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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 
( Pinus taeda 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. 
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. 

These 

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) is based assumes that preexisting 
flaws within a brittle material initiate failure. 
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. 
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. 

The results were compared to pre- 

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. 
eral theory of LEFM for brittle materials is that 
fracture initiates at a preexisting flaw. 
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 (I), forward shear (II). 
and transverse shear (III) modes (Fig. 1). 
Because of the ease of testing, much of the 
previous work with wood has been done with the 
opening mode (Mode I) fracture. The work 
described in this paper dealt only with the 
stress intensity factor in the opening mode (K ). 

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, four are of practical importance: RL, 
TR, RT, and TL. 
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) is the least resistant orientation 
for crack growth (18). 

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. 

The gen- 

When 

I 

Each of these four systems 

The radial penetration of CCA occurs pri- 
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Stress intensity is used as a failure crite- 
rion. Unstable crack growth or catastrophic 
failure occurs when K reaches a critical value 

(K   I c  ). KI c represents the critical stress 

intensity factor for an isotropic material in 
Mode I failure. 
compact-tension specimen (CTS) consistently 
showed a range for KI c values of 260-320 psi x 

species or wood-based composite materials 
(4,13,14,16,17,19,20,25). 

Mode I fracture toughness for a CTS of metallic 
materials (8) was the basis for the geometric 
correction factor used to calculate K 

I 

Previous work using the Mode I 

in 1/2 for the TL orientation for several wood 

In our tests, the polynomial for plane-strain 

IcTL . 

[1] 

where P Q = load required to propagate crack (lb) (pop-in load) 
B = specimen thickness (in) 
a = crack length (in) 
W = specimen width between center line of 

load application and specimen edge 
(3.3 in) 

This isotropic polynomial solution is consid- 
ered a reasonable approximation to the ortho- 
tropic value for K (4,21,25). Because our 

objective was to evaluate treatment effects 
rather than to establish true orthotropic K 
values, the use of these simplifying assumptions 
seems acceptable. 

IcTL 

Experimental Method 

Short sections (4.5 in long), free of de- 
fects, were cut from undamaged sections of 
2 by 6 loblolly pine ( Pinus taeda L.) lumber 
tested in an earlier study (23). 
been treated with CCA-Type-C to a target reten- 
tion of 0.4 or 0.6 pcf (water-treated and un- 
treated controls included) and redried after 
treatment using various redrying temperatures 
(air-dried or kiln-dried at 160°, 190°, or 240°F) 
The levels of CCA retention were chosen to rep- 
resent standard CCA retentions for structural 
lumber. The drying temperatures were chosen to 
represent a range of industrial redrying 
temperatures. 

The short sections were stored in a climate- 
controlled room with the temperature maintained 
at 74°F and the relative humidity at 65 percent, 
producing an equilibrium moisture content of 
about 11.5 percent. After equilibrating, the 
sections were inspected and only those free from 
observable heartwood, checks, and shakes were 
selected. Heartwood sections were avoided to 
insure even distribution of CCA within the 
specimens and to limit the possible inclusion of 
juvenile wood. Finally, only blocks exhibiting 
ideal TL  orientation  were chosen. 
this TL orientation and the range of ring 
curvature used in this study are shown in 
Figure  2. 

The lumber had 

Examples  of 

Specimen Preparation 

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

The specimens were prepared in three stages. 
First, a block 4.0 by 4.2 in, with full thick- 
ness (about 1.5 in), was machined so that the 
location for the crack was positioned at the 
optimum TL orientation in the specimen's 
height (Fig. 2). Second, holes were drilled for 
loading, and the notch for mounting the crack- 
opening displacement (COD) gauge was cut. Fi- 
nally, a sharp-tipped crack notch was cut to a 
predetermined depth., A starter notch (2.3 in 
deep) was cut and three marks were scribed at 
0.1-in increments starting at 2.4 in from the 
edge (Fig. 3). The distance between a line 
drawn between the center of the two loading 
holes and the scribe marks (shown as "a" in 
Fig. 3 and Eq. [1]) determined the relative posi- 
tioning of the three crack lengths that would be 
tested for each CTS specimen. 
lengths to be tested for each specimen were 1.575, 
1.675, and 1.775 in. To produce the initial 
crack (1.575 in), the material just short of the 
first scribe mark was removed with a band saw. 
Next, the crack tip was sharpened with a spe- 
cially machined blade with adjustable 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 
length of 1.575 in. 
ducted just seconds before testing. 
dure used to produce the second and third cracks 
will be discussed in Test Procedure. 

The three crack 

This procedure was con- 
The proce- 

Test Procedure 

Specimen thickness at the crack tip and 
specimen weight were recorded prior to testing. 
The test setup is illustrated in Figure 4. The 
specimens were suspended in hangers by two 
clevises, and a steel sleeve was inserted into 
each loading hole to provide a smooth bearing 
surface. A block of wood was used to support 
the specimen until the load was applied. Be- 
cause the block remained in place during 
testing, a strip of soft foam was placed between 
the supporting block and the specimen to keep 
the load imposed by the supporting block to a 
minimum during testing. 
in a 12,000-lb universal test machine at a 
cross-head speed of 0.02 in/min, resulting in a 
time to failure of 1.5-2.5 min. Loads were re- 
corded with a 500-lb load cell and COD measure- 
ments were obtained with a clip gauge extenso- 
meter. Crack-opening displacements and load 
were recorded simultaneously on an X-Y plotter 
and an interfaced microcomputer. 

in load) occurred, as evaluated from the X-Y 
plot. Then, the specimen was rapidly unloaded 
to arrest the growth of the crack before it 
reached the next length. 
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 
next target crack length. 

Testing was conducted 

Load was applied until the first pop-in (drop 

Preliminary experimen- 

After the test was 
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completed, the specimen was prepared for the 
next crack length by using a band saw to remove 
material along the crack notch nearly to the 
next scribe mark. 
sharpened with the blade. 
second crack length (1.675 in) was the same as 
testing for the first. 
crack length (1.775 in) was allowed to run 
out to maximum loading. After testing, the 
critical K Ic values for each crack length 

The new crack tip was then 
Testing for the 

Testing for the third 

(K575 = 1.575-in, K675 = 1.675-in, 

K 775 = 1.775-in crack) were calculated using 

Eq. [1] and the pop-in load (P ), which repre- Q 
sented the load that produced an ultimate stress 
in the vicinity of the crack tip for each crack 
length. If a distinct pop-in load was not pres- 
ent, the point at which the first major change 
in compliance occurred was taken as P Speci- 

fic gravity (ovendry weight and volume at test) 
and moisture content were also calculated. 

Q 
. 

Results and Discussion 

Equilibrium moisture content was related to 
the level of CCA treatment and redrying tempera- 
tures employed; CCA treatment increased moisture 
content, whereas at any CCA level, moisture con- 
tent was decreased by an increase in kiln dried 
after treatment temperature (Table 1). We did 
not adjust K values for moisture content be- 

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

Based on the results of preliminary experi- 
ments, we tested three crack lengths for each 
specimen. However, we were concerned that the 
initial crack or cracks might run past the 
initiation point of a later crack or cracks. 
Visual observation of each crack did not reveal 
any problems, but previous work had shown that 
crack fronts can tunnel into the center of a 
specimen (6,7). While tunneling is less of a 
problem in static tests (such as ours) than in 
fatigue tests (6,7), tunneling is not readily 
apparent from a visual observation of the 
exterior of a specimen. To learn whether the 
first crack interfered with the results of the 
second, we statistically tested the hypothesis 
that no difference existed between the first two 
critical K Ic values (H 0 : K 575 
Student's t-test. The results of the test in- 
dicated that for all nine treatment-redrying 
combinations the average K 575 value was less 

than the K 675 value, and in seven of nine cases 

it was significantly less. 
were for specimens that were treated with CCA 
to 0.4 pcf or treated with water and then re- 
dried at 240°F. A t-test of H 0 : 

yielded similar results. Thus, for material re- 
dried at. 190°F or less, the 0.1-in difference 
between the three cracks was apparently suffi- 
cient to preclude interference between repli- 
cated crack lengths. Nevertheless, the 

IC 

- K 675 = 0) using 

The two exceptions 

K 575 - K 775 = 0 

exceptions (where K 575 was greater than K 675 or 

K 775 ) could present unknown pitfalls because the 

true length of the initial crack or cracks could 
not be measured. The uncertainty about crack 
length limits the statistical independence of 
data of the second crack length from the first 
and of the third from the second and first. 
Thus, although we report the results from the 
second and third crack lengths, these results 
are not discussed any further. The trends 
discussed for the initial K 575 values were 

virtually identical to those found with K 675 
and K 775 . 

Effects of Treatments and Redrying 

Table 1 shows the average fracture toughness 

coefficient of variation, percentage difference 
from untreated controls, moisture content, and 
specific gravity for each treatment group. The 
K Ic575 
mens was 301 psi x in 1/2 with a coefficient of 
variation of 11.9 percent. 

showed K Ic values of 270-326 psi x in 

for the TL orientation of Douglas-fir CTS 

(4,14,16) and values of 300.3 psi x in 1/2 for 
Scots pine (20). Thus, our results compare 
favorably with previous results of studies with 
untreated wood. 

We expected that ring count, latewood per- 
centage, and specific gravity would influence 
fracture toughness. However, an analysis of 
covariance showed that none of these were signi- 
ficant ( α < .05). Although no significant inter- 
actions between treatment and redrying were 
identified by an analysis of variance, the even- 
tual loss or reduction in fracture toughness 
depends on consideration of the treatment and 
redrying level. Overall, several significant 
trends can be identified by reviewing the 
results of an analysis of variance and of the 
Tukey test of means on K Ic575 
treatment-redrying combinations together and 
individually for CCA treatment at the 0.06-pcf 
level and two redrying levels (160' and 
240°F) (Table 2). In general, air drying after 
CCA treatment and kiln drying after water 
treatment at 160°F either did not affect or 

Kiln drying at 240°F after water treatment 
and kiln drying at 160°F after CCA treatment 
usually reduced K 

significantly so. However, kiln drying at 
> 190°F after CCA treatment at 0.6 pcf signif- 
icantly lowered K Ic575 (16% to 23%) (Table 2). 

The percentages of property loss with kiln 
drying at temperatures > 190°F after treatment 
with CCA were similar to or slightly greater in 
magnitude than those found in previous work by 
Bendtsen et al. (5), Winandy et al. (24), and 
Mitchell and Barnes (12) using clear wood 
specimens tested in bending. 

of each crack length (K Ic575 , K Ic675 , K Ic775 ), 

value for the 18 untreated control speci- 

Previous research 
1/2 

for all nine 

slightly increased K Ic575 (7% to 12%). 

(1% to 12%), but not Ic575 
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Table 1.--FRACTURE TOUGHNESS, SPECIFIC GRAVITY, AND MOISTURE CONTENT OF 
TREATED AND CONTROL SPECIMENS. 

Stress intensity factor a Post- 
treat- K Ic575 

K 
Ic675 

Number 
ment of

f 

Treat- 
ment drying speci- temper- 

K 
Ic775 

(psi x CV b tion c (psi x CV tion (psi x CV tion 
in 1/2 ) (%) in 1/2 ) 

SG d MC e 

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 

GRD f 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 

FDN f Air 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 K Ic is critical stress intensity factor that designates fracture toughness. 
Superscripted numbers refer to crack length (1.575, 1.675, 1.775 in). 

c 
Difference from untreated controls. 

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

b 
Coefficient of variation. 

d Specific gravity (ovendry weight/volume at test). e 
Moisture content. 

Table 2.--NONPARAMETRIC ANALYSIS OF VARIANCE AND 
TUKEY TEST OF RANKED OBSERVATIONS OF K Ic575 . 

ANOVA 

significance 
Condition Level of Factor Tukey resultsa 

(low to high) 

All nine <.0001 Treat b FDN FDN GRD GRD H 2 0 FDN CTL H 2 0 FDN 

Dry c 190 240 160 240 240 160 -- 160 AIR 
groups 

Redrying 
at 160°F 
only <.0004 Treat 

Redrying 
at 240°F 
only <.0016 Treat 

FDN CTL H 2 0 

FDN GRD H 2 0 CTL 

FDN treat- 
ment only <.0001 Dry 190 240 160 CTL AIR 

a 
Each bar represents mean values equivalent at 95 percent probability level. 

c Posttreatment drying temperature (°F). 

b 
FDN = 0.6 pcf CCA, GRD = 0.4 pcf CCA, H 2 0 = water-treated control, 
CTL = untreated control. 

579 

mens ature 
(°F) 

Mean 

(%) 

Varia- Mean Varia- Mean Varia- 

GRD 



Utility of LEFM 

The assumptions required to apply LEFM meth- 
ods to an anisotropic, heterogeneous material 
like wood appear acceptable for detecting 
chemical and processing effects for treated 
wood. Our values for K Ic for the control group 
compare favorably with previous Mode I fracture 
studies with wood (4,14,16). In addition, 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 ASTM D 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 test methods. 
nificant interactions were found between factors 
of the incomplete factoral design. 
with CCA followed by redrying temperatures 
> 190°F significantly reduced fracture tough- 
ness or critical stress intensity factor (K Ic ) 
in the TL orientation for loblolly pine. This 
effect is comparable to previous results from 
conventional static-mechanical test methods. 

No sig- 

Treatment 
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(J. A. Johnson , 1973) 
Figure 1. Principal stress intensity factors for wood: I-opening mode, 
II-forward shear mode, III-transverse shear mode, X-normal crack plane, and 
Y-crack propagation direction. L = longitudinal, R = radial, T = tangential 
(10). (ML87 5456) 
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Figure 2. Range of specimen TL ring curvature; ideal on left and extreme 
deviation from ideal on right. Top, untreated specimens; bottom, CCA-treated 
specimens. (M86-0146 & M86-0147) 
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Figure 3. Dimensions for the compact-tension specimen (CTS) as governed 
by ASTM Standard E 399. 
B = specimen thickness (1.5 in); W = specimen width between center line of 
load application and specimen edge (3.3 in); P = load (1). 

a = crack length (1.575, 1.675, or 1.775 in); 

(ML88 5425) 

Figure 4. 
used to monitor crack-opening displacement. 

Closeup view of compact-tension specimen (CTS) and clip gauge 
(M86-0141) 
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