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Ammoniacal copper citrate (CC) is a new preservative recently accepted in many
American Wood Preservers’ Association standards. This study evaluated the effects of
CC preservative treatment on several mechanical properties of two grades of southern
pine dimension lumber. For the Dense Select Structural grade lumber, the effects of CC
treatment were generally found to be similar to previous reports for chromated copper
arsenate and/or other ammoniacal copper preservative treatments — CC treatment to a
target retention of 6.4 kg/m3 (0.4 pcf) caused an average reduction in modulus of rupture
(MOR) of only about 5 percent, no reduction in modulus of elasticity (MOE), and a
reduction in work to maximum load (WML) of 7 to 18 percent. Reductions in MOR and
WML were greater in samples kiln-dried after treatment. Treatment to the marine
retention of 40 kg/m3 (2.5 pcf) caused larger reductions in WML. However, for the No.
2 grade lumber, the effects of CC treatment on MOR were greater (average reduction of
12%) than those noted for Dense Select Structural grade lumber. These effects were also
slightly greater than those previously reported for chromated copper arsenate treatment.
No comparative data on No. 2 grade material were available for other preservative
systems based on ammoniacal copper. As the popularity of arsenic-free ammoniacal
copper-based systems increases, this phenomenon of greater strength loss with No. 2
grade treated lumber deserves additional study.

Waterborne ammoniacal copper
wood preservatives require ammonia as a
co-solvent to solubilize the copper. How-
ever, there are only limited data for deter-
mining the effects of these ammoniacal
treatments on the mechanical properties
of defect-free, clear wood and even less
data on their effects on various grades of
dimension lumber. This problem is accen-
tuated by the immediate need for strength
data for determining allowable stress de-
sign values and processing limits for re-
drying for the increasingly popular am-
moniacal copper preservative systems.

1 Nominal 2 by 4 refers to nominal 2- by 4-inch
(standard 38- by 89-mm) lumber, hereafter called 2
by 4.

The objective of this report was to evalu-
ate the effect of ammoniacal copper cit-
rate (CC) treatment on the bending prop-
erties of Dense Select Structural and No.
2 grade nominal 2 by 4 southern pine
(Pinus spp.) dimension lumber. 1

B A C K G R O U N D

In the development of new wood pre-
servative systems, emphasis is often
placed on system compatibility and pre-

servative efficacy. However, another im-
portant concern is the effect of the pre-
servative on mechanical or strength prop-
erties. CC is a new wood preservative
recently standardized by the American
Wood Preservers’ Association (AWPA)
(2). Research has demonstrated that this
wood preservative system possesses
many desirable qualities (3), but its ef-
fects on the mechanical properties of the
treated lumber have not been evaluated.

Studies using small, clear, straight-
grained specimens (commonly called
clearwood) have indicated that ammo-
niacal copper systems cause a reduction
in mechanical properties that is equiva-
lent to or slightly less than that caused by
the more widely used chromated copper
arsenate (CCA) formulations. In tests
with clearwood, CC-treated wood was
reported to induce slight decreases in
modulus of rupture (MOR), an average
decrease of 14.7 percent in work to maxi-
mum load (WML), and no significant
decrease in modulus of elasticity (MOE)
(3). These findings generally agree with
earlier work on other ammoniacal copper
systems, such as ammoniacal copper ar-
senate (ACA), for which no significant
decrease in MOR or MOE but significant
decreases in WML at high retentions
were reported (7). Although the effects of
CC treatment on mechanical properties
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seem comparable to those of other water-
borne preservatives in studies using
clearwood specimens, additional tests
using dimension lumber and AWPA-
“standardized” processing techniques
were needed.

Another ammoniacal copper system,
ammoniacal copper quaternary ammo-
nium chloride (ACQ–Type B), was
shown to have a greater effect on the
strength properties of knot-free dimen-
sion lumber than on the strength proper-
ties of similarly treated clearwood (6).
Although the strength losses noted were
not of great magnitude, kiln-drying after
treatment did appear to intensify the
negative effects of ACQ treatment. This
redrying effect was comparable to pre-
vious results for CCA-treated lumber
(4,5,11,12). Because limiting the post-
treatment redrying temperatures had
been proven to be critical in controlling
CCA treatment effects, the influence of
redrying needed to be evaluated for am-
moniacal copper systems. Further, be-
cause the influence of lumber quality
level (i.e., grade) had also been found
to be critical for CCA treatment effects,
the influence of lumber grade on CC
treatment effects also needed to be
evaluated.

M A T E R I A L S  A N D  M E T H O D S

E X P E R I M E N T A L  D E S I G N

This study employed a partial facto-
rial experimental design (Table 1). The
experimental material was two grades
(No. 2 and Dense Select Structural) of 2
by 4 southern pine lumber. Targeted CC
retentions were 6,4 kg/m3 (0.4 pcf) for
two grades and two redrying methods
(air and kiln) and 40 kg/m3 (2.5 pcf) for
air-redried Dense Select Structural mate-
rial.
A C Q U I S I T I O N  A N D  S O R T I N G

Each grade of 2 by 4 lumber was
obtained in 2.43-m (8-ft.) lengths from a

2 Reported as carbon dioxide, but supplied by adding
ammonium bicarbonate (NH4HCO3).

mill in southwestern Arkansas. A total of
250 pieces of Dense Select Structural and
208 pieces of No. 2 grade were obtained.
Both grades of lumber had been kiln-
dried at the mill using a 110°C (230°F)
dry-bulb temperature and 85°C (185°F)
wet-bulb temperature. Total kiln resi-
dence time was 29 hours. After shipment
to Madison, Wis., the lumber was equili-
brated in a conditioning room to 12 per-
cent average equilibrium moisture con-
tent (EMC).

Before assignment to treatment
groups, each specimen was mechanically
evaluated nondestructively by measuring
transverse vibrational MOE, hereafter
called E-sort, to distinguish it from the
bending MOE obtained in destructive
testing. The specimens with the 5 highest
and 5 lowest E-sort values were dis-
carded from the Dense Select Structural
groups (leaving 240 specimens or 4
groups of 60). Specimens with the 14
highest and 14 lowest E-sort values were
discarded from the No. 2 grade material
(leaving 180 specimens or 3 groups of
60). The remaining pieces for each grade
of lumber were then ranked from lowest
to highest E-sort value. Specimens were
assigned to treatment groups in randomly
sorted sequential blocks, which assured
that treatment groups for each grade had
proportionately equal numbers of high,
medium, and low E-sort specimens. This
matching allowed much greater statisti-
cal inference from results than would a
purely random allotment procedure be-
cause E-sort and strength were highly
correlated,

T R E A T M E N T

Because of the size limitations of the
treating cylinder at the USDA Forest
Products Laboratory (FPL) (3 m (10 ft.)
long, diameter of 0.9 m (3 ft.)), only 30
specimens that were 2.43 m (8 ft.) long
could be treated per charge. However, to
reduce within-group variability caused
by treatment charge, it was desirable to
treat each group of 60 specimens in a
single charge, which required double-

stacking the specimens by length. Conse-
quently, each 2.43-m specimen was cut
to 1.5 m (59 in.) long. For the Dense
Select Structural grade, the end of the
piece furthest from the grade-stamped
end was removed; for the No. 2 grade
material, the end furthest from the grade-
dictating defect was removed.

The 1.5-m-long specimens were then
treated to the target retention using a full-
cell treatment process at ambient tem-
perature. The initial vacuum was –85 kPa
(25 in-Hg) for 30 minutes, followed by
maximum pressure of 1.03 MPa (150
psi) for 1 hour. No final vacuum was
employed. Treatment was done in 5
batches of 60-specimen groups, Two
208-L (55-gal.) barrels of 12.5 percent
CC-treatment concentrate that met
AWPA Standard P5 (2) were supplied by
the cooperator. Mean concentrations of
components in the CC-treatment concen-
trate were 7.65 percent copper oxide
(CUO), 4.72 percent citric acid (C6H8O7),
11.12 percent ammonia (NH3), and 7.95
percent carbon dioxide (CO2)

2. The treat-
ing solution for the first batch was pre-
pared at the FPL based on preliminary
absorption data from preliminary
charges of the previously discarded low
and high E-sort material of both grades.
The treating solution was reused for sub-
sequent batches. For each batch, CC-
treatment concentrate was added as
needed based on post-treatment chemical
analysis of previously used CC-treat-
ment solution concentration and gross
absorption of previous CC-treated
charges. After treatment, the specimens
were removed from the cylinder and wet-
stacked under plastic for 1 week to allow
complete diffusion of preservative and
permit potential reactions of the preserv-
ative with the wood components.
R E D R Y I N G

After treatment and 1 week of wet
storage under plastic, all material was
redried. The 6.4-kg/m3 treated material
slated to be air-redried was stickered and
redried outside for 6 weeks in early sum-
mer to approximately 19 to 20 percent
moisture content (MC), then moved to a
conditioning room held at 23°C (74°F)
and 65 percent relative humidity and
equilibrated to constant weight. This ma-
terial equilibrated quickly when moved
inside; there was no odor of ammonia.
However, after 12 weeks of outside air-
drying, the 40-kg/m3 treated material still
emitted a discernible ammonia odor
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within several days after being placed in
a closed-loop environmental condition-
ing chamber. After 4 weeks, the ammo-
nia off-gassing diminished, and the odor
became indiscernible.

Material intended to be kiln-redried
was stickered and dried using a schedule
supplied by Osmose, Inc. (Table 2). The
specimens were kiln-dried to an average
MC of 19 to 20 percent, then equilibrated
to constant weight in the 12 percent MC
conditioning room (23°C/65% relative
humidity).

M E C H A N I C A L  T E S T I N G

Static bending tests on treated and un-
treated specimens were conducted in ac-
cordance with ASTM D 4761-93 (1), ex-
cept that span length was 1.42 m (56 in.)
because the 1.5-m specimen was shorter
than the length designated in this ASTM
standard. The loading rate was 13 mm
(0.5 in.)/minute. Load and deflection
data were collected by a computerized
data-acquisition system. The MOE,
Dmax (center-span deflection at failure),
Pmax (maximum gross load at failure),
MOR, and WML were calculated from
these data.

For the first 68 specimens tested (all
60 from the untreated No. 2 grade
(Group 7) and the first 8 specimens of the
Dense Select Structural untreated con-
trols (Group 1)), a bent sensor stem in a
linear variable differential transformer
(LVDT) deflection-measuring device
caused an intermittent malfunction. This
seriously impaired our confidence in the
acquired center-span deflection data. Be-
cause we could not resolve signal error
from real deflection measurements in the
deflection data for the 68 specimens, we
did not calculate MOE, Dmax, and
WML for those specimens.

After mechanical testing, two 25-mm
(l-in.) wafers were cut from an undam-
aged section near the failure location.
One wafer was used for determining spe-

cific gravity and MC at time of test and
the second wafer for CC-treatment
analysis.
R E T E N T I O N  A N A L Y S I S

For each group, specimens were
sorted from lowest to highest density and
a 25-mm wafer from the bending test
specimens representing the 10th, 25th,
48th, 50th, 52nd, 75th, and 90th density
percentiles of that group were selected
for CC-treatment assay. These wafers
were bored using a 12-mm (1/2 -in.) drill
bit, and all the shavings were collected
from an outer 15-mm (0.6 -in.) CC-
treated assay zone. The drilled shavings
were collected and combined from both
the tension and compression sides of the
bending test specimens.
D A T A  A N A L Y S I S

To determine the significance of the
differences in bending property results
from the various treatments and/or redry-
ing scenarios, the mechanical test data
were analyzed using analysis of covari-
ance. Verrill and Green (10) recently re-
pot-ted that newer analytical methods are
available for randomly assigned experi-
mental data with limited replicates.
However, they also reported that for ex-
perimental data assigned to groups based
on a predictor variable (recall that we
measured and used transverse MOE (E-
sort) for each specimen to sort the speci-

mens into groups), analysis of covariance
and the new Tight T-test methodology
yield similar findings.

R E S U L T S  A N D  D I S C U S S I O N

Results from CC treatment based on
gross uptake and atomic absorption spec-
trometry (AAS) are summarized in Ta-
ble 3. Mean, standard deviation, and
non parametric percentile estimates for
E-sort, MOE, MOR, WML, and Dmax
are presented in Tables 4 to 8, respec-
tively. Specific gravity and MC measure-
ments at time of mechanical testing are
given in Table 5.

We also kept track of rank within the 7
groups of 60 specimens. This blocking
variable was then used as a covariant in
statistical analysis of covariance when
testing differences between groups of
comparable grade. The results of a series
of statistical analyses of group means are
given in Table 9. This tabulation de-
scribes the correlation between factors
( r 2), residual error (root mean square er-
ror), and results of Tukey ’s comparative
test of means.
R E T E N T I O N

For each group, assay retention based
on AAS analysis (Table 3) was lower
than comparable retention based on
gross uptake of CC-treatment solution.
This difference may have resulted from
end-grain penetration, which would not
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been detected in assay samples that were
sampled from the midlength of the board.
Fortunately, although the CC-treated 2
by 4 lumber may have been slightly un-
dertreated, this probably had little impact
on the objectives of this experiment be-
cause past work had shown that retention
differences in the 4.0-to 9.6-kg/m3 (0.25 -
to 0.6-pcf-) range had no significant dif-
ferential effect on the strength properties
of treated wood (11,12). Comparison of
assay and uptake retention across a range
of densities revealed little direct relation-
ship between density and retention for
either CC retention level.

E F F E C T S  O F  C C  T R E A T M E N T

ON BENDING PROPERTIES

To evaluate the comparative effects of
CC treatment on mechanical properties
to matched untreated controls, we calcu-
lated a simple equal-rank statistic, called
the X-ratio. For any mechanical property
(X), the X-ratio at the 25th percentile is
the ratio of the 25th percentile X-value
for any particular CC-treated group to the
comparable 25th percentile X-value for
its grade-matched untreated control
group. For example, if the particular 25th
percentile MOR value for a CC-treated
group was 40 MPa (5,850 psi) and the
25th percentile MOR value for the un-

treated control group was 50 MPa (7,250
psi), then the MOR ratio at the 25th per-
centile would be 0.80. We calculated X-
ratios for each mechanical property (E-
sort, MOE, MOR, WML, and Dmax)
across the property distribution (10th,
25th, 50th, 75th, and 90th percentiles)
for each treated group. We then used
X-ratios to compare the strength effects
for any group to that for its untreated
control.

E-sort. — Our decision to use a pre-
dictor variable to sort lumber into experi-
mental groups (rather than random allo-
cation) was very effective in that the
between-group variation in transverse vi-
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brational MOE (E-sort) was less than 5
percent, which is less than might be ex-
pected for randomly assigned material.
Further, when comparing the variation in
E-sort across the distribution of any
group to that across any other group, that
variation appeared rather random be-
cause often, a particular E-sort value for
one group might be higher than others at

some percentile level and then lower than
many or most others at the next percen-
tile level (Table 4). Thus, the E-sort
method eventually yields significantly
more power to subsequent statistical
analysis.

Modulus of elasticity. — The MOE of
Dense Select Structural 2 by 4 lumber
was unaffected by the targeted 6.4-kg/m3

CC-treatment retention at either level of
redrying (Table 9). However, at the much
heavier 40-kg/m3 treatment retention, the
MOE of CC-treated lumber did signifi-
cantly increase (Fig. 1). Because WML
was also simultaneously diminished (Ta-
ble 7), this would suggest embrittlement
from CC treatment at marine retention
levels. This same embrittling effect was
previously noted for other waterborne
preservative treatments at heavy marine-
use retention levels (8).

Recall that deformation data were lost
for the No. 2 grade untreated control
group; thus, it was impossible to calcu-
late true MOE ratios (or WML or Dmax
ratios) for the No. 2 grade lumber. To
obtain some insight into the MOE rela-
tionships for the No. 2 grade CC-treated
groups (Group 6 (air-dried) and Group 5
(kiln-dried), Table 3), we compared each
group using its original E-sort values
(Fig. 1). Although direct qualitative com-
parisons were somewhat compromised
because of the lost MOE data for the No.
2 grade controls, using the pre-treatment
E-sort provided a direct comparative ba-
sis for noting the trends. There was a
statistically significant difference in
mean MOE of the No. 2 grade CC-
treated specimens, between material air-
dried and material kiln-dried after treat-
ment  (Table 9). Overall ,  when
comparing the two grades of lumber, it
appears that CC-treated No. 2 grade ma-
terial may have experienced a greater re-
duction in MOE through the lower re-
gions of the MOE distribution
(especially when kiln-dried after treat-
ment) when compared to Dense Select
Structural material (Fig. 1). This differ-
ence between grades in the effect of CC
treatment on MOE appears to be less for
the central and upper regions of the MOE
distribution compared to the lower re-
gion.

Modulus of rupture. — The bending
strength of Dense Select Structural lum-
ber was slightly reduced by CC treatment
and various redrying scenarios (Fig. 2).
In some cases, these reductions in aver-
age MOR were significant (Table 9). The
results for the CC-treated Dense Select
Structural lumber followed previously
noted trends for high quality CCA-
treated lumber in that greater reductions
in MOR occurred throughout the lower
percentile regions of the bending
strength distribution than in the central-
to-upper regions (4). The reduction in
average MOR was around 5 percent for
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lumber treated at the targeted 6.4-kg/m3

CC retention and dried by either method
(Groups 3 and 4, Table 6). While greater
than 75 percent of this CC-treated mate-
rial experienced less than a 10 percent
strength loss, MOR was reduced 12 per-
cent for Group 3 (air-dried) and about 18
percent for Group 4 (kiln-dried) at the
10th percentile MOR level (Fig. 2). Also,
note that the targeted 40-kg/m3 group
(Group 2) experienced little loss in bend-
ing strength (Table 6), an increase in
MOE (Table 5), and a 30 to 35 percent
reduction in WML (Table 7). Further-
more, this material appeared to generally
fail in a slightly brasher manner than did
the targeted 6.4-kg/m3 CC-treated lum-
ber. This exemplifies the embrittling ef-
fect noted earlier for MOE at this heavy
marine-use retention level of CC. Similar
embrittlement has been previously noted
with other waterborne preservative treat-
ments (8).

The No. 2 grade material uniformly
experienced a greater reduction in bend-
ing strength compared to comparably
treated and redried Dense Select Struc-
tural lumber, especially in the lower re-
gions of the bending strength distribution
(Fig. 2). This trend was decidedly differ-
ent than that noted in previous work with
CCA-treated No. 2 grade material
(11, 12), but not too dissimilar in magni-
tude to strength losses reported for high
quality defect-free ACQ-treated lumber
(6). The basic relationship between
grade-to-treatment effects might be in-
herently different for ammoniacal cop-
per-based preservatives than for acid-
based treatments (i.e., CCA-A and
CCA-C). The difference in bending
strength could be related to the increased
swelling/shrinkage induced by water-
ammonia treatments. More work is
needed to elaborate on these issues.

Work to maximum load and Dmax. —
For the Dense Select Structural lumber,
the targeted 6.4-kg/m3 CC-treated groups
generally experienced less than 25 and
20 percent loss in WML and Dmax, re-
spectively (Tables 7 and 8). These results
are comparable to results with CCA
treatments. Loss in WML was greater for
the targeted 40-kg/m3 CC-treated mate-
rial than the targeted 6.4-kg/m3 material,
but generally comparable to effects pre-
viously noted for CCA-treated clear-
wood at heavy marine retentions.

As previously noted, interpretation of
CC treatment effects on WML and Dmax

was greatly impaired for the No. 2 grade across both the WML and Dmax distri-
lumber because of the loss of deforma- butions (Tables 7 and 8).
tion data from the No. 2 grade untreated Comparison of copper citrate and
control group. However, the comparative other waterborne preservatives. — It is
trends between the air-redried group and informative to compare these data on CC
the kiln-redried group appear stable treatment effects to comparable data de-
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rived in previously reported studies of
CCA- and ACQ-treatment effects (4-
6,9,11, 12). Such comparisons are shown
for each grade-redrying combination in
Figures 3 to 6. It must be remembered
that because of the large differences in
sample sizes between this study on CC
treatment effects and some previous
studies (sometimes approaching 4 to 1),
we must be careful to not overanalyze the

“treatment effect” below the 25th percen-
tile.

In Figures 3 and 4, the MOR data
from our tests on Dense Select Structural
CC-treated lumber (60 replicates per
group) are compared to data from 3 dif-
ferent studies on treated Dense Select
Structural 2 by 4 southern pine lumber:

1. Lumber treated with ACQ-B or
CCA-C, 50 replicates per group (6).

2. Lumber treated with CCA-C and
kiln-dried after treatment at 88°C
(190°F), 100 replicates (4).

3. Lumber treated with CCA-C and
kiln-dried before treatment using con-
ventional (91°C (196°F)) or high tem-
perature (116°C (240°F)) kiln schedules,
92 and 101 replicates, respectively (5).

For the material air- or kiln-dried after
treatment, the effects of CCA treatment
are very similar to those of CC treatment
(Figs. 3 and 4). Also note that the CC
treatment effects are generally less than
those reported for defect-free specimens
treated with ACQ-Type B, which is prob-
ably more related to a difference in lum-
ber quality than to an actual difference in
preservative effect.

In Figures 5 and 6, the MOR data
from our tests on No. 2 grade CC-treated
lumber are compared to data from three
different studies on treated No. 2 grade
southern pine lumber of different sizes:

1. Nominal 2- by 6-in. (actual 38- by
89-mm) lumber treated to 6.4 kg/m3 or
9.6 kg/m3 with CCA and air- or kiln-
dried after treatment, 192 specimens
(12).

2.2 by 4 lumber treated to 6.4 kg/m3

or 9.6 kg/m3 with CCA and air-dried after
treatment, 164 specimens (11).

3.2 by 4 lumber treated to 6.4 kg/m3

with CCA and kiln-dried after treatment,
50 specimens (9).

For the No. 2 grade material, the ef-
fects of CC treatment are noticeably
greater than the effects of comparable
CCA treatment at the 25th percentile of
the bending strength distribution (< 50th
percentile) and generally equivalent at or
above the 50th percentile (Figs. 5 and 6).
As stated earlier, since there are no other
comparable data on the effects of ammo-
niacal-copper treatment for No. 2 grade
material, definitive recommendations are
probably premature. As the popularity of
systems based on ammoniacal copper in-
creases, this phenomenon of greater
strength loss with No.2 grade treated
lumber deserves additional study with
CC and other ammoniacal-copper pre-
servatives.

Finally, additional work is needed to
fully define the effects on water-ammo-
nia treatment and to define the effects on
lumber properties of amine-copper pre-
servatives that have not as yet been inves-
tigated.
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C O N C L U S I O N S

The effects of CC preservative treat-
ment on several mechanical properties
were generally found to be similar to
previous results for CCA and/or ACQ
preservative treatments. The strength ef-
fects for higher quality lumber, such as
the Dense Select Structural material used
in this study, were very similar to results
from previous studies on CCA treat-
ment effects. However, the strength ef-
fects for lower quality No. 2 grade ma-
terial were greater than those from
previous studies on CCA treatment ef-
fects. No comparative data for No. 2
grade material were available for other
ammoniacal copper-based systems. As
the popularity grows for arsenic-free
ammoniacal copper-based systems in
the United States, this unexplained
phenomenon of increased strength loss
when No. 2 grade lumber is treated
with ammoniacal copper preservatives
will require additional study.
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