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have shown promise for predicting the

ABSTRACT

Stress-wave-based nondestructive evaluation methods were used to evauate the po-
tential quality and modulus of elagticity (MOE) of wood from creosote-treated
Douglas-fir and southern pine piles removed from service. Stress-wave measurements
were conducted on each pile section. Stress-wave propagation speeds were obtained to
estimate the MOE of the wood. Tests were then conducted on octagonal cants, boards,
and small clear specimens obtained from piles and cants. Regression analyses gave a
reasonably useful correlation between the stress-wave-based MOE of piles and cants
and the corresponding flexural properties of boards and small clear specimens deter-
mined by transverse vibration and static bending techniques, respectively. The results
show that wood from creosote-treated piles removed from service has the potentia for
use in exterior structural applications.

Pr@ervativetreated wood products
are important construction materias.
Preservative-treated wood piles, after re-
moval from service, constitute a major
disposal problem for managers of water-
front facilities. For example, approxi-
mately 7,000 to 8,000 tons of mechani-
cdly or biologically deteriorated wood
piles are currently removed from U.S.
Nava facilities annualy at a cost of at
least $20 million per year (8). Although
many of these piles are no longer useful
because their outer layers are damaged, a
considerable amount of the interior wood
could be reused for other exterior appli-
cations. Options include fenceposts, re-
taining walls, landscaping timbers, unex-
posed sheathing, and other general
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structural applications. A key component
in determining reusability is the nonde-
structive evauation (NDE) of the struc-
tural quality of this wood.
Stress-wave-based NDE techniques
developed over the past few decades

mechanical properties of wood. A vari-
ety of wood-based materials, ranging
from small clear specimens to wood-
based composites, have been investi-
gated. Recent research has focused on
determining whether longitudinal stress-
wave techniques could be used to deter-
mine the quality of logs. Severa studies
have shown a useful relationship (r* =
0.44 to 0.89) between the longitudinal
stress-wave-based modulus of elasticity
(MOE) of logs and the static MOE of
lumber cut from the logs (2-7,9,10).
However, studies have not addressed the
use of NDE techniques to evaluate the
potential quality of castoff preservative-
treated wood pilings. The objective of
this study was to investigate the use of
longitudinal stress-wave NDE methods
to assess the quality of wood in castoff
creosote-treated wood piles.
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Figure 1. — Schematic of experimental procedure.
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Figure 2.— Schematic of cutting pattern for boards and small clear specimens. Pat-
tern indicates locations of clear specimens cut from boards: a.) boards sawn from
octagonal cant; b.) small clear specimens cut from two side boards and two middle

boards.
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Figure 3. — Schematic of experimental set-up for stress-wave measurement.

MATERIALS AND METHODS

MATERIALS

Nine castoff creosote-treated wood
piles (six Douglas-fir (Pseudotsuga
menziesii) and three southern pine
(Pinus spp.)) were obtained from U.S.
Navy shore facilities. The first batch
consisted of five Douglasir piles (des-
ignated DF1 to DF5) that were cut into
approximately 6-foot- (1.8-m-) long
sections on site and transported to the
Institute of Wood Research at Michigan
Technological University. The second
batch contained one Douglas-fir (DF6)
and three southern pine piles (SP1 to
SP3) that were transported to the Insti-
tute as full-length piles and subse-
quently cut into 8.5-foot- (2.6-m-) long
sections. A total of 57 sections were ob-
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tained from both batches of piles, 44
from Douglas-fir and 13 from southern
pine.

These creosote-treated piles had been
used as fenders in piers and wharves,
and their outer portions had been se-
verely damaged mechanically or biolog-
ically during service. The major visua
defects were splits, decay, and marine
borer damage. More splits and marine
borer damage were found in Douglas-fir
piles than in southern pine. Douglas-fir
piles ranged from 30 to 62 feet (9.14 to
18.90 m) in length and 14 to 15.7 inches
(356 to 399 mm) in butt diameter; the
depth of creosote penetration (measured
visualy) ranged from 0.25 to 2 inches
(6.4 to 51 mm). Southern pine piles
ranged from 40 to 47 feet (12.2to 14.3

m) in length and 14.5 to 15.8 inches
(368 to 400 mm) in butt diameter; creo-
sote penetrated the wood from a depth
of 1.5 inches (38 mm) to near the pith.

EXPERIMENTAL PROCEDURE

A schematic of the experimental pro-
cedure is shown in Figure 1. Longitu-
dinal stresswave NDE methods were
used to assess the piles and the large oc-
tagonal cants obtained from them.
Transverse vibration and static bending
tests were performed on boards and
smal clear specimens obtained from the
cants, respectively.

To estimate the maximum yield of
solid wood, we sampled 18 pile sections
from 8 piles that had less creosote and
cut the sections into octagonal cants,
thereby removing most of the creo-
sote-treated outer shell. The outer shell
material was saved for a study on
remediation and potential use of piles
for composite board. Stress-wave mea-
surements were conducted on each pile
section and cant. Cants were then sawn
into 4/4 (1-in., 25.4-mm) boards. Trans-
verse vibration and static bending tests
(destructive) were then performed on
boards and small clear specimens cut
from boards, respectively, to obtain an
estimate of MOE to correlate with E-
rating values obtained from piles and
cants.

Figure 2a shows a typical sawing
scheme used to obtain boards from the
octagonal cants. This scheme took ad-
vantage of the shape of the cant to obtain
the maximum yield of solid wood. The
number of boards obtained from the
cants varied according to the diameter of
the pile sections. Figure 2b shows the
scheme for cutting 1- by 1- by 16-inch
(25.4- by 25.4- by 406-mm) small clear
specimens from boards. Specimens were
obtained from the two middle boards
and the two outer boards. The shaded
specimens in Figure 2b were used for
static bending tests of wood strength and
stiffness.

STRESS-WAVE MEASUREMENTS

Figure 3 isaschematic of the experi-
mental set-up for stress-wave measure-
ments. The pile sections and octagonal
cants obtained from selected sections
were laid on the ground and tested in
the longitudinal direction. Longitudinal
stress waves were generated by a hand-
held hammer blow on one end of each
specimen; the stress waves were propa-
gated back and forth along the length of
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TABLE 1. — Physical characterigtics of creosote-treated piles removed from service.®

Moisture content

Creosote penetration

Species and Pile No. of
pile ID length sections Average Minimum Maximum Density Minimum Maximum
fty - (%) ---mmmmmmmmmees (pcf)  -mmmmeeee- (in,)------m---
Douglas-fir
DF1 57.4 10 14.8 11.0 17.8 35.21 0.25 2.00
DF2 62.2 11 12.7 9.9 15.2 37.39 0.25 2.00
DF3 40.5 7 132 10.7 15.2 32.01 0.25 2.00
DF4 38.1 7 34.1 25.6 56.9 37.02 0.25 1.00
DF5 29.1 6 42.1 28.1 62.5 53.10 1.00 7.00
DF6 36.0 4 59.3 455 85.1 51.30 1.50 4.00
Southern pine
SP1 46.0 5 28.2 17.9 438 49.15 2.00 6.50
SP2 47.0 5 88.6 39.5 153.9 53.63 2.50 6.00
SP3 395 4 22.7 185 26.8 53.51 Full Full

2 1 foot = 0.3048 m; 1 pcf = 16.01 kg/m®, 1 inch = 25.4 mm,

the specimen. The stress-wave signals
were detected by an accelerometer (Co-
lumbia model 3021) attached to the op-
posite end of the specimen. The wave-
form, monitored and recorded by a
computer, consisted of a series of equally
spaced pulses whose magnitude de-
creased exponentially with time. The
stressswave speed (SWS) was deter-
mined by coupling measurements of
time between pulses (Dt) and specimen
length (L):

SNS = 2L/Dt [

Based on these measurements, the dy-
namic modulus of easticity (MOE,) of
piles and cants was calculated using the
one-dimensional wave equation:

MOEy = (SW9)?r 2]

wherer = specimen density.
DENSITY DETERMINATION

Each pile section and cant was weighed
after stress-wave measurement. For pile
sections, the diameters of both the large
and small ends were measured and the
bulk volume of the pile section was cal-
culated using the following equation:

Viiie = (p/12) L (D,* + D,* + D3 D,) [3]

where Ve = bulk volume of pile sec-

tion; D, = diameter of large end of pile

section; D, = diameter of small end of
pile section; L = length of pile section,

For the octagonal cants, the circum-

ference was measured at each end and

the bulk volume was calculated as:
v 33y

octagon — —2— (gj L

(4]
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where | = average circumference of cant;
L =length of cant.

Density was determined using the
bulk weight and bulk volume.

A disk cut from the middle section of
each pile was used to investigate density
distribution and determine pile moisture
content (MC). Each disk was wrapped
tightly in a plastic bag and taken to the
laboratory at Michigan Technological
University. Nine 1- by 1- by I-inch
(25.4- by 25.4- by 25.4-mm) samples
were immediately cut from each disk,
four from the outer part, four from the
middle, and one from the center. The
MCs of samples were determined on the
basis of the ovendrying method.
TRANSVERSE VIBRATION
AND STATIC BENDING TESTS

The transverse vibration technique
was used to estimate the MOE of boards
obtained from octagonal cants, using a
Metriguard Model 340 E-computer. The
test board was supported a one end by a
knife-edge support and at the opposite
end by a load-cell transducer. The di-
mensions of the boards were physically
measured, and weight and natural fre-
guency were automatically determined
by the load-cell transducer, which was
interfaced with the computer. Board
MOE was determined by the following
equation:

MOE, =f?WL%2.461 g [5]

where MOE, = MOE determined by
transverse vibration; f, = natural fre-
quency (Hz); W = weight of board (Ib.
(kg.9)); L = span of board between sup-
ports (in. (m)); | = moment of inertia
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@in* (m"); g = gravitationdl constant
(386 in/sec.” (9.8 m/s)).

Static bending tests were performed
on a limited number of 1- by 1- by
16-inch (25.4- by 25.4- by 406-mm)
clear wood specimens obtained from
octagonal cants using a SATEC Univer-
sal Testing Machine. These tests were
conducted according to ASTM D 143
Standards (1). The average vaue from
all 12 specimens for each pile was as-
sumed to be the average property of the
solid wood in the piles.

RESULTS AND DISCUSSION

PHYSICAL PROPERTIES OF PILES

Table 1 summarizes the physical
characteristics of creosote-treated piles
used in this study. Average MC of
Douglas-ir piles ranged from 12.7 to
59.3 percent and that of southern pine
from 22.7 to 88.6 percent. Average MCs
of Douglasfir piles DF1, DF2, and DF3
and that of southern pine pile SP3 were
below the fiber saturation point (about
30%); for DF4, DF5, DF6, SP1, and
SP2, MC values were close to or ex-
ceeded the fiber saturation point. The
great difference in MC from pile to pile
may imply different service conditions
or service histories. According to the in-
formation provided by the U.S. Navy,
DF4, DF5, DF6, SP1, and SP2 were
older than DF1, DF2, DF3, and SP3.
The older piles had higher MCs than the
newer piles and also exhibited more MC
changes in the radial direction than did
the newer piles. Further investigation in-
dicated that the MC was lower in the
outer layer of the pile than in the middle
layer or center. This may have been
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TABLE 2. —MOE of piles, cants, boards, and small clear specimens obtained from piles ®

Species and MOE, of piles and cants MOE, of boards MOE; of small clear specimens
pile ID Pile Cant Average Minimum Maximum Average Minimum Maximum
-------------------------------------------- (X20%PSi) == == == m e
Douglasfir
DF1 2.12 1.98 1.40 0.96 2.05 1.37 111 172
DF2 2.32 2.26 1.89 151 242 1.62 1.25 2.00
DF3 1.55 1.44 1.16 0.89 1.32 1.19 1.04 141
DF4 1.88 18 1.55 123 1.93 141 1.18 1.88
DF5 1.69 1.59 1.36 123 153 1.24 1.07 1.37
DF6 2.05 1.88 1.55 1.34 1.92 1.32 0.94 1.48
Southern pine
SP1 1.85 171 1.52 1.34 1.94 131 1.03 1.74
SP2 117 1.63 133 117 1.55 1.28 0.83 137
SP3 1.39 T- - - - - - - -

21 ps = 6.894 kPa

TABLE 3. — Linear regression analyses for correlation between MOE, of piles and cants and properties of boards and small clear specimens cut from piles. *

Properties of boards MOE, of

Linear regression model

and small clear specimens piles and cants Y=a+bX
Y X a b r Syx
Average board MOE, Piles 0.3443 0.5889 0.85 0.123
Average board MOE, Cants 0.1408 0.7403 0.91 0.101
Bark-side board MOE, Piles 0.0677 0.8752 0.90 0.144
Bark-side board MOE, Cants -0.1447 1.0514 0.91 0.137
MOE, of smal clear wood Piles 0.7114 0.3355 0.76 0.103
MOE, of small clear wood Cants 0.5064 0.4669 0.85 0.084
MOR of small clear wood Piles 510.2 4133.9 0.69 1538.9
MOR of small clear wood Cants -757 5059 0.68 1566.0

2 Small clear specimens were tested in static bending according to ASTM D 143 standards (I). MOE, = stress-wave-based dynamic modulus of elasticity; MOE, =
modulus of elasticity determined by transverse vibration; MOE = static modulus of elasticity; MOR = modulus of rupture: r = correlation coefficient; Syx =

standard error of estimate.

caused by natural drying after the piles
were removed from the water.

Density is an important component in
the determination of stress-wave-based
MOE,. Bulk density values ranged from
32.0 to 53.1 pcf (051 to 0.85 g/lem®) for
Douglas-fir piles and from 49.2 to 53.6
pcf (0.79 to 0.83 g/cm®) for southern
pine piles. Density of small samples
ranged from 29.2 to 52.0 pcf (0.47 to
0.83 g/cm®) for Douglas-fir and 49.7 to
58.8 pcf (0.80 to 0.94 g/cm?®) for south-
em pine. These results indicate that the
bulk values were in agreement with av-
erage density values of small samples
cut from the piles.

EFFECTS OF CREOSOTE
AND DEFECTS ON
STRESS-WAVE PROPAGATION

After the piles were cut into cants,
wood density decreased considerably:
by 6.2 to 26.1 percent for Douglas-fir
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(DF) piles and 18.6 for southern pine
pile SP1. Stress-wave speed measured in
Douglas-fir cants increased 2 to 19.1
percent and about 12 percent in southern
pine cants compared to stress-wave
speed measured in piles. This supports
the hypothesis that creosote attenuates
stress-wave propagation in wood. The
attenuation effect was dependent on the
depth of creosote penetration in the
piles. In Douglasfir piles where pene-
tration depth was only 1 to 4 inches
(25.4 to 102 mm) (all piles except DF5),
stress-wave speed was 2 to 5 percent
lower than that measured in correspond-
ing cants. By contrast, in DF5 and all
southern pine piles, in which creosote
penetration was much deeper (6 to 7 in.
(152 to 178 mm)), stress-wave speed
was about 11 to 16 percent lower than
that measured in corresponding cants. In
addition, defects such as splits (across

the wave propagation line), decay, and
marine borer damage weakened stress-
wave propagation in piles.

MOE AND MOR OF PILES

Table 2 shows the MOE of piles,
cants, boards, and small clear specimens
obtained from piles. The maximum
MOE values shown in Table 2 were ob-
tained from the boards and small clear
specimens cut near the outer surface of
the piles. Note that the MOE, values of
piles and cants tended to be higher than
the average MOE of boards and small
clear specimens but close to the MOE of
the boards and the small clear speci-
mens cut near the outer surface of the
piles. The same phenomenon was ob-
served in further investigations on the
variation of SWS and MOE in the mid-
dle boards cut from piles (11,12). This
may imply that the stress waves tend to
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lead on the bark-side as they travel
through piles or octagonal cants.

The results show that castoff creosote-
treated piles till contain wood of good
quality. The MOE, of boards obtained
from these piles ranged from 0.89 to
2.42 x 10° psi (6.2 to 16.7 GPa) for
Douglas-fir and 1.17 to 1.94 x 10° psi
(8.1 to 13.4 GPa) for southern pine.
Static bending tests conducted on small
clear specimens supported these results.
The static MOE (MOE,) values for
small clear specimens ranged from 0.94
to 2.00 x 10° psi (6.5 to 13.8 GPa) for
Douglas-fir and 0.83 to 1.74 x 10° psi
(5.7 to 12.0 GPa) for southern pine. The
values for modulus of rupture (MOR)
ranged from 5.41 to 14.6 x 10° psi (37.3
to 100.8 MPa) for Douglasfir piles and
from 4.3 t0 9.5 x 10° psi (29.6 to 65.5
MPa) for southern pine piles.Therefore,
it should be possible to remove some
of the damaged outer shell of piles and
reuse the center core for other exterior
applications.

RELATIONSHIP OF
STRESS-WAVE PROPERTIES
TO FLEXURAL PROPERTIES

Results obtained from various regres-
sion analyses are summarized in Table
3. The correlation coefficients (r) ob-
tained from these analyses indicate rea-
sonably useful relationships between
stress-wave properties of piles and cants
and corresponding flexural properties of
boards and small clear specimens.

The strong correlation between MOE;
of pile sections and MOE, of cants (Fig.
4) reveds that the stresswave properties
of castoff piles can reflect the MOE of
solid wood within the piles; even though
creosote and pile defects affected stress-
wave propagation and measurements as
mentioned previoudly. Figure 5 shows
the relationship between average MOE,
of boards and MGE, of piles, and Fig-
ure 6 shows the relationship between
average MOE, of boards and MGE; of
cants. Good correlation (r = 0.85 to
0.91) was found between stress-wave-
predicted MOE, and board MOE. Note
that pile MOEy had a better correlation
with the MOE of bark-side boards than
with the average MOE of boards. Re-
gression analyses gave reasonably use-
ful relationships between MOE of piles
and cants and MOE, and MOR of smdll
clear specimens (Table 3).
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Figure 4. — Relationship of MOE, of piles to MOE, of cants.
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Figure 5. — Relationship of average MOE, of boards to MOE, of piles.

CONCLUSIONS

The results of this study indicate that
longitudinal stress-wave nondestructive
evaluation (NDE) methods can be used
to assess the potential quality of wood in
creosote-treated piles removed from ser-
vice. Although creosote and surface de-
fects affected stresswave propagation in
castoff piles, there was a reasonably use-
ful correlation between stress-wave-
based MOE of piles and corresponding
flexura properties of boards and small
clear specimens obtained from the piles.
The results aso indicated that castoff
piles retain wood of good quality. There-
fore, timber and lumber from these piles
have the potential for use in exterior
structural  applications.
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