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Abstract. Our understanding of how to relate laboratory-induced degradation data to real-world in-service

performance of fire-retardant (FR) systems is currently limited because we are unable to correlate labora-

tory steady-state experiments with actual in-service field performance. Current studies have generally been

limited to isothermal rate studies with selected model FR chemicals. Currently, no known direct com-

parison exists of matched sets of samples with one set exposed to high-temperature laboratory conditions

and the other exposed for an extended period of time as traditionally used in North American light-framed

construction. The objective of this study was to determine the relationship for FR model compounds

between laboratory and field results based on strength–temperature–RH (moisture content)–FR chemical

interactions. Two previous studies evaluated the effects of various exposures on bending strength proper-

ties and directly compared matched laboratory- and field-exposure samples. This study presents an empir-

ical model to relate the differential effects of laboratory and field exposures on changes in mechanical

properties for matched samples.

Keywords: Fire retardants, strength, plywood, laboratory-to-field exposure correlation.

INTRODUCTION

In the late 1980s and early 1990s, the degrada-
tion of wood treated with fire-retardant (FR)

chemicals in roof systems was a problem of
major national significance resulting in millions
of dollars of litigation and roof replacement.
Our understanding of field-induced degrada-
tion is currently limited because we are unable
to correlate laboratory steady-state experiments
with actual in-service field degradation. Debate
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still exists as to the relative influence of various
material, construction, treatment chemical, and
processing factors, each of which may or may
not have played a role in the performance of fire
retardant-treated (FRT) panel products.

During the last 25 yr, a relatively large database
of steady-state laboratory exposure to elevated
temperatures has been developed by Barnes
et al (2010), Winandy (1997, 2001, 2013), and
Winandy et al (1991). This work led to two
ASTM standard test methods, one for FRT
plywood (ASTM 2008a) and another for FRT
lumber (ASTM 2008b). Subsequent ASTM
standard practices, such as ASTM (2008c)
for plywood and ASTM (2008d) for lumber,
were also developed to allow engineers to calculate
adjustment factors for FRT wood materials
exposed in service to intermittent high-temperature
conditions based on the results derived from
ASTM D5516 (2008a) and ASTM D5664
(2008b) test results. Still, no definitive relationship
exists between laboratory and field exposures
for the effects on wood strength loss of FRT.

BACKGROUND

In virtually all the FRT effect studies during the
last 25 yr, the magnitude of the differences was
generally attributable to the FRT used and the
exposure temperature conditions studied. After
initial effects were accounted for, the rate of
change appeared to be independent of the treat-
ment with both untreated and treated samples
yielding similar degradation rates. Because of
this, it was postulated that differences among
in-service performances of FR systems were
related to the initial time required for the chemi-
cal to dissociate at specific temperatures into its
acidic chemical form (Winandy 2001). Based
on chemical analyses, LeVan and Winandy
(1990) postulated that breakdown of the hemi-
cellulose fraction in wood was primarily respon-
sible for the strength losses encountered. That
hypothesis was confirmed by subsequent work
(Winandy and Lebow 2001).

Current model studies are generally limited to
isothermal rate studies with selected model FR

chemicals. We believe, however, that other fac-
tors also play a major role in the degradation
of FRT wood. These factors, which have not
been studied in any detail, include RH–moisture
content cycles and thermally induced evolution
of ammonia from ammonium phosphates, which
results in elevated levels of phosphoric acid. If
we are to understand and accurately model the
degradation of treated and untreated wood, it
will be necessary to obtain sufficient and com-
prehensive data from matched laboratory and
field studies to establish creditable acceptance
criteria for evaluating FRT wood. No known
direct comparison exists between matched sam-
ples exposed to high-temperature laboratory con-
ditions and field exposed samples over an
extended period of time as traditionally used in
North American light-framed construction.

The relationship between steady-state laboratory
exposure and constantly changing field exposure
is not well defined. In an attempt to elucidate
moisture effects, LeVan et al (1996) conducted a
cyclic exposure study in which temperature var-
ied daily between 27 and 66�C at either 6 or
12% MC in untreated wood. Exposure times
varied from 215 da for the 6% samples to
400 da for the 12% samples. LeVan et al (1996)
concluded that cyclic temperature exposures
had minimal effect on strength properties up to
400 da of exposure. Strength values of mate-
rials exposed to those cyclic temperatures at
12% MC were slightly but not significantly
lower than those at 6%, leading LeVan et al
(1996) to conclude that no difference existed
from high-temperature exposure between 6 and
12% MC.

Barnes et al (2008, 2010) compared a series of
matched plywood samples in high-temperature,
steady-state laboratory exposure and cyclic,
diurnal field exposure for up to 3.5 yr. The tests
investigated the impact of exposure conditions
on the strength of southern pine plywood treated
with model FR compounds. They found that
steady-state laboratory conditions were much
more severe than those in the field. They also
studied the effects of in-service moisture expo-
sure and found that although strength loss rates
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were essentially equal for both untreated and
treated specimens exposed under dry, ambient
conditions in the field, increasing the moisture
loading increased the strength loss for systems
containing free phosphoric acid. That result sug-
gested that the role of humidity for in-service per-
formance may be greater than previously thought.

A previous study documented attic temperatures
in matched roof systems located in southern
Wisconsin and east–central Mississippi (Winandy
et al 2000). This study compared white and black
shingle roofs in dry and wet conditions and also
recorded the attic framing temperatures for 4
and 8 yr. Roofs with black shingles tended to be
about 5-10�C warmer during the midafternoon
of a sunny day than comparable white-shingled
roofs. The highest temperatures were recorded in
Mississippi, and on an annual basis, the top of
its roof sheathing averaged 194 h at 60-65�C,
64 h at 66-70�C, and 2 h at 71-76�C during the
4-yr measurement period. On an annual basis,
the bottom of the sheathing averaged 13 h at
60�C during the 4-yr exposure, which was its
highest temperature. This work substantiated
the selection of laboratory test exposures of
66-77�C, which were selected for the various
ASTM protocols previously mentioned.

During the Winandy et al (2000) study, matched
plywood samples were simultaneously exposed to
either a high-temperature, steady-state laboratory
exposure or a cyclic, diurnal field exposure for
up to 3.5 yr in Mississippi and 8 yr in Wisconsin.
The physical and mechanical property data from
that work were presented in our first two studies
in this series (Barnes et al 2008, 2010).

The objective of this third study in the series
was to model the relationship between laboratory
and field exposures of matched plywood strength
property data presented in our two previous
studies in this series.

MATERIALS AND METHODS

Exposures

Field exposures were conducted by inserting
small 102- � 559-mm, 16-mm-thick, four-ply

southern pine plywood specimens in open slots
in the roof sheathing of the field-exposure struc-
tures. Matched groups of these specimens were
field-exposed for 1 or 3.5 yr. The construction
and design of the field-exposure structures, the
plywood materials, and a description of the
high-temperature, steady-state laboratory expo-
sure chamber were previously described in
detail in our first two studies (Barnes et al
2008, 2010). The high-temperature, steady-state
laboratory exposures used matched untreated
pine plywood specimens cut from the same
original panels as the treated plywood and
were conducted at 65�C and 75% RH for
60 or 160 da. More complete exposure details
and physical and mechanical testing protocols
were also detailed in those two studies. The
grouped mean values for bending strength
(ie modulus of rupture [MOR], modulus of
elasticity [MOE], and work to maximum load
[WML]) of matched plywood specimens after
exposure to either steady-state laboratory or
diurnal–seasonally cyclic field exposures were
previously reported by Barnes et al (2010).
MOR results are shown in Table 1.

Formulations

Three generic FR formulations were evaluated.
The first was monoammonium phosphate (MAP)
as a 100% concentrate. The other two concen-
trates were a 75–25% mixture of MAP and
phosphoric acid (PA), respectfully (hereafter
referred to as MPA), and a 50-30–20% mixture
of MAP, PA, and disodium octaborate, respec-
tively (hereafter referred to as MPD). Each con-
centrated formulation was individually diluted
to make up a 14% treating solution used to
treat the plywood in a pressure vessel to a
target loading of 56 kg/m3. All three FR sys-
tems used this same target loading.

The formulations in this program were chosen to
help elucidate possible mechanisms of strength
loss during exposure and accelerate such losses
into a reasonable timeframe. Experience has
shown that when free acid is added to a FR
formulation and the moisture is increased,
additional strength loss occurs. Buffering the
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formulation with borate helps it resist some
acid degradation.

The three formulations selected for this work
were chosen to simulate possible FR formula-
tion scenarios and are not directly representative
of any actual commercial formulations. To our
knowledge, there are no commercial formula-
tions that are purely MAP, but rather formula-
tions based on MAP always have borate buffers
incorporated. Obviously, there are no commer-

cial formulations that purposely incorporate
PA. Its inclusion in this work was to simulate
the possible in situ formation of PA during
extended exposure.

Analysis and Modeling

In this study, these matched test results from
specimens exposed in a steady-state environment
of 65�C and 75% RH for 60 or 160 da and from

Table 1. Nonparametric rank-order analysis for modulus of rupture (MOR) of matched untreated and treateda plywood

specimens exposed to in laboratory or in a field environment in simulated roof structures for 1 or 3 yr in Mississippi.

MOR (MPa) Exposure Control Laboratory Laboratory Field Field

0 da 60 da 160 da 368 da 1305 da

Untreated

No. 20 16 20 40 39

Mean 70.3 58.3 55.0 66.2 65.5

SDb 13.9 12.2 9.3 13.3 13.4

90% 87.7 73.2 65.4 83.3 82.1

75% 82.0 67.8 62.3 75.9 76.7

50% 73.8 59.2 56.1 65.6 66.7

25% 57.8 51.9 48.5 58.1 56.0

10% 52.0 37.6 41.4 51.3 48.6

MAP-treated

No. 20 15 20 40 40

Mean 56.7 39.3 27.0 55.4 50.3

SD 8.0 7.8 8.8 10.3 10.5

90% 64.6 48.1 36.0 68.5 64.1

75% 62.6 47.3 32.6 63.5 58.8

50% 58.8 41.0 28.4 56.2 48.7

25% 52.9 34.0 21.3 48.2 41.5

10% 43.6 30.0 12.7 43.6 38.4

MPA-treated

No. 20 20 20 40 40

Mean 55.5 36.9 24.0 50.5 44.8

SD 9.4 9.3 6.6 11.9 14.4

90% 64.8 49.8 32.3 65.0 65.0

75% 64.0 46.5 29.4 57.9 52.4

50% 57.8 34.7 24.1 48.6 42.4

25% 47.7 28.6 18.6 45.0 34.4

10% 41.5 25.7 14.5 34.2 31.0

MPD-treated

No. 19 20 18 40 40

Mean 53.8 39.0 24.9 49.9 42.7

SD 11.4 9.1 8.0 11.3 10.0

90% 68.8 52.7 36.0 66.5 58.1

75% 64.7 44.9 30.3 56.2 49.4

50% 52.4 40.1 26.2 50.9 43.3

25% 45.6 31.5 18.4 43.4 35.9

10% 42.7 25.5 14.0 33.6 29.1
a MAP, monoammonium phosphate; MPA, 75% MAP and 25% phosphoric acid; MPD, 50% MAP, 30% phosphoric acid, and 20% disodium octaborate.
b SD, standard deviation.

566 WOOD AND FIBER SCIENCE, OCTOBER 2014, V. 46(4)



field-exposed specimens exposed for up to 3 yr in
simulated roof structures in Mississippi (near
Starkville, MS, in southeastern US) were then
specifically analyzed for trends and quantitative
relationships using nonparametric distributional
analysis in which the mean and the 10th, 25th,
50th, 75th, and 90th percentiles of the bending
strength distribution for each group were deter-
mined and then modeled. Modeling involved
regression analysis of each group’s unique set of
mean and five percentile estimates. In this analy-
sis, each group’s predicted trend (ie slope) for each
percentile–strength combination was modeled
with time of exposure. Thus, for matched labora-
tory and field exposures, we obtained matched
first-order estimates of strength trends (ie slope)
with time via linear regression. Ratios of matched
field-to-laboratory slopes for mean and at each of
the five percentile levels were then averaged and
used to develop comparative relationships for the
differential rates of strength loss between cyclic
seasonal, diurnal field exposures and steady-state,
high-temperature laboratory exposures.

This approach placed slightly less emphasis
on the central regions of the bending strength
distributions and additional emphasis on the
upper and lower regions for these strength dis-
tributions. We consider that such a modeling
approach is appropriate because it is conservative
in that it emphasizes both the lower regions that
are critical in engineering design and the upper
regions that are known to be affected more in
past chemical-treatment effects literature reviews
(Winandy 2001, 2013).

These field-to-laboratory relationships for
Mississippi were then used to predict similar
comparisons for a Wisconsin exposure modi-
fied using first-order kinetic relationships and
previously reported roof sheathing tempera-
ture and exposure conditions obtained from
matched Mississippi and Wisconsin locations
(Winandy et al 2000).

RESULTS AND DISCUSSION

The results of the matched laboratory- and field-
exposure specimens are given in Table 1. Also

provided in Table 1 are results of a nonparametric
(ie rank-order) analysis of the base data derived
from testing these matched laboratory and field-
exposure specimens. This analysis allowed calcu-
lation of a nonparametric distribution for each
matched treatment–exposure group. A graphical
representation of the strength loss data at the
25th, 50th, and 75th percentiles for untreated
and MAP-treated plywood is given in Fig 1. By
carefully inspecting the distributional data for
the MPA and MPD treatments given in Table 1,

Figure 1. Relationship of 25th, 50th (Median), and 75th

percentile modulus of rupture (MOR) values for matched

untreated and monoammonium-phosphate-(MAP) treated

plywood specimens exposed either in the laboratory at 65�C
or in the field in simulated roof structures in Mississippi.
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it is clear that these two treatments with only
minor differences in magnitude of strength loss
followed the same basic relationship as the
untreated and the MAP-treated materials shown
in Fig 1. This graphical analysis showed that
there indeed appeared to be a basic linear rela-
tionship across most, if not all, of the bending
strength distribution between matched plywood
specimens exposed to a seasonally cyclic, diur-
nal field exposure and a steady-state laboratory
exposure at 65�C and 75% RH.

Moisture content, specific gravity, MOE, and
WML data for these laboratory- and field-
exposure specimens were previously reported
by Barnes et al (2010). The mechanical prop-
erty data were not adjusted for moisture con-
tent because the three different treatments each
tended to increase EMC by about 1-2%. This
moisture content increase was a characteristic of
the treatment, and any moisture-content-related
adjustment would tend to mask either the treat-
ment or in-service effect, or both.

Comparison of Field-to-Laboratory

Exposures (Mississippi)

Both the nonparametric results of the matched
laboratory- and field-exposure specimens were
modeled by linear regression comparing matched
test results and trends at the mean, 90th, 75th,
50th, 25th, and 10th percentiles (Table 2).

The results were then analyzed by treatment by
conducting a traditional first-order regression
analysis (eg strength ¼ bo þ b1 [exposure time
in days]) for each of the five nonparametric per-
centile groupings of MOR for each treatment–
exposure grouping. In such analysis, we assume
the only difference in tested strength between
the sets of matched plywood specimens is their
respective field or laboratory exposure. We also
assume that the graphical analysis previously
mentioned verified, on a practical basis, that
a general linear relationship between strength
and exposure conditions existed. Given these
assumptions, we can then average the six rate-
of-strength loss estimates (ie the b1 slope values)
for each treatment–exposure condition. Next, the

ratios of those averaged rate-of-strength loss
estimates after matched field and labora-
tory exposures were then calculated and com-
pared to develop an estimate of the basic
time–temperature relationship between rate of
strength loss in Mississippi field exposure when
used as roof sheathing and rate of strength loss
in steady-state laboratory exposure of 65�C and
75% RH.

Using these regression estimates of slope (ie rate
of strength loss), the strength-loss relationship
between laboratory and field exposure can
be estimated for matched plywood samples. To
accomplish this for each treatment or control,
we calculated the ratio between the slope
(b1-average) value for field exposures and
the corresponding slope (b1-average) value
derived for the laboratory exposures and use
this ratio to predict the relationship between
matched field and laboratory exposures (Tables 2
and 3).

Thus, for untreated plywood, 1 da of steady-
state laboratory exposure at 65�C generally
relates to about 26 da in a Mississippi simulated
roof system. It also appears that for MAP-treated
specimens, the relationship is 32 to 1 da. The
rate of degrade in field exposure for both of the
two FRT with added phosphoric acid (MPA
at 25% added PA and MPD at 30% added PA)
was more rapid than that of MAP (with no
added PA). The MPA and MPD treatments with
increased phosphoric acid loadings, regardless
of if they were or were not supplemented
with borates, tended to experience accelerated
decrease in strength in field environments.
Their field-to-laboratory exposure ratios of
number of days in field exposure to days in
steady-state 65�C laboratory exposure were
22:1 da for the MPA treatment and 18:1 da
for the MPD treatment.

Although it might surprise many that the 32:1-da
relationship for MAP is slower than the 26:1
relationship for untreated plywood, we were
not surprised. Recall that previous work con-
sistently showed that the initial effect of FRT
on plywood strength ranged from –15 to –30%
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depending on treatment (Winandy 2001, 2013).
In addition, virtually all previous work on FR
effects showed that the rate of strength degrade
slowed as strength properties diminished. Thus,
because the MAP plywood started its labora-

tory and field exposures at about 80% of the
strength of untreated plywood, the untreated
laboratory-to-field strength loss relationship
was slightly biased when applied to indirect com-
parisons rather than direct ones (eg comparing

Table 2. Regression analysis of nonparametric modulus of rupture (MOR) distributions found in Table 1 for matched

untreated and MAP-, MPA-, and MPD-treated plywood exposed either in the laboratory at 65�C or in the field in simulated

roof structures in Mississippi.a

MOR (MPa)

Laboratory exposure Field exposure

Intercept
(bo)

Slope
(b1) R2

Intercept
(bo)

Slope
(b1) R2

Untreated

Mean 67.33 �0.0766 0.76 69.08 �0.0031 0.65

90% 84.68 �0.1152 0.88 86.42 �0.0037 0.71

75% 78.68 �0.0999 0.82 79.89 �0.0031 0.39

50% 70.06 �0.0880 0.73 71.02 �0.0042 0.40

25% 56.60 �0.0482 0.88 58.17 �0.0015 0.86

10% 47.37 �0.0461 0.32 52.13 �0.0026 0.99

b1 average ¼ �0.0795 0.724 b1 average ¼ �0.0030 0.67

Field–laboratory

b1 ratio ¼ 26.5

MAP-treated

Mean 53.47 �0.1560 0.92 56.91 �0.0050 0.99

90% 61.61 �0.1507 0.92 66.42 �0.0012 0.11

75% 60.33 �0.1604 0.96 63.48 �0.0034 0.81

50% 55.51 �0.1594 0.92 58.87 �0.0077 1.00

25% 49.33 �0.1658 0.91 52.27 �0.0085 0.98

10% 42.20 �0.1676 0.99 44.29 �0.0043 0.92

b1 average ¼ �0.1608 0.940 b1 average ¼ �0.0050 0.76

Field–laboratory

b1 ratio ¼ 32.1

MPA-treated

Mean 52.05 �0.1652 0.92 54.63 �0.0078 0.96

90% 62.97 �0.1754 0.98 64.85 0.0001 0.33

75% 61.43 �0.1852 0.96 62.70 �0.0083 0.92

50% 52.75 �0.1734 0.85 55.64 �0.0108 0.88

25% 43.66 �0.1502 0.87 48.16 �0.0104 0.99

10% 38.62 �0.1420 0.92 39.56 �0.0072 0.79

b1 average ¼ �0.1652 0.916 b1 average ¼ �0.0073 0.78

Field–laboratory

b1 ratio ¼ 22.6

MPD-treated

Mean 51.59 �0.1545 0.96 53.42 �0.0083 0.99

90% 66.58 �0.1759 0.97 69.11 �0.0084 1.00

75% 61.16 �0.1817 0.93 62.85 �0.0109 0.91

50% 50.85 �0.1410 0.98 52.85 �0.0071 0.98

25% 43.44 �0.1451 0.96 45.86 �0.0076 1.00

10% 39.41 �0.1504 0.91 40.31 �0.0093 0.82

b1 average ¼ �0.1588 0.947 b1 average ¼ �0.0086 0.94

Field–laboratory

b1 ratio ¼ 18.5
a MAP, monoammonium phosphate; MPA, 75% MAP and 25% phosphoric acid; MPD, 50% MAP, 30% phosphoric acid, and 20% disodium octaborate.
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untreated to MAP instead of UNTinitial to UNTfinal
or MAPinitial to MAPfinal).

Comparison of Field-to-Laboratory

Exposures (Mississippi to Wisconsin)

Using the predictive values given in Table 3,
we can adjust those predictive values to other
locations if adequate comparative data for local-
ized exposure temperatures and time at tem-
perature exist. One such directly comparative
data set for plywood roof sheathing tempera-
tures and time at temperature does exist. In
that study, matched roof sheathing tempera-
tures were recorded in nearly identical matched
structures up to 3.5 yr in Mississippi and 8 yr
in Wisconsin (Winandy et al 2000). Recog-
nizing that the effects on strength of various
generic FR chemical treatments were pre-
viously shown to be directly related to the
kinetics of such systems (Lebow and Winandy
1999), these real-world, in-service roof sheath-
ing temperatures allowed us to apply basic
kinetic relationships to compare the field-to-
laboratory exposure levels between two loca-
tions, Mississippi and Wisconsin.

A historically useful generalization supported
by the Arrhenius relationship is that, for many
first-order chemical reactions, the reaction rate
(ln k) doubles for every 10�C increase in tem-
perature (Zumdahl 1989). This “2� factor”
relating first-order reaction rates to the influ-
ence of temperature on that reaction rate is
often limited to reactions with activation
energies (Ea) of 80-100 kJ/mol–1 (Alberty
1987). Lebow and Winandy (1999) derived Ea

for MAP-treated and untreated wood and found
that Ea ranged from 81 to 99 kJ/mol–1 for MAP
and from 58 to 160 kJ/mol–1 for untreated
depending on the first-order or nonlinear mod-
eling approach used. Accordingly, because
the derived Ea values for MAP, and to a lesser
degree for untreated wood, fell in the Ea range of
80-100 kJ/mol–1, we can apply first-order kinetic
theory and assume that the reaction rate will
double for each 10�C increase in temperature.

Thus, if we assume the reaction rate (ln k) is
nearly 0.0 at 0�C, the kinetic rate-of-reaction
factor will double for each hour it is exposed to
a 10�C increase in temperature while in service.

The exposure severity factor for roof sheathing
plywood exposed in Mississippi can be calcu-
lated by multiplying the number of hours of
exposure at each 5�C exceedance temperature
bin by the appropriate kinetic rate-of-reaction
factor. An exceedance temperature bin is hereby
defined as the total number of hours some par-
ticular roof element exceeded that temperature
over some defined period of time (eg a year or
a month), but did not reach the temperature of
the next higher exceedance temperature bin. For
example, an exceedance temperature bin could
be from ³5 to <10�C or from ³20 to <25�C.
Such a comparison is shown in Table 4. We can
then use the Wisconsin exposure data to calcu-
late an appropriate kinetic rate-of-reaction factor
for that location. Then, by using the ratio of
the Mississippi exposure severity factor to the
Wisconsin factor, we can adjust the field-to-
laboratory b1 ratios derived in Table 2 for relat-
ing a Mississippi field exposure for each of
the three FRT and untreated roof sheathing ply-
woods to develop a prediction of a field-to-
laboratory b1 ratio for a Wisconsin exposure
(Table 5). Although the experimental labora-
tory- and field-exposure data from Mississippi
predicted a field-to-laboratory exposure rela-
tionship of 18-26 to 1 for Mississippi, the
derived model shown in Tables 4 and 5 pre-
dicted a field-to-laboratory exposure relationship
of 64.0, 77.8, 55.0, or 44.8 to 1 da for Wisconsin
for untreated or MAP-, MPA-, or MPD-treated
plywood roof sheathing, respectively.

Table 3. Comparative relationship for loss in plywood

strength for matched laboratory- and field-exposed specimens.

Treatmenta

Predicted ratio for plywood strength loss between
Mississippi field exposure and a steady-state laboratory

at 65�C/65% RH to achieve similar strength loss

UNT 26.5 to 1 da

MAP 32.1 to 1 da

MPA 22.6 to 1 da

MPD 18.5 to 1 da
a UNT, untreated; MAP, monoammonium phosphate; MPA, 75% MAP and

25% phosphoric acid; MPD, 50% MAP, 30% phosphoric acid, and 20%

disodium octaborate.
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It is critical that any user of such predictions
involving either our field-to-laboratory relation-
ships or relationships projected between different
locations (such as Mississippi and Wisconsin)
recognize that any such prediction and/or use
of such predictions requires several assumptions
and has certain limitations. We have attempted
to be clear in stating those assumptions. How-
ever, based on our professional experience in

conducting dozens of laboratory and/or field
experiments for FRT and untreated wood, the
predicted relationships presented in this study
for both the field-to-laboratory relationships
and relationships between different locations
such as Mississippi and Wisconsin currently
offer the best available science.

SUMMARY AND CONCLUSIONS

A series of matched plywood specimens were
exposed to either laboratory or field expo-
sures. Subsequent strength testing evaluated
the quantitative relationships between field-
and laboratory-exposure conditions as a function
of exposure temperature and duration on the rate
of change in strength of untreated and treated
southern pine plywood. This study indicates
that both untreated and MAP-treated plywood
experienced strength loss with time when
exposed at either a steady-state laboratory expo-
sure of 65�C and 75% RH or when exposed in a
Mississippi plywood roof system. Our models
suggested that, in untreated plywood, 1 da of

Table 4. Comparison of roof temperatures and hours of exposure at each 5�C temperature level between matched

Mississippi and Wisconsin structures.

Exceedance
temperaturea

(�C)
Kinetic rate of

reaction (ln k) factor

Winandy et al (2000)

Table 2
t ¼ time (h); T ¼ Temp (�C)

Table 5
t ¼ time (h); T ¼ Temp (�C)

Wisc. (h) t*T factor Miss. (h) t*T factor

0 0 1216 0 609 0

5 0.5 948 474 857 428.5

10 1 1003 1003 1043 1043

15 1.5 964 1446 1159 1738.5

20 2 652 1304 1398 2796

25 3 385 1155 641 1923

30 4 308 1232 421 1684

35 6 258 1548 355 2130

40 8 225 1800 348 2784

45 12 210 2520 338 4056

50 16 168 2688 284 4544

55 24 121 2904 310 7440

60 32 70 2240 272 8704

65 48 23 1104 194 9312

70 64 5 320 64 4096

75 96 0 0 2 192

80 128 0 0 0 0

Exposure severity factors Sum (t*T) ¼ 21,738 Sum (t*T) ¼ 52,871

Ratio of Mississippi-to-Wisconsin exposure severity factors (52,871/21,738) ¼ 2.432
a An exceedance temp of 5�C means hours of exposure to temperatures ³5�C and <10�C.

Table 5. Predicted relationship of number of days of

exposure as roof sheathing in a Mississippi or Wisconsin

structure to 1 da of steady-state laboratory exposure at

65�C and 65% RH.

Predicted Mississippi-to-Wisconsin field exposure factor for Mississippi
data (in Table 3) times ratio of Mississippi–Wisconsin exposure

severity factor (in Table 4)

Predicted relationship of days of
exposure in the field to days in

the laboratory

Treatmenta Mississippi Wisconsin

UNT 26.3 64.0

MAP 32.0 77.8

MPA 22.6 55.0

MPD 18.4 44.8
a UNT, untreated; MAP, monoammonium phosphate; MPA, 75% MAP

and 25% phosphoric acid; MPD, 50% MAP, 30% phosphoric acid, and 20%

disodium octaborate.
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steady-state exposure at 65�C and 75% RH
induced similar strength loss to 26 da in a
Mississippi roof system when field exposure
was averaged across 3.5 yr. For MAP-treated
plywood, this same relationship was 1:32 da,
respectively. Using actual roof temperature expo-
sure data obtained in nearly identical structures
in Mississippi and Wisconsin, we then derived
comparable field-to-laboratory exposure factors
for untreated and MAP-treated plywood exposed
in these identical Wisconsin plywood roof sys-
tems. For a Wisconsin roof system, those com-
parative field-to-laboratory exposure factors
came to about 64 to 1 for untreated plywood
and 78 to 1 for MAP-treated plywood, respec-
tively. We also discussed the many assump-
tions implicit in any use of these models, and
users must recognize that any such predictions
have significant limitations.
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