wood regions at the annual growth rings (Reiterer
and Stanzl-Tschegg 2001) or wood fiber misa-
lignment (Poulsen et al 1997). Columns with 45�

to 75� grain angles failed with earlywood and
latewood compression as shown by the “S-wavy”
shaped buckling (Fig 4[c]), whereas the 90� sam-
ples failed in compression at the earlywood/
latewood interface (Fig 4[d]). These compression
failures could be attributed to wood tracheid walls
bent inward and distorted sideways (Koch 1972)
and collapse at the earlywood/latewood interface
(Reiterer and Stanzl-Tschegg 2001). In general,
the failure modes observed were similar to those
observed in other softwood studies (Ayres 1920;
Martel 1920; Hankinson 1921; Osgood 1928;

Table 1. Summary of failure modes recorded for three
southern yellow pine (SYP) columns for each of eight dif-
ferent grain angles evaluated under compression.

Replicate

Grain angle (�)a

0 10 20 30 45 60 75 90

1 B B S S CO1B CO1B CO1B CO
2 B B S S CO1B CO1B CO1B CO
3 B B S S CO1B CO1B CO1B CO

aWhere B, buckling failure; S, shearing failure; CO,
compression failure; and CO1B, compression and buckling
failure combination.

Figure 4. Typical failure modes observed in mechanically tested southern yellow pine (Pinus spp. L.) wood columns: (a)
buckling (radial face, 0� column); (b) shearing (20� column); (c) compression and “S-wavy shaped” buckling (45� column);
and (d) horizontal compression (90� columns).
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Kojis and Postweilder 1953; Kim 1986; Reiterer
and Stanzl-Tschegg 2001).

Stress–strain curves. Typical stress–strain
curves of the tested SYP columns are illustrated
in Fig 5. These curves indicated that the columns
with grain angles between 0� and 20� behaved
like brittle materials that had an initial linear
stage, a smooth nonlinear curve representing the
transition between the proportional limit and ulti-
mate stresses, and then a sharp decrease in stress
after reaching the ultimate load (Reiterer and
Stanzl-Tschegg 2001; G€untekin and Aydin 2013).
Columns with grain angles ranging from 45� to
90� behaved like a ductile or plastic-like material
that had poorly deformed ultimate stresses. Col-
umns with a grain angle of 30� behaved like duc-
tile materials with more plastic deformation
before failure. The resistance to an external com-
pressive load with grain angles ranging from 0� to
20� decreased sharply after reaching its ultimate
value. This could be because of cracking that
developed under the compressive stress (Berg and
Gradin 2000). These cracks could be related to
shear failures of tracheids because of the different
separations along the middle lamella, particularly
in axial parenchyma cells of certain wood species,
but these cells are generally absent in pine. Alter-
natively, tracheids could separate within the cell
wall between the S1 and S2 layers (Koch 1972).

In the cases of wood columns with grain angles
from 45� to 90�, stresses continued increasing
with strain beyond their proportional limit; how-
ever, at a lower rate of change. Compaction of the
wood occurred with increasing deformation after
the flattening and failure of the cell walls. This
was followed by a continuous rise in the resis-
tance of the compressed columns. Stress at the
proportional limit was used to determine allow-
able stresses in compression perpendicular to the
grain because ultimate stresses for this property
were not clearly defined (FPL 2021). This recom-
mendation would also be extended for columns
with grain angles greater than 30�. Figure 6 plots
experimental means of ultimate compressive
strength (Fig 6[a]) and stiffness (Fig 6[b]) of the
SYP columns together with their corresponding
estimated values using Hankinson’s formula (FPL
2021) (see Eq 1)

N5
PQ

Psinnu1Qcosnu
(1)

where N can be the modulus of elasticity as well
as strength properties at angle u from the fiber
direction, Q is the strength perpendicular to the
grain, P is the strength parallel to the grain, and n
is an empirically determined constant. The calcu-
lated ratios (Q/P) based on the experimental
mechanical properties were 0.08 (3.28/41.94) and
0.09 (0.37/3.90) for strength and stiffness, respec-
tively. This was close to 0.10, therefore, the
empirically determined constant, n 5 2.50 was
considered in Hankinson’s formulas for calculat-
ing both properties (FPL 2021). Figure 6 indi-
cated that reasonably accurate estimates were
obtained using Hankinson’s formula for both
compression strength and stiffness of SYP wood
columns evaluated in this study. The substantial
drop in compressive strength starting at the 20�

grain angle was attributed to wood fiber misalign-
ment and shearing (Poulsen et al 1997). Reiterer
and Stanzl-Tschegg (2001) and G€untekin and
Aydin (2013) also indicated that irreversible shear
deformation occurred at annual ring borders of
softwood species subjected to compressive loads
parallel to the grain, causing a steep decrease
in strength.

Figure 5. Typical stress–strain curves showing each of the
eight-grain angles evaluated on southern yellow pine (SYP)
wood columns subjected to compressive loading.
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Cumulative AE Counts–Time Curves

Figure 7 shows a typical cumulative AE counts-
time curve plotted with the corresponding
stress–strain curve, indicating the damage pro-
gression observed in the SYP columns. Three dis-
tinct stages were identified in terms of changes in
slope (ie, AE cumulative counts) of the cumula-
tive AE counts–time curve: initiation, growth, and
acceleration (Raczkowski et al 1994; Du et al
2014). The initiation stage (0 – �50-100 s) was
the first linear portion where the AE count rate
was slower (Beall and Wilcox 1987) and constant

(Figure 7). Fewer counts were recorded in the ini-
tiation stages because microcracks within wood
cell walls can occur at stress levels well below the
proportional limit (Bodig and Jayne 1982). These
microcracks can be detected using AE sensing
devices (DeBaise et al 1966) even though these
cracks generally do not continue to grow if the
load is cyclical, in accordance with the Kaiser
Effect (Beall and Wilcox 1987). The growth stage
in the second curve portion (�100-300 s) showed
a much higher AE count rate relative to the initia-
tion stage (Raczkowski et al 1994) because more
cracks developed and propagated as the applied
load increased (Bodig and Jayne 1982). Therefore,
the growth stage can be considered as a transi-
tional progressive region between the initiation
and acceleration stages where the AE count rate
changed from relatively low (0.33 counts/s) to
higher (608.40 counts/s). The acceleration stage
was the third portion (.300 s) where the AE
count rate transitioned to an exponential high and
constantly increased (Raczkowski et al 1994)
because of the collective increase in crack growth.
This accelerated crack growth can decrease resis-
tance to stresses and generated more AE activity
than the growth stage.

A linear regression method was used to approxi-
mate the slope of each of the three stages for each
individual AE cumulative counts-time curve for
all tested columns. Calculated slope values of all

Figure 6. Experimental mean ultimate compressive strength (a) and stiffness (b) values of mechanically tested southern
yellow pine (SYP) wood columns at eight different grain angles plotted with their corresponding approximated values using
Hankinson’s formula.
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Figure 7. A typical cumulative counts-time curve recorded
together with its corresponding stress–strain curve represent-
ing acoustic emission (AE) behavior of southern yellow pine
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tested columns at each stage were pooled
together. Table 2 summarizes the mean values of
the calculated AE count rates together with their
corresponding COV values and ranges for each of
the three stages. The mean AE count rates were
0.33, 19.10, and 608.40 counts/s for the initiation,
growth, and acceleration stages, respectively,
indicating that the AE count rate in the initiation
stage was much lower than in the growth stage,
whereas the count rate in the acceleration stage
was much higher than in the growth stage. In
addition, larger COV values of count rates rang-
ing from 100.0 to 149.0% were observed in the
three stages.

Figure 8 shows mean AE count rates vs grain
angle within each stage in AE cumulative
counts–time curves of all tested SYP columns.
The AE count rate generally increased as the grain
angle increased from 0� to 30�, then decreased as
the grain angle further increased. The minor
changes in the AE count rate within each stage
become less important because the differences in
magnitude between stages were so large.

Figure 9 plots typical AE counts–time curves of
the SYP columns evaluated in this study and

shows that some patterns could be identified.
There was one peak for columns with grain
angles ranging from 0� to 20� (Fig 9[a]–[c]) dur-
ing the failure process after the stress passed its
ultimate value as these columns lost the ability to
resist compression loading. This might suggest
that the one-peak pattern could be generated by
sheared wood cell (like tracheids) walls in com-
pressed SYP columns (Table 1). As the grain
angle increased to 30�, the one-peak pattern was
still observed in one of the three tested columns
(Fig 9[d]), but the other two columns exhibited a
different pattern in which two peaks appeared
near the point where the stress just exceeded the
proportional limit, in addition to the one peak
occurring at their failing region (Fig 9[e]). As
grain angles further increased above 45�, this pat-
tern of more peaks appearing after the propor-
tional limit (in the yield region) became more
common (Fig 9[f] and [g]). The pattern then
became one-peak in the yield region right as the
stress passed the proportional limit (Fig 9[h]
and [i]). The AE count peak patterns observed in
SYP columns with grain angles ranging from 45�

to 75� suggested that the one-peak pattern could
be generated by tracheid wall bending and early-
wood and latewood cell wall collapse or flatten-
ing. This might suggest that one-peak in
counts–time curves could signal the beginning of
the cell wall flattening process.

In summary, these different AE patterns that fea-
tured count peaks observed in tested SYP col-
umns with different grain angles suggested the
existence of some “signatures” in terms of AE
signals, and these “signatures” could be related to
the different wood fibers or cell failure modes and

Table 2. Summary of acoustic emission (AE) count rate
values (counts/s) for each of three stages of AE cumulative
counts–time curves recorded for mechanically testing
southern yellow pine (SYP) columns under compression.

Stages
Mean

Coefficient of
variation (COV) Range

(counts/s) (%) (counts/s)

Initiation 0.33 100.0 0.01-1.17
Growth 19.10 149.0 1.07-106.00
Acceleration 608.40 127.0 7.00-2240.00

Figure 8. Mean acoustic emission (AE) count rate vs grain angle curves plotted for three stages: (a) initiation, (b) growth, and
(c) acceleration as identified in the cumulative AE counts–time curves for the southern yellow pine (SYP) wood columns.
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processes when subjected to compressive stresses.
These “signatures” could be used for nondestruc-
tive evaluation (NDE) of wood structures. Table
3 summarizes and Fig 10 plots the mean values of
maximum AE counts (Fig 10[a]) and total cumu-
lative AE count emissions (Fig 10[b]) of tested
SYP columns, and these values vs grain angle.
Maximum AE counts had large COV’s ranging
from 17.0 to 162.0%, whereas the total cumula-
tive AE counts COV values ranged from 31.0 to

170.0%. The general trend was that as the grain
angle increased from 0� to 30�, maximum AE
counts and total cumulative AE counts all
increased, then decreased as the grain angle fur-
ther increased from 30� to 90�. Less than 36
counts were recorded for the SYP columns with a
90� grain angle. Fewer AE events recorded in
this study could be because of micro cracking
produced by cell wall deformation and flattening
that generated fewer AEs or lower dB signals.
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Figure 9. Typical counts–time curves plotted together with their corresponding stress–strain curves for tested southern yellow
pine (SYP) wood columns with grain angles: 0� (a), 10� (b), 20� (c), 30� (d), 30� (e), 45� (f), 60� (g), 60� (h), and 75� (i), repre-
senting acoustic emission (AE) behavior of these columns in terms of different peak patterns.
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This suggests that an adjustment reducing the
threshold setting or increasing the preamp value
might be needed for future studies.

AE Amplitude

Figure 11 shows typical AE amplitude–time
curves plotted together with the corresponding
stress–strain curves for the SYP columns tested in
this study. In general, the AE signals with higher
AE amplitudes were observed in the yield and
failing stages (Fig 11[a]–[d]) and yield stages
(Fig 11[e]–[g]). These values ranged from 60 to
100 dB. The mean values of maximum AE peak
amplitude are summarized in Table 4 and plotted

Table 3. Mean values of maximum acoustic emission (AE)
counts and total cumulative counts of mechanically tested
southern yellow pine (SYP) columns with different grain
angles.a

Angle (�) Maximum counts Total cumulative counts

0 37 (17) 266 (59)
10 329 (111) 3303 (61)
20 3112 (104) 6092 (31)
30 4299 (141) 12,646 (123)
45 360 (162) 6929 (170)
60 208 (79) 693 (59)
75 779 (117) 6897 (145)
90 30 (119) 36 (125)

aValues represent means of three replicates per treatment.
The numbers within parentheses indicate the coefficient of
variation (COV).

Figure 10. Mean values of maximum acoustic emission (AE) counts (a) and total cumulative acoustic emission counts (b) as
a function of grain angle of mechanically tested southern yellow pine (SYP) wood columns in this study.
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Figure 11. Typical acoustic emission (AE) amplitude vs time curves plotted together with their corresponding stress–strain
curves for southern yellow pine (SYP) columns mechanically tested at grain angles of: (a) 0�, (b) 10�, (c) 20�, (d) 30�, (e) 45�,
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in Fig 12. These results indicated that the maxi-
mum amplitude increased as the grain angle
increased from 0� to 20� grain angles, then
decreased as the grain angle decreased to 45�, fol-
lowed by an increasing trend as the grain angle
increased further to 75�. This pattern could be
related to different micro-cracking failures occur-
ring in SYP columns as the grain angle changed
from 0 to 75�. In particular, the transition point of
the failure mode of cells can be identified at 45�,
where there was a change from shearing to bend-
ing and flattening.

CONCLUSIONS

1. Three distinct stages were identified in the
cumulative AE counts–time curve in terms
of AE count rate which included initiation,

growth, and acceleration. The lowest count
rate was observed at the initiation stage
(0.33 counts/s) whereas the highest rate
was observed at the acceleration stage
(608.40 counts/s).

2. The AE count rate increased as the grain
angle increased from 0� to 30� and then
decreased as the grain angle further increased
beyond 30�. We observed the same trend for
maximum AE counts and total cumulative
AE counts.

3. The maximum AE amplitude increased as
the grain angle increased from 0� to 20�,
then began a decreasing trend as the grain
angle decreased to 45�, followed by an
increasing trend as the grain angle increased
to 75�. The AE signals with a higher

Table 4. Mean values of maximum acoustic emission (AE) amplitude (dB) on southern yellow pine (SYP) columns that
were mechanically tested at the indicated grain angles.a

Grain angle (�)

0 10 20 30 45 60 75

69.3 (12) 89.7 (15) 99.7 (1) 96.7 (5) 76.7 (28) 84.7 (25) 94.0 (8)
aValues represent means of three replicates per treatment. The numbers within parentheses indicate the coefficient of

variation (COV).

Figure 12. Mean values of maximum acoustic emission (AE) peak amplitude with standard error (SE) bars of the mean vs
grain angle plot for southern yellow pine (SYP) wood columns assessed in this study.
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amplitude were observed in the yield and
failing stages.

4. Some “signatures” in terms of AE signals do
exist and could be related to different
responses in wood fibers or cell failure
modes such as shearing, bending, and com-
pression and their corresponding develop-
ment processes.

5. The combination of these “signatures” could
be used to develop an NDE device algorithm
to detect the progression of mechanical dam-
age in structures constructed using SYP
columns.
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