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Abstract 
In wood, the threshold level below which decay cannot occur varies with species or 

type of wood product and other factors such as temperature, humidity, and propensity 
of exposure or service-use to allow rain-induced wetting and subsequent drying. The 
ability to control wood moisture content (MC) during laboratory decay testing could al- 
low research on the moisture thresholds required for the initiation of wood decay over a 
range ofmoisture conditions. In this study, we modified the soil-pan decay test method 
to control wood MC by controlling the vermiculite moisture levels. A model was devel- 
oped to understand and control wood MC when using this modified soil-pan decay 
method. 

A major factor in the initiation of 
decay of wood by fungi is the moisture 
content (MC) of the wood substrate (Lea 
1992, Straube 1999, Rapp et al. 2000). 
Wood MC of 20 percent is generally re- 
garded as the threshold value below 
which decay cannot occur (Sherwood 
and Stroh 1989, British Standards Insti- 
tution 1992, Cassens et al. 1995), al- 
though some work has suggested that de- 
cay does not occur below 25 percent 
wood MC (Viitanen and Ritschscoff 
1991, Rapp et al. 2000). As wood MC in- 
creases, the rate of decay should theoreti- 
cally increase until moisture availability 
is no longer a limiting factor. Excessive 
wood MCs may reduce decay activity 
through water logging the wood, which 
prevents gaseous exchange (Rayner and 
Boddy 1988). Other factors that affect 
fungal growth, e.g., temperature, fungal 
and wood species, heartwood/sapwood 

ratio, and extractives, will also affect the 
rate of decay. 

The exact MC required before decay 
will occur, termed the threshold MC, 
varies with the type of wood material 
used (Lea 1992). Obviously, maintain- 
ing the material below its threshold MC 
will prevent decay. However, under typi- 
cal construction and service conditions, 
this recommendation cannot always be 
maintained and MCs occasionally rise 
above the threshold level. The length of 
time that wood MC is above the thresh- 
old level is therefore critical for long- 

term structural performance. Under- 
standing decay progression and the rate 
of decay at MCs above the threshold, but 
below the optimum, may therefore allow 
determination of the relative risk of de- 
cay under varying conditions. This fun- 
damental knowledge is critical for future 
attempts to model decay and durability. 

That wood strength is significantly af- 
fected by decay has long been recog- 
nized and studied (Cartwright et al. 1931, 
Mulholland 1954, Kennedy 1958). The 
development of laboratory methodolo- 
gies to access strength loss in wood un- 
dergoing incipient decay has recently 
shown that strength-related assessment 
of decay is a more sensitive measure 
than is the determination of weight loss, 
the commonly used measure for assess- 
ing decay (Winandy and Morrell 1993, 
Curling et al. 2002a, 2002b). A ground- 
contact-simulating test method has been 
developed that uses strength as the de- 
cay criterion. It may be possible to con- 
trol the test conditions to produce a range 
of wood MCs and temperature condi- 
tions that could be used to determine the 
time to initiation and the rate of decay as 
a function of temperature and available 
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Figure 1. — Wood-media moisture test: 
a) experimental set-up; b) schematic 
showing location of eight sub-samples 
after removal and cutting. 

moisture in the wood. The study reported 
here was an attempt to adapt the FPL 
soil-pan decay methodology to provide 
this range of conditions. 

Method and materials 

This study was conducted in three 
phases: 1) initial study of how wood MC 
changes relative to available moisture in 
soil-pan media; 2) model development; 
and 3) model verification. 

Phase 1. Wood - media moisture 
relationships 

Southern pine ( Pinus spp.) sapwood 
test specimens (20.0 by 2.5 by 0.95 cm) 
clear of knots, damage, or defect were 
prepared and air-dried to approximately 
12 percent MC. 

The water-holding capacity (WHC) of 
the vermiculite media was determined 
from six random samples using the 
method described in ASTM D 201 7-9 1 
(ASTM 1999). One liter of vermiculite 
(horticultural grade) (Scotts, Marys- 
ville, Ohio) was placed in a lidded alu- 
minum pan (330 by 230 by 82.5 mm) so 
that the bottom of the pan was covered. 
The vermiculite was then formed into a 
ridge, approximately 70 mm wide, 
running the length of the long axis. 
Deionized water was added to bring 
the MC of the vermiculite up to 15, 25, 
50, 73, 75, 95, or 98 percent of the pre- 
determined WHC of the vermiculite 
media. Multiple exposures, or batches, 
were also performed at 15, 50, and 73 
percent WHC. Within each batch, six 

tested condition. 
replicate pans were evaluated at each 

The specimens and pans were steam 
sterilized for 45 minutes at 105°C. The 
wood specimens were then placed, using 
aseptic technique, onto the pre-formed 
ridge in the vermiculite. Seven speci- 
mens were placed into each pan at each 
of the seven moisture conditions evalu- 
ated. The center sections of the speci- 
mens (middle 5 cm) were then covered 
to a depth of 2 cm with sterile vermicu- 
lite (Fig. 1a) at an MC equal to that of 
the base vermiculite, with the following 
exceptions: two tests used a 50 percent 
WHC overlay of media on a 75 percent 
WHC base (73% WHC equivalent), one 
test used a 75 percent WHC overlay on a 
100 percent WHC base (98% WHC 
equivalent), and one test used a 50 per- 
cent WHC overlay on a 100 percent 
WHC base (95% WHC equivalent). The 
sterile, uninoculated pans were placed 
into a controlled conditioning room 
maintained at 25°C and 70 percent rela- 
tive humidity for 3 weeks. As our objec- 
tive was to study moisture sorption in 
wood, specimens were kept sterile over 
the course of the test. 

A specimen was aseptically removed 
from each pan after 0, 1, 2, 4, 7, 14, and 
21 days of exposure. Deviations in ex- 
posure times were necessary for some 
batches because of time constraints. 
These replicate specimens at each expo- 
sure condition were immediately cut into 
eight equal 2.5-cm-long sections (la- 
belled A to H, Fig. 1b). The sections 
were quickly weighed, ovendried at 
103°C, and reweighed to determine MC 
at the time of removal from vermicu- 
lite-media contact. Sections D and E 
(hereafter termed the center sections) 
represent the sections that initially ab- 
sorbed water and should be most prone 
to decay. Sections A and H represent the 
ends of the specimen. Sections B and G, 
then sections C and F, were progres- 
sively taken from the ends toward the 
center. 

Phase II. Development of model 
for moisture absorption 

Wood MC data were used to develop a 
predictive model to estimate the wood 
(center section) MC in terms of percent- 
age of vermiculite WHC. Simple as- 
ymptotic regression models for moisture 
uptake were evaluated for their ability to 
describe the collective “moisture ab- 
sorptive” behavior of the exposed wood 
specimens over time. A step-wise ap- 
proach was followed similar to that out- 
lined in Pinheiro and Bates (2000) for 

nonlinear model fitting, using the non- 
linear mixed-effects modeling package. 

Phase III.Verification of model 
for moisture absorption 

To determine the accuracy of the 
model developed in Phase II, the experi- 
ment was partially repeated. In this round 
of tests, a second set of southern pine 
( Pinus spp.) specimens was used to de- 
termine the accuracy of the predictive 
model. The Phase II model was inverted 
to predict the vermiculite WHC needed 
to produce 26, 29, and 32 percent wood 
MC. 

For each of the three WHC conditions 
tested, 16 trays (8 replicates each for 
Sets A and B) were set up; each tray con- 
tained 7 specimens in two sets (A and 
B). At each sampling time (every 3 to 4 
days), one specimen was removed from 
each of the eight replicate trays of Set A 
or Set B. For example, starting on day 3, 
Set A was sampled weekly to provide 
sampling times of 3, 10, 17, 24, 31, 38, 
and 56 days; starting at day 7, Set B was 
sampled weekly for sampling times of 7, 
14, 21, 28, 35, 42, and 70 days. In all 
other respects, the experiment was con- 
ducted as in Phase II, except that wood 
MC was monitored over a longer period 
(12 weeks). 

Results 

Phase 1. Data analysis 
Because the dry wood specimens ab- 

sorbed moisture from the vermiculite bed 
and overlay, the central portion of the 
specimens (sections D and E) was pro- 
gressively wetted; moisture then wicked 
out toward the ends. Examples of this 
progression in moisture profile within 
samples exposed at 75, 25, and 15 per- 
cent WHC are shown in Figure 2. The 
middle section (sections D and E), 
which was in direct contact with the ver- 
miculite overlay, had the highest infu- 
sion of moisture and, eventually, had the 
highest final MC. The MC of sections D 
and E increased rapidly over time until a 
peak moisture was achieved. Moisture 
entering the wood in the area of sections 
D and E progressively wicked out to- 
wards the ends of the samples (sections 
A and H). 

All moisture conditions tested exhib- 
ited a similar progression of wetting and 
wicking moisture out toward the speci- 
men ends, varying primarily in regard to 
rate and magnitude of absorption. The 
MC of the intermediate sections that 
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Time to maximum MC 

(days) 

Equilibrium MC 

11 28 
11 28 
12 34 
12 35 
14 39 
21 64 

Figure 2. — MC profile of sample ex- 
posed at: a) 75 percent; b) 25 percent; 
and c) 15 percent WHC over time. Sec- 
tions A and Hare 2.5-cm sections near 
ends; sections D and E are 2.5-cm cen- 
ter sections (Fig. 1 b) of one 20-cm-long 
specimen (Fig. 1a). Sections were ex- 
posed for 0 to 21 days, removed, and 
ovendried. 

were not in contact with the vermiculite 
but were not at the ends also increased, 
but it did not increase as rapidly nor to 
the same level as did the MC of sections 
D and E. Also note that after the sections 
reached maximum MC (in about 14 
days), the progressive wicking of mois- 
ture from the middle of the specimen (in 
contact with the vermiculite) sometimes 
lowered the eventual 2 1 -day mid-sec- 
tion equilibrium MC to slightly below 
the 14-day maximum, as shown at 25 
percent WHC (Fig. 2b) and 15 percent 
WHC (Fig. 2c). 

The MC profiles of wood exposed to 
other vermiculite WHC levels each ex- 
hibited progressively similar trends to 
those shown in Figure 2 for 75, 25, and 
15 percent WHC. The observed peak 
wood MC and the time to obtain that 
peak varied (Table 1). 

Phase II. Model development 

The model was developed in three 
steps. First, a three-parameter nonlinear 
model was individually fit to each of the 
10 WHC data sets tested in Phase I (Eq. 
[1]). Initial asymptotic regressions were 

Table 1. Observed peak wood MC and time required to reach peak. 

Vermiculite MC Maximum wood MC 

(% WHC) (%) 
15 29 
25 30 
50 34 
73 35 
75 39 
95 64 

individually fit to mean MC responses 
at the center of stakes over time and 
within each batch of vermiculite. For a 
given batch of vermiculite at WHC w, 
the MC model is expressed as: 

where: 
percentage of MC at 
center of stake 
days of exposure 
maximum MC 
(horizontal asymptote) 
as time increases 
MC at time zero 
rate of moisture uptake 
normally distributed 
random error 

In fitting Equation [1] to the data, 
the rate of moisture uptake is con- 
strained for positivity by setting β w ,3 = 
exp( α  w ), so that α w = ln( β  w ,3). After 
developing a series of parameter esti- 

Equation [1] for each of the 10 WHCs 
evaluated, these estimates were reviewed 
for similarities and differences among 
the batches of vermiculite. Graphs indi- 
cated that the variability seen in the pa- 
rameters could partially be explained by 
changes in WHC of the vermiculite, ei- 
ther as a covariate or as random effects. 

The parameter estimates and fit statis- 
tics for each model are listed in Table 2. 
As indicated, the fits to nonlinear Equa- 
tion [1] are satisfactory, with observable 
discrepancies primarily in the batches of 
vermiculite treated to higher WHC. The 
estimated maximum MC, given in Fig- 
ure 3, shows individual parameter esti- 
mates encompassed in 95 percent confi- 
dence intervals. Within the sub-graph 
for each parameter estimate, overlapping 
confidence intervals can indicate a com- 
mon underlying parameter, such as the 
MC at time zero ( β w ,2). Non-overlap- 
ping confidence intervals, such as oc- 

curs for β w ,1, may be an indication that a 
random effect could be incorporated into 
the model or that an underlying covariate, 
in particular vermiculite WHC, may help 
explain the batch-to-batch variation. 

The next step of model development 
was to fit a model with the three main 
parameters each associated with a par- 
ticular random effect to accommodate 
various WHC in the media and batch- 
to-batch variation. Using this model then 
allows us to differentiate the effects of 
WHC on maximum wood MC ( β 1) and 
rate of moisture uptake ( β 3) from the 
random effects. 

The ensuing nonlinear model devel- 
oped had three primary parameters that 
modeled mean effects (initial and maxi- 
mum wood MC, rate of uptake) and also 
estimated random effects associated with 
each primary parameter to capture batch- 
to-batch variability: 

[2] 

where: 

= normally distributed 
random effect 
describing variability 
between batches of 
vermiculite at same 
WHC 

random error 
Analysis of the pair-wise scatterplots 

(not shown) of the individual nonlinear 
estimates from Equation [1] did not in- 
dicate correlations between parameter 
estimates. This led to Equation [2], 
which provides a logical method with 
which to begin to group, and thereby in- 
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Table 2. — Parameter estimates for individual models of MC fit by Equation [1].a 

Estimates for parameters 

2 w β w ,1 β w, 2 β w ,3 (exp( α  w) r RSE 
WHC (%)b 

15(1) 27.6 8.7 0.77 0.993 0.73 
15(2) 27.8 8.4 0.89 0.978 1.33 

25 27.7 7.6 0.47 0.997 0.50 
50(1) 33.1 11.1 0.36 0.996 0.64 
50(2) 34.4 11.9 0.36 0.975 1.57 
73(1) 34.6 11.2 0.32 0.996 0.64 
73(2) 35.3 12.1 0.30 0.983 1.34 

75 38.7 9.4 0.54 0.984 1.72 
95 53.3 11.6 0.82 0.947 4.52 
98 55.5 12.3 0.64 0.939 5.10 

Table 3. — Parameter estimates for MC for all data fit by Equation [3]. 
p -value 

Parameter Estimate Standard error (based on t 56) 

25.60868 1.756806 < 0.0001 

0.00273 0.000336 < 0.0001 

10.43043 0.700734 < 0.0001 

0.26313 0.322740 0.4184 

-0.04929 0.011574 0.0001 

0.00046 0.000093 < 0.0001 

3.078006 

2.175690 

terpret, the individual models. We evalu- 
ated plots of the resulting estimated ran- 
dom effects for each batch from fitting 
Equation [2] against WHC of the associ- 
ated batch of vermiculite. This evalua- 
tion of the random effects associated 
with MC at time zero (62) relative to its 
estimated value indicated that it was not 
necessary to include a random effect for 
this parameter. However, random effects 
of a larger magnitude appear to be asso- 
ciated with WHC of vermiculite. The 
random effects associated with the as- 
ymptote parameter appeared to have an 
increasing pattern; random effects asso- 
ciated with the uptake rate indicated a 
possible decline, followed by an increase 
or flatness through midpoints, with 
higher uptakes at the extremes. 

This analysis indicates that the inclu- 
sion of each batch of vermiculite WHC 

as a covariate might explain much of the 
pattern in random effects. Several mod- 
els were evaluated for different forms of 
covariate inclusion, with the final model 
including quadratic functions for ex- 
plaining random effects. This eliminated 
the need for the random effect b 3 for the 
uptake parameter and reduced the esti- 
mate of variance associated with the 
random effect b 1 for the asymptote pa- 
rameter. 

This analysis led to the development 
of Equation [3], which represents a ver- 
satile model to predict wood MC as a 
function of the percentage of WHC of 
the media and duration of exposure to 
that soil-pan media. Equation [3] adjusts 
parameter estimates for the asymptote 
and rate of moisture uptake for a given 
WHC: 

[3] 

where: 

= normally distributed 
random effect 
describing variability 
between vermiculite 
batches at same w 

= normally distributed 
random error 

Parameter estimates for Model 3 are 
given in Table 3. 

Since the performance of the individ- 
ual models fit to Equation [1] is very 
good, these models provide a bench- 
mark with an overall residual error of 
2.36. Model 2 is the first-stage random 
effect model, which is further refined in 
the second-stage random effect model 
(Model 3). Model 2 has a residual error 
estimate of 2.23 and error estimates of 
9.5 1 associated with the asymptote ran- 
dom effect, 0.28 associated with the up- 
take rate random effect, and 5.5×10-6 as- 
sociated with the initial MC random ef- 
fect. Model 3 has a residual error esti- 
mate of 2.18 and asymptote random ef- 
fect error estimate of 3.08. 

Residual plots indicated no system- 
atic trends and were judged as satisfac- 
tory in our opinion. While outliers were 
observed at the tails for extreme MC in 
the vermiculite media as WHC was in- 
creased this probably indicated that as 
the vermiculite media was progressively 
manipulated to higher and higher WHC 
levels, fully saturated sub-zones of ver- 
miculite were established. Wood speci- 
mens in direct contact with those sub- 
zones would gain more moisture than ex- 
pected. The performance of the model is 
illustrated in Figure 4. 

The fixed effect portion of the model 
(obtained by assuming random effects 
are zero) provides the ability to predict 
future average MC in the center of stakes 
exposed to vermiculite held at other 
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WHCs. Figure 4 illustrates the fit of the 
fixed effect portion of the model (esti- 
mated population mean obtained by set- 
ting random effects to zero) as well as 
the fixed plus random effect model (ob- 
tained by setting random effects to cal- 
culated value). 

Phase III. Model verification 
Performance was evaluated for an in- 

dependent set of data based on visual fit 
(Fig. 5). Although the MC values in this 
independent set of data were calculated 
from entire stakes as opposed to the cen- 
ter of the stakes, model predictions based 
on the assumption that random effects 
are zero are well within expectations, es- 
pecially when extrapolating beyond the 
exposure range of the developed mod- 
els. Extrapolating beyond these MCs and 
species has not been fully studied and 
should not be done without caution. Our 
work continues to better define the mod- 
els for pine, and we hope to eventually 
relate these models to other species. 

Discussion 
The data showed that by adjusting the 

initial MC of the vermiculite, the peak 

MC of the wood samples could be ad- 
justed and maintained for a period. The 
data also show that the vermiculite over- 
lay did indeed raise the MC of the center 
sections (D and E) of the specimen in 
comparison to the outer sections (Fig. 
1). This also explains why the localized 
(sections D and E) MC was higher than 
that of the gross specimen. This is im- 
portant in that during decay tests the fun- 
gal action will be localized in this area, 
making subsequent strength testing more 
accurate (Curling et al. 2002a, 2002b). 

One problem experienced in these 
tests was dehydration of the system, es- 
pecially at lower initial moisture condi- 
tions. At the lowest moisture level (i.e., 
WHC 10.5% for pine MC of 26%), 
wood MC reached its peak at about 2 
weeks, but then rapidly dropped after 
about 3 weeks. However, the peak MC 
was maintained for about 8 to 10 weeks 
at the two higher moisture levels (i.e., 
WHC 21.5% and 42% for pine MC of 
29% and 32%, respectively). This loss in 
overall moisture within the decay cham- 
ber may have been due to the repeated 
opening of the pans during periodic spec- 

imen harvesting, which allowed mois- 
ture to leave the system. This moisture 
loss would obviously have the greatest 
effect on the system at the lowest mois- 
ture condition (as shown by the data). In 
subsequent investigations, it was possi- 
ble to determine the rate of moisture loss 
by monitoring mass loss and subse- 
quently to replenish the water lost during 
each pan-opening sequence by adding 7 
to 12 mL of sterile water (depending on 
desired wood MC and media WHC) to 
the vermiculite media whenever the pans 
were opened. 

Although obviously not perfect, the 
model developed (as Eq. [3] ) is a reason- 
ably good fit to the collected data, but it 
needs to be refined. The model proved 
to be reasonably accurate when used to 
predict the MC of the vermiculite re- 
quired to achieve the desired wood MC 
(Fig. 4), down to about 25 percent. Sub- 
sequent analysis of a second set of data 
showed that the predictions were accu- 
rate for these pine samples (Fig. 5). This 
suggests that the model, with differing 
degrees of refinement, may be relatively 
robust. 
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Figure 3. — Parameter estimates and 95 percent confidence intervals for individual nonlinear regressions (from Eq. [1]) for each 
batch of vermiculite where β w,1 = maximum MC (wood), β w,2 = initial MC (wood) and β w,3 = rate of water uptake in wood. 



Figure 4. — MC for each vermiculite batch as observed over time (dots). Estimated 
mean fixed-effects model (Eq. [3] ) with random effects set to zero (solid line) and 
predicted mixed-effects model (Eq. [3] ) with estimated random effects (dashed 
line). 

Figure 5. — Measured wood MC from secondary verification phase for three 
batches of vermiculite (10.5%, 27.5%, and 42% WHC) over time compared to esti- 
mated wood MC from mixed-effects model (Eq. [3] , with random effects set to zero) 
independently derived during initial model development. 

decay to initiate over a range ofmoisture 
conditions. Dehydration was found to be 
a problem at low system moisture levels. 
We found that moisture could be added 
back to the decay chamber and the mois- 

Conclusions 
The MC of southern pine exposed 

over vermiculite was found to be con- 
trollable and predictable by controlling 
the water-holding capacity of the ver- 
miculite media. This ability to control 
wood MC may allow us to study the 
moisture thresholds required for wood 

ture environment could be effectively 
controlled for an extended period. The 
model developed to relate the WHC of 

vermiculite media to the eventual wood 
MC (Eq. [3]) was shown to be reason- 
ably accurate. Further experience is 
needed using different media types or ex- 
posure temperatures to assess the broader 
applicability of the method and models. 
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