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Abstract

The influence of treatment with chromated
copper arsenate (CCA) and redrying after treat-
ment is apparently dictated by physical changes
in the chemical composition and cellular char-
acter of the treated wood. Linear elastic
fracture mechanics (LEFM) was evaluated to
determine if this method is more sensitive than
conventional static-mechanical test methods in
assessing the effect of CCA treatment on wood
strength.

When compared to untreated controls, the
fracture toughness of CCA-treated loblolly pine
(Pinustaeda L.) was reduced by 1 to 12 per-
cent when redried at 160°F and by 11 to
23 percent when redried at >190°F. These
losses in fracture toughness were comparable in
magnitude to those found in previous work using
clear wood specimens and conventional static-
mechanical test methods. This would suggest
that results derived using LEFM are directly
comparable to those derived using conventional
static-mechanical test methods.

Introduction
Waterborne-preservative treatments have revo-
lutionized the wood-preserving industry. Chro-

mated copper arsenate (CCA) preservative
accounts for over 90 percent of the waterborne-
preservative market. Annually, 40-45 percent of
the southern pine dimension lumber produced in
the United States is treated with CCA (9).
Lumber treated with CCA is popular because it is
clean, paintable, and highly leach resistant.
These desirable properties are a result of fixa-
tion, a chemical process in which the CCA compo-
nents either react with various phenolic and
carbohydrate wood components or react among
themselves to form water-insoluble precipitates.

As a result of fixation reactions, CCA treat-
ments may reduce the strength of many types of
treated products (3,5,11,12,22-24). This
strength loss is caused by hydrolytic chemical
activity upon the molecular and microfibril
structure of wood. As with most hydrolytic
processes involving wood, the extent of chemical
degradation is a function of wood species and
pH, temperature, and duration of the chemical
process.

The effect of CCA treatment and redrying on
strength is apparently dictated by physical
changes in the chemical composition and cellular
character of the treated wood. The failure
theory on which linear elastic fracture mech-
anics (LEFM) 1is based assumes that preexisting
flaws within a brittle material initiate
In the study reported here, LEFM methods were
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evaluated to determine their sensitivity in
assessing the effect of CCA treatments on wood
strength. The results were compared to pre-
viously reported results from conventional
static-mechanical test methods. While the
application of LEFM to wood is an approximate
method, it is believed to give reasonable
approximations of the toughness of the wood
(4,20,21). Linear elastic fracture mechanics
would seem especially pertinent when used for
comparative purposes, rather than for es-
tablishing definitive baseline values.

Background

The concepts of LEFM were first applied to
wood by Atack et al. (2). Porter (15) studied
fracture toughness in depth for a variety of
species in various grain orientations. The gen-
eral theory of LEFM for brittle materials is that
fracture initiates at a preexisting flaw. When
stresses build to some ultimate level at the
crack (flaw) tip, the crack extends forward some
incremental distance, releasing energy. The
level of intensity of the stress field in the
vicinity of the crack is called fracture tough-
ness or stress intensity factor K. Three types
of stress fields and thereby stress intensity
factors can exist at a crack tip, each associ-
ated with a local mode of deformation. These
factors are the opening (1), forward shear (II).
and transverse shear (111) modes (Fig. 1).
Because of the ease of testing, much of the
previous work with wood has been done with the
opening mode (Mode 1) fracture. The work
described in this paper dealt only with the
stress intensity factor in the opening mode (KI)'

The application of fracture mechanics to charac-
terize the fracture process in wood is difficult
because wood is an orthotropic material which
exhibits distinct properties in each of its
three principal orthogonal directions
(longitudinal (L) , radial (R), and tangential
(T)). A crack may lie in one of these planes
and propagate in one of two directions. Thus,
there are six crack-propagation systems: RL,
TL, LR, TR, LT, and RT (Fig. 1). Of these
systems, Tfour are of practical importance: RL,
TR, RT, and TL. Each of these four systems
allows for propagation of the crack along the
low-strength path perpendicular to the grain (4).
The TL orientation in wood (where T is direction
of load and L is direction in which the crack
propagates) 1is the least resistant orientation
for crack growth (18).

The radial penetration of CCA occurs pri-
marily through the ray cells and causes swelling,
which induces stress in the RL plane. Accord-
ingly, we anticipated the TL orientation would
be the most sensitive to chemical effects, and
on that basis, we studied only that orientation.



Stress intensity is used asa failure crite-
rion. Unstablecrackgrowthor catastrophic
failure occurs whenK, reaches a critical value

1
(ch) - K representsthecritical stress
intensity factor for an isotropicmaterial in
Model faillure. Previous work using the Mode 1
compact-tensionspecimen(CTS)consistently
showed a range for KIC values of 260-320 psi x

i%/z for the TL orientation for several wood
speciesorwood-basedcompositematerials
(4,13,14,16,17,19,20,25).

Inour tests, thepolynomial forplane-strain
Mode 1 fracture toughness for a CTS of metallic
materials (8) was the basis for the geometric
correction factor used to calculateK

IcTL
Kiemn = Bof /2
x [29.6(a/n) /2 - 185.5(a/m>/?
+ 655.7(a/)>’% - 1017.0(a/W)7/?
+638.9 (a/0)*/?) [1]
where P, = load required to propagate crack (1b)

Q (pop-iroad)
B=specimen thickness (in)
a=crack length (in)
W = specimen width between center line of
loadapplicationand specimenedge
(3.3in)
This isotropicpolynomial solutionisconsid-
ered a reasonable approximation to the ortho-
tropicvalue forK IC.I.L(4,21 ,25). Becauseour

objectivewas toevaluate treatmenteffects
rather than to establish true orthotropicK
values, theuseof these simplifyingassumptions
seemacceptable.

Experimental Method

Short sections (4.5 inlong), free of de-
fects, were cut fromundamaged sections of
2 by 6 loblollypine (Pinus taedal.) lumber
tested inanearlier study (23). The lumber had
been treatedwith CCA-Type-C to a target reten-
tion of 0.4 or 0.6 pcf (water-treatedandun-
treatedcontrols included) andredriedafter
treatmentusingvariousredryingtemperatures
(air-driedorkiln-driedat160°, 190°, or 240°F)
The levels of CCA retentionwere chosen to rep-
resentstandardCCAretentions forstructural
lumber. Thedrying temperatureswere chosen to
representa rangeofindustrial redrying
temperatures.

The short sections were stored ina climate-
controlled roomwiththe temperaturemaintained
at 74°F and the relative humidity at 65 percent,
producinganequilibriummoisture contentof
aboutll._5percent. Afterequilibrating, the
sections were inspected and only those free from
observableheartwood, checks, andshakeswere
selected. Heartwoodsectionswereavoidedto
insure evendistribution of CCAwithin the
specimens and to limit the possible inclusionof
jJuvenilewood. Finally, onlyblocksexhibiting
ideal TL orientation werechosen. Examples of
this TL orientation and the range of ring
curvature used inthis study are shown in
Figure 2.
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Specimen Preparation

The compact-tension specimen (CTS) was se-
lected as the test specimen configurationbe-
cause much of the recent work on wood fracture
has used this configuration. Thedimensions for
theCTS (Fig. 3) were chosen to correspond to
ASTM Standard E 399 (1).

The specimens were prepared in three stages.
First, ablock4.0by 4.2 in, with full thick-
ness (about 1.5 in), was machined so that the
location for the crackwas positioned at the
optimumTLorientation inthe specimen®s
height (Fig. 2). Second, holesweredrilled for
loading, and the notch for mounting the crack-
openingdisplacement (COD) gaugewas cut. Fi-
nally, a sharp-tipped crack notchwas cut to a
predetermined depth., A starter notch (2.3 in
deep) was cut and three marks were scribed at
0.1-in increments startingat 2.4 in from the
edge (Fig- 3). The distance betweena line
drawn between the center of the two loading
holes and the scribemarks (shownas "a" in
Fig. 3andEq. [1]) determined the relative posi-
tioning of the three crack lengths that would be
tested foreachCTS specimen. The three crack
lengths to be tested for each specimenwere 1.575,
1.675, and 1.775 in. Toproduce the initial
crack (1.575 in), thematerial just short of the
first scribe markwas removed with a band saw.
Next, the crack tip was sharpened with a spe-
ciallymachinedbladewithadjustable stops.

The blade was placed in contact with the speci-
men and then softly impacted with a hammer to
sharpen the crack tip to achieve the crack
lengthof 1.575in. Thisprocedurewas con-
ductedjustsecondsbeforetesting. Theproce-
dure used to produce the second and third cracks
will be discussed inTestProcedure.

Test Procedure

Specimen thickness at the crack tip and
specimenweightwere recordedprior to testing.
The test setup is illustrated inFigure4. The
specimens were suspended in hangers by two
clevises, anda steel sleevewas inserted into
each loading hole to provide a smooth bearing
surface. A block of wood was used to support
the specimenuntil the loadwas applied. Be-
cause the block remained inplace during
testing, a strip of soft foamwas placed between
the supporting block and the specimen to keep
the load imposed by the supporting block to a
minimumduringtesting. Testingwasconducted
ina 12,000-Ib universal testmachineata
cross-head speedof0.02 in/min, resultingina
time to failureof 1.5-2.5min. Loads were re-
corded with a 500-1b load cell and COD measure-
ments were obtainedwith a clip gauge extenso-
meter. Crack-openingdisplacementsandload
were recorded simultaneously onanX-Y plotter
andaninterfacedmicrocomputer.

Loadwas applied until the first pop-in (drop
in load) occurred, as evaluated fromthe X-Y
plot. Then, the specimenwas rapidlyunloaded
to arrest the growth of the crack before it
reachedthenextlength. Preliminargxperimen-
tation had visually shown that loading at a
0.2 in/min rate of load could be stopped and
released before the new crack tip passed the
nexttargetcracklength. After the testwas



completed, the specimenwas prepared for the
next crack length by using a band saw to remove
material along the crack notch nearly to the
nextscribemark. The new crack tip was then
sharpenedwiththeblade. Testing for the
second crack length (1.675 in) was the same as
testing for the first. Testing for the third
crack length (1.775 in) was allowed to run

out tomaximum loading. After testing, the
criticalK|. values for each crack length

(K575:1.575—in, Kg75=1-675-1n,
K775 =1.775-incrack) were calculatedusing
Eq. [1] and the pop-in load (B), which repre-

sented the load that produced anultimate stress
in the vicinity of the crack tip for each crack
length. 1f adistinct pop-in load was not pres-
ent, the point at which the first major change
in compliance occurred was takenas P_. Speci-

ficgravity (ovendryweight and volume at test)
andmoisture contentwerealsocalculated.

Results and Discussion

Equilibriummoisture contentwas related to
the level of CCA treatment and redrying tempera-
turesemployed; CCAtreatmentincreasedmoisture
content, whereas at any CCA level, moisture con-
tent was decreased by an increase in kilndried
after treatment temperature (Table1). Wedid
not adjustK Ic values formoisture contentbe-

cause the effect of treatment and drying on
moisture content can be considered as part of
the overall treatmentand redrying effecton
strength.

Based on the results ofpreliminary experi-
ments, we tested three crack lengths for each
specimen. However, wewere concerned that the
initial crack or cracks might runpast the
initiationpointofa latercrackorcracks.
Visual observation of each crack did not reveal
anyproblems, butprevious work had shown that
crack fronts can tunnel into the center of a
specimen(6,7). While tunneling is less ofa
problem instatic tests (suchas ours) than in
fatiguetests (6,7), tunnelingisnotreadily
apparent froma visual observation of the
exteriorofaspecimen. To learnwhether the
first crack interfered with the results of the
second, westatistical lytestedthehypothesis
that no difference existed between the first two
(:riti(:aIK|Cvalues(HO : K575 - K675 =0) using

Student”s t-test. The resultsof the test in-
dicated that forall nine treatment-redrying
combinationstheaverageK575 valuewas less

than the K675 value, and in seven of nine cases

itwassignificantlyless. Thetwoexceptions
were for specimens that were treated with CCA
to 0.4 pcf or treated with water and then re-
driedat240°F. A t-testof Ho: Kg7g = Ky75=0

yieldedsimilar results. Thus, formaterial re-
driedt. 190°For less, theO.l1-indifference
between the three cracks was apparently suffi-
cienttopreclude interferencebetweenrepli-
catedcracklengths. Nevertheless, the
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exceptions (where K575 was greater than K675 or
K775) couldpresent unknownpitfalls because the

true length of the initial crack or cracks could
notbemeasured. Theuncertaintyaboutcrack
length limits thestatistical independenceof
data of the second crack length from the first
and of the third from the second and first.
Thus, althoughwe report the results from the
secondand thirdcrack lengths, theseresults
arenotdiscussed any further. Thetrends
discussed for the initial K575 valueswere

virtually identical to those foundwith K675
andK775.

Effects of Treatments and Redrying

Tablel showstheaverage fracturetoughness
ofeach crack length (K|0575, ch675’ K|c775) ,
coefficientofvariation, percentagedifference
fromuntreatedcontrols, moisturecontent, and
specificgravity foreachtreatmentgroup. The
K value for the 18untreatedcontrol speci-

1c575 /2
mens was 301 psi X in with a coefficient of
variationofll._9percent. Previousresearch
showed Klc values of 270-326 psi X in:l'/2
for the TL orientation of Douglas-fir CTS

(4,14,16) and values of 300.3 psi x inll2 for
Scotspine (20). Thus, our results compare
favorablywithprevious results of studieswith
untreatedvood.

We expected that ring count, latewoodper-
centage, and specificgravitywould influence
fracture toughness. However, ananalysisof
covariance showed that none of thesewere signi-
ficant(a<.05). Althoughnosignificantinter-
actions between treatment and redryingwere
identifiedbyananalysis ofvariance, theeven-
tual lossorreduction infracture toughness
depends on consideration of the treatment and
redryinglevel . Overall, severalsignificant
trends canbe identified by reviewing the
results of an analysis of variance and of the
Tukey test of means on K, .c-c for all nine

treatment-redryingcombinationstogetherand
individually for CCA treatment at the 0.06-pcf
level and two redrying levels (160"and

240°F) (Table?2). Ingeneral, airdryingafter
CCA treatment and kiln drying after water
treatment at 160°F either did not affect or
slightly increased K 575 (7% to 12%).

Killndrying at 240°F after water treatment
and kilndrying at 160°Fafter CCAtreatment
usually reducedKIC575 (1% to 12%), but not

significantlyso. However, kilndryingat
>190°F after CCA treatment at 0.6 pcf signif-
icantlyloweredK 16575 (16% to 23%) (Table 2).

The percentages of property loss withkiln
dryingat temperatures >190°Fafter treatment
with CCAwere similar to or slightly greater in
magnitude than those found in previous work by
Bendtsenetal. (5), Winandyetal. (24), and
Mitchell and Barnes (12) using clear wood
specimenstested inbending.



Table 1.--FRACTURE TOUGHNESS, SPECIFIC GRAVITY, AND MOISTURE CONTENT OF
TREATED AND CONTROL SPECIMENS.

Stress intensityfactora

Post-
treat-
Number K K K
Treat- d3§?2; of_ 1c575 1c675 1c775 s yce
ment temper- ;Eﬁﬁg Mean Varia- Mean Varia- Mean Varia-
ature (psi x C tion® (psi x CV tion (psi x CV tion
P @  in/? W inl/2y
Control - 18 301 11.9 - 323 10.4 - 324 12.8 - 0.46 11.1
Water 160 23 322 11.9 +7 340 10.6 +5 331 23.2 +2 0.45 11.4
240 16 295 13.6 -2 307 13.5 -5 303 14.0 -6 0.46 11.3
GRDT 160 12 267 13.3 -12 289 11.1 -11 293 12.0 -10 0.46 11.5
240 13 269 15.8 -11 276 15.5 -15 281 10.9 -13 0.45 11.3
FonT Ailr 22 336 9.8 +12 354 10.2 +10 356 10.9 +10 0.46 11.7
160 21 297 9.1 -1 321 8.9 -1 326 10.0 +1 0.46 11.4
190 22 232 17.8 -23 253 17.1 -22 255 18.6 -21 0.46 11.3
240 18 253 15.8 -16 274 14.2 -15 276 14.7 -15 0.47 11.3

a, R o R R -
KIC is critical stress intensity factor that designates fracture toughness.

Superscripted numbers refer to crack length (1.575, 1.675, 1.775 in).
Coefficient of variation.

Difference from untreated controls.

Specific gravity (ovendry weight/volume at test).

Moisture content.

GRD = 0.4 pcf CCA. FDN = 0.6 pcf CCA.

Table 2.--NONPARAMETRIC ANALYSIS OF VARIANCE AND
TUKEY TEST OF RANKED OBSERVATIONS OF K

1c575"
ANOVA a
. Tukeyresults
Condition _Leye!of Factor (lowtohigh)
significance
All nine <.0001 Treatb FDN FDN GRD GRD H,0 FDN CTL H,0 FDN
groups
DryC 190 240 160 240 240 160 -- 160 AIR
Redrying
atl1l60°F
only <.0004 Treat GRD FDN CTL HZO
Redrying
at240°F
only <.0016 Treat FDN GRD HZO CTL
FDN treat-
ment on'y <.0001 Dry 190 240 160 CTL AIR

?)Each bar represents mean values equivalent at 95 percent probability level.
FDN = 0.6 pcf CCA, GRD = 0.4 pcf CCA, H20 = water-treated control,

CCTL = untreated control.

Posttreatment drying temperature (°F).
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utility of LEFM

Theassumptions required to apply LEFM meth-
ods to an anisotropic, heterogeneousmaterial
like wood appear acceptable for detecting
chemical and processing effects for treated
wood. Our values for K, . for the control group

compare favorably with previous Mode | fracture
studies withwood (4,14,16). Inaddition, the
relative effect of LEFM on fracture toughness
results for each treatment-redrying combination
appears comparable to the effect of using more
conventional static-mechanical test methods such
as those described in ASTMD 143 and D 198 (1).
Therefore, LEFM appears to provide an effective
testing methodology for accurately assessing the
effects of chemical treatment. However, the use
of LEFM results to address specific engineering
design concerns will require further research.

Concluding Remarks

We investigated the effects of treatment with
water or preservative (0.4 or 0.6 pcf CCA) and
posttreatment air drying or kiln drying (160°,
190°, or 240°F) using LEFM as opposed to conven-
tional static-mechanical testmethods. No sig-
nificant interactions were found between factors
of the incomplete factoral design. Treatment
with CCA followed by redrying temperatures
>190°F significantly reduced fracture tough-
ness or critical stress intensity factor (ch)

in the TL orientation for loblolly pine. This
effect is comparable to previous resultsfrom
conventional static-mechanical testmethods.
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Figure 1. Principal stress intensity factors for wood: I1-opening mode,
I11-forward shear mode, Ill-transverse shear mode, X-normal crack plane, and
Y-crack propagation direction. L = longitudinal, R = radial, T = tangential



Figure 2. Range of specimen TL ring curvature;
deviation from ideal on right. Top,
specimens.  (M86-0146 & M86-0147)

ideal on left and extreme
untreated specimens; bottom, CCA-treated
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Figure 3. Dimensions for the compact-tension specimen (CTS) as governed
by ASTM Standard E 399. a = crack length (1.575, 1.675, or 1.775 in);

B = specimen thickness (1.5 in); W = specimen width between center line of
load application and specimen edge (3.3 in); P = load (1). (ML88 5425)

Figure 4. Closeup view of compact-tension specimen (CTS) and clip gauge
used to monitor crack-opening displacement. (M86-0141)

583



Proceedings of the

1988 INTERNATIONAL CONFERENCE ON TIMBER ENGINEERING

Editor
Rafik Y. Itani

~ Professor
Washington State University

Westin Hotel
Seattle, Washington
US.A.

September 19-22, 1988

VOLUME 1



1988 INTERNATIONAL CONFERENCE ON TIMBER ENGINEERING

This proceedings includes papers presented at the 1988 International Conference on
Timber Engineering which was held September 19-22, 1988 in Seattle, Washington,
U.S.A. These papers are printed directly from camera ready manuscripts prepared
by the authors. Views presented in the various papers are those of the respective
authors and do not necessarily reflect those of the sponsors.

Editor
Rafik Y. Itani

Host Institution

Washington State University

Forest Products Research Society
2801 Marshall Court

Madison, Wisconsin 53705

(608) 231-1361; Fax: (608) 231-2152



