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ABSTRACT

This study verifies a single-stage reaction-rate model for the long-term effects of various fire retar-
dants. The adequacy of predictions from our previously reported models was tested using data from
fire-retardant-treated wood exposed at 66°C (150°F) and 75% relative humidity for 3 or 4 years. Our
analysis showed that if the treated wood experienced significant thermal degradation early during
exposure to high temperature, then the previously reported model parameters adequately predicted
thermal degradation for up to 4 years of steady-state exposure. However, if the treated wood did not
experience significant thermal degradation early during high-temperature exposure, then the previous
parameter estimates tended to underpredict degrade. Modified parameter estimates are presented where
appropriate. This report also describes the practical implications of running the verified models for up
to 10 annual iterations of an actual year of measured roof sheathing temperatures derived from struc-
tures exposed in the field. Our results predict that monoammonium phosphate, a generic fire-retardant
formulation, can be expected to cause an additional 15% loss in original strength capacity in 10 years
if used for roof sheathing under similar conditions.
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INTRODUCTION

Over the last few years, some fire-retardant
(FR)-treated plywood roof sheathing and roof
truss lumber have failed in-service upon ex-
tended exposure to elevated roof-attic temper-
atures (APA 1989; NAHB 1990). To under-
stand this phenomenon, several kinetics-based
models have been evaluated to predict strength
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loss in FR-treated and untreated wood as a
function of cumulative thermal exposure. New
standardized test methods have been devel-
oped to generate strength-loss data at elevated
temperatures (ASTM 1997a, b). Recently, an-
other new standard (ASTM 1998) was ap-
proved that develops design adjustments from
application of kinetic-based models to these
strength-loss data. Previous studies had sug-
gested that thermal degradation of FR-treated
wood might be modeled using a classic two-
stage kinetic theory (Woo 1981; Pasek and
MclIntyre 1990; Winandy et al. 1991). Our
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subsequent analysis of alternative models led
us to support instead the use of a nontradi-
tional, single-stage ‘““full” modeling approach
because of its reduced residual error, more ran-
dom error structure, and improved statistical
properties under certain assumptions. In a pre-
vious report (Winandy and Lebow 1996), we
discussed the advantages and disadvantages of
using a two-stage approach to predict strength
loss over time of exposure. We showed that
“full” models were superior to the best alter-
native two-stage models, due to their maxi-
mized fit and more random error structure.
Comparison of the two-stage models showed
that the most appropriate choice is the model
that uses a nonlinear first step with additive
error at each temperature, followed by a sec-
ond step using a weighted regression across
temperatures. This weighted-regression ap-
proach offsets problems arising from exces-
sive variability in measuring thermal degra-
dation at lower temperatures (<54°C (=130°F)).
The traditional two-stage model and alterna-
tive single-stage (full) model are described in
detail in the Appendix.

We found that when modeling the reaction
rate (i.e., rate of strength loss over time) of
wood treated with inorganic phosphates, the
essential difference between the full model
and the nonlinear-weighted two-stage ap-
proach was that the reaction rates predicted
with the full model were greater (i.e., faster)
at higher temperatures (=66°C (=150°F)) and
less (i.e., slower) at lower temperatures (Wi-
nandy and Lebow 1996). Such a finding par-
tially explained the difference between labo-
ratory degradation and excessive field degra-
dation (Winandy et al. 1991). The inherent
variability in assessing degradation in the me-
chanical properties of wood had made it dif-
ficult for early attempts at modeling thermal
degrade to obtain stable rate estimates for ther-
mal degradation at lower temperatures (=54°C
(=130°F)). Accordingly, we showed that the
decision of the “‘best” model form was essen-
tial in addressing the critical question of
whether thermal degradation of FR-treated
wood in roof systems is more, less, or equally

influenced by a limited number of roof expo-
sure hours at higher temperatures (=66°C
(=150°F)) or by many more hours of exposure
at lower temperatures (Winandy and Lebow
1996).

The practical implications of the divergent
kinetic parameter estimates between the full
and two-stage models were significant. They
implied that wood treated with inorganic phos-
phate (phosphoric acid or monoammonium
phosphate) underwent a measurably greater
strength loss than did untreated wood or even
wood treated with organic phosphates, like
guanylurea phosphate/boric acid, for every
hour of exposure when exposed at higher tem-
peratures (=54°C (=130°F)). This character-
istic was of interest because it partially ex-
plained the poor in-service performance of
some inorganic phosphate based FR-treat-
ments used on plywood roof sheathing (APA
1989; NAHB 1990).

The objective of this report is to present
verification for a mechanistic, single-stage
(full) reaction-rate model using 3- and 4-year
exposure data obtained at 66°C (150°F) and
75% relative humidity (RH). The 14 groups of
specimens used in this study were a subset of
161 groups of specimens matched for modulus
of elasticity and density; the remaining groups
were primarily used in shorter-term exposure
tests (LeVan et al. 1990; Winandy 1995). The
full model can be used to identify FR chemi-
cals that are most susceptible to accelerating
thermal degradation and the critical tempera-
ture levels above which accelerated degrada-
tion occurs.

EXPERIMENTAL METHODS

Small, clear 16-mm (%-inch) tangential by
35-mm (1%-inch) radial by 305-mm (12-inch)
long test specimens were cut from 19-mm-
(nominal 1-inch-) thick vertical grain southern
pine lumber. Each specimen was nondestruc-
tively evaluated using stress-wave timer and
density to measure modulus of elasticity
(MOE). This MOE value was then used as a
sorting criterion to assign the 4,830 individual
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TaBLE 1. Fire-retardant treatments.

Average retention

Concentration

pH o
Dissociation constant?

Chemicat (kg/m® (Ib/ft3)) (% wt) Pre-treatment Post-treatment (Ka)

Phosphoric acid (PA) 58.2 (3.64) 8.38 143 1.3 7.5 X 1073
Monoammonium phosphate (MAP) 55.5 (3.47) 8.14 4.27 4.21 1.6 X 107
Guanylurea phosphate/boric acid

(GUP/B) 55.5 (3.47) 8.19 3.10 3.13 7.9 X 10°%
Dicyandiamide-phosphoric acid-form-

aldehyde (DPF) 56.8 (3.55) 8.24 3.75 3.75 —
Diethyl-N,N-bis(2-hydroxyethyl) ami-

nomethyl phosphonate (OPE) 55.4 (3.46) 8.14 6.58 5.46 —
Borax/boric acid (BBA) 56.3 (3.52) 8.14 7.96 8.06 5.8 X 10710

Untreated (UNT) —

4 Zumdahl 1989,

specimens into 161 E-matched groups of 30
specimens each (25 for strength measurements
and 5 for treatment retention measurements).
Each density/E-matched group had nearly
equal proportions of high, medium, and low
density/E-rated specimens.

Eighty-four (84) matched groups of FR-
treated specimens and controls were exposed
at 27°C (80°F)/30% RH, 54°C (130°F)/73%
RH, or 82°C (180°F)/50% RH for up to 5

TABLE 2. Specific gravity and moisture content of FR-
treated wood after 3 or 4 years of exposure at 66°C
(150°F) and 75% relative humidity.

Moisture Specific gravity
FR Exposure Sample content —
treatment® {years) size (%) Mean SDb
PA¢ 3 — — — —
4 — J— _ —
MAP 3 25 12.9 0.47 0.04
4 134 11.2¢ 0.39¢ —
GUP/B 3 25 11.2 0.53 0.05
4 25 11.4 0.50 0.05
DPF 3 25 11.1 0.54 0.04
4 25 11.8 0.53 0.05
OPE 3 25 11.2 0.54 0.04
4 25 11.8 0.51 0.04
BBA 3 25 12.5 0.53 0.05
4 25 10.8 0.50 0.05
UNT 3 25 12.1 0.52 0.04
4 23 11.5 0.51 0.04

“ See Table 1 for definition of treatment abbreviations. UNT is untreated.

" Standard deviation.

¢ All PA-treated specimens were too degraded to mechanically test or eval-
uate.

Y Twelve of 25 MAP-treated specimens were 1oo degraded to test or eval-
uate.

¢ Median of 25 specimens (13 tested. 12 untested with assumed specific
gravity less than tested specific gravity).

months. The specimens were mechanically
tested in flexure as simply supported flat-wise
beams with center-point loading over a 229-
mm (9-in.) span. These results were reported
previously (LeVan et al. 1990), as were the
results of tests on an additional set of 42
matched groups exposed at 66°C (150°F)/75%
RH for up to 18 months (Winandy 1995). In
the current report, mechanical test results for
yet another set of 14 matched groups (1 un-
treated and 6 FR-treated groups X two expo-
sure periods) after 3- and 4-year exposures at
66°C (150°F)/75% RH are reported. The re-
maining 21 matched groups were tested after
2, 4, and 6 years of exposure at 27°C (80°F);
these results were unchanged from those re-
ported for the 3- and 160-day exposures
(LeVan et al. 1990).

The acronyms for the FR formulations and
formulation characteristics are given in Table
1. The experimental design, specimens (prep-
aration, sorting, and evaluation), FR treat-
ments, exposure conditions, and mechanical
testing were described in detail previously
(LeVan et al. 1990; Winandy 1995).

RESULTS

Physical and mechanical property data for
FR-treated wood exposed for 3 and 4 years at
66°C (150°F)/75% RH are shown in Tables 2
and 3. Specimens treated with phosphoric acid
(PA) completely disintegrated within the
course of the initial 18-month exposure period
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TaBLE 3. Flexural properties of FR-treated wood after 3 or 4 years of exposure at 66°C (150°F) and 75% relative
humidity.*
MOE (GPa) MOR (MPa) WML (kJ/m*)
FR Exposure Sample

treatment (years) size Mean SD Mean SD Mean SD

MAP 3 25 7.6 1.9 18.8 6.3 2.6 14
4 13 2.2b — 5.80 — 0.6° —

GUP/B 3 25 116 1.7 38.5 9.2 7.6 3.0
4 25 8.0 1.8 17.9 6.4 33 3.0

DPF 3 25 13.8 1.5 55.8 13.5 16.3 8.3
4 25 8.4 1.9 22.1 8.1 53 5.5

OPE 3 25 14.1 1.0 723 13.8 28.4 10.8
4 25 9.1 1.4 336 9.8 7.8 41

BBA 3 25 12.8 1.3 73.5 13.6 323 12.6
4 25 117 25 50.3 13.4 16.2 9.2

UNT 3 25 14.6 1.4 81.3 10.8 327 11.4
4 23 11.2 2.0 42.5 154 10.8 5.9

“MOE is modulus of elasticity; MOR, modulus of rupture; and WML, work to maximum load. For MOE, | GPa = 1.45 X 10° Ib/in.%; for MOR, 1 MPa

= 145 1bfin. % for WML, 1 kJ/m® = 0.145 in.-Ibffin.".

P Median values of 25 specimens (13 tested. 12 untested with assumed strength properties less than that of tested).

(Winandy 1995). Similarly, 12 of 25 speci-
mens treated with monoammonium phosphate
(MAP) experienced severe thermal degrada-
tion during the 4-year exposure and were dam-
aged beyond testing capability. These 12 spec-
imens resembled wood charcoal and were so
severely degraded that they broke on handling.
Still those specimens had not broken at zero
load, and imputing zero strength into the mod-
els would have been inappropriate. Thus, for
the purpose of subsequent modeling, we esti-
mated the load imposed during normal han-
dling and assumed an ultimate failing load of
less than 44 N (10 1bf) for these specimens.
In reporting this single group, we chose to use
the median of all 25 specimens in that group
as opposed to the mean because it provided
the most reasonable estimate of the central
tendency of properties for this group if the un-
derlying distribution is symmetric (Tables 2
and 3).

Two untreated specimens in the 4-year ex-
posure group were inadvertently not tested and

were therefore treated as data missing com-
pletely at random. Considering that these data
were not lost as a result of specimen degra-
dation, property estimates based on the re-
maining 23 untreated specimens were consid-
ered representative of the entire group.

The new data for the 3- and 4-year expo-
sures at 66°C (150°F) were compared with pre-
viously reported matched data (LeVan et al.
1990; Winandy 1995) using previously re-
ported models (Winandy and Lebow 1996).
Figure 1 shows extrapolation to 3 and 4 years
for the nonlinear “‘full”” model (Appendix, Eq.
(6)) and the nonlinear-weighted and nonlinear-
linear two-stage models. The dashes on the
vertical lines indicate the minimum, mean, and
maximum strength response observed for each
group, with the exception of the 4-year MAP-
treated group (Fig. 1b). For this group, the top
and bottom dashes are the maximum and me-
dian strength response, and the star represents
the group of 12 severely degraded specimens
that broke on handling.

Fig. 1.

-

Predicted strength for single-stage ‘‘full” nonlinear model and two-stage nonlinear-weighted and nonlinear-

linear models using old model parameter estimates for data from long-term (3 to 4 years) exposure of untreated and
FR-treated wood at 66°C (150°F). For PA, MAP (3-year), GUP/B, DPE OPE, BBA, and UNT, dashes on vertical lines
indicate minimum, mean, and maximum strength response. For MAP (4-year), top and bottom dashes indicate maximum
and median strength response; the star represents the 12 severely degraded specimens.
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Figure 2 compares the predicted mean
strength response based on the full model
(Winandy and Lebow 1996) to that of the full
model modified to include the 3- and 4-year
data in parameter estimates.

DISCUSSION

Two comparisons were used to evaluate the
validity of the model forms and parameter es-
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Predicted strength for “full” model using old and new model parameter estimates for data from long-term
exposure of untreated and FR-treated wood at 66°C (150°F).

timates proposed in our earlier work (Winandy
and Lebow 1996).

First, we expected the predicted estimates
obtained via extrapolation for each FR treat-
ment and untreated material to coincide with
measured values after 3 and 4 years of expo-
sure at 66°C (150°F) (Fig. 1). The differences
between the nonlinear-weighted and nonlinear-
linear models for dicyandiamide-phosphoric
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TABLE 4. Root mean square error for 3- and 4-year exposures based on published parameter estimates.*
Root mean square error (MPa)
3 year 4 year 3 and 4 year
FR Nonlinear Nonlinear Nonlinear Nonlinear Nonlinear Nonlinear
treatment linear weighted Full linear weighted Full linear weighted Full
MAP 6.98 9.54 8.69 1.87b 3.390 2,770 5.760 7.99b 7.23b
GUP/B 9.09 14.65 16.78 10.22 6.34 7.01 9.67 11.29 12.86
DPF 17.75 17.99 22.52 13.29 13.08 9.10 15.68 15.72 17.18
OPE 19.60 19.83 20.74 17.23 17.02 15.80 18.46 18.48 18.44
BBA 17.01 16.28 17.41 30.23 29.38 30.45 24.53 23.75 24.80
UNT 24.63 11.24 10.64 57.71 36.35 31.46 43.73 26.44 23.09

# Winandy and Lebow 1996,

Y Root mean square error based on observed values only: broken specimens not included in calculation,

acid-formaldehyde (DPF), diethyl-N,N-bis(2-
hydroxyethyl) aminomethyl phosphonate
(OPE), and borax/boric acid (BBA) (Fig. 1d-
f) are the result of differences in estimates of
their initial strength.

Second, we expected the root mean square
error from this analysis to be similar to that
reported previously. For this analysis, we used
root mean square error as a measure for good-
ness of fit (Tables 4 and 6). A direct compar-

ison of parameter estimates and the percentage
of change in mean square error due to updat-
ing the estimates (Table 5) shows that the Wi-
nandy and Lebow (1996) models adequately
fit the new 3- and 4-year data for acidic phos-
phate-based FR-treated specimens. These
acidic FR-formulations (i.e., specimens treated
with MAP, guanylurea phosphate/boric acid
(GUP/B), DPE and OPE) showed significant
strength loss from thermal degradation during

TABLE 5. Regression coefficients for two-stage and single-stage model forms.
Old parameters® New parameters Change in parameters (%)
LnA) E, La(A) E, La(a) E, MSE®
Modet type FR treatment (day ) (kJ-mole '-day™" (day ") (kJ-mole~!-day !y (day~1y (kJ-mole!-day ') (% reduction)
Nonlinear- MAP* 21.2 77.6 223 81.0 5.2 44 0.8
weighted” GUP/B 239 86.5 26.6 94.4 11.3 9.1 -0.2
DPF 30.1 105.0 31.1 108.0 3.3 29 -0.7
OPE 20.6 79.5 20.3 78.7 -15 -1.0 -0.3
BBA -8.6 -1.3 —22.0 -40.2 1558 29923 6.8
UNT 249 93.1 15.9 66.6 -36.1 —28.5 15.2
Nonlinear- MAPe¢ 25.7 90.8 25.8 91.0 0.4 0.2 -0.6
linear® GUP/B 31.5 108.5 31.6 109.0 03 0.5 -1.5
DPF 30.1 105.0 31.1 108.0 33 2.9 -0.8
OPE 20.6 79.5 20.3 78.7 -15 -1.0 0.2
BBA -8.6 ~1.3 —22.0 —40.2 155.8 2992.3 7.4
UNT 48.5 161.8 48.1 160.3 -0.8 -0.9 37
Full modeld MAP¢ 28.2 97.4 28.8 99.3 2.1 2.0 0.1
GUP/B 20.8 77.5 23.1 84.3 11.1 8.8 2.3
DPF 23.4 85.9 25.6 922 9.4 7.3 1.6
OPE 12.5 56.6 13.0 58.0 4.0 2.5 0.0
BBA -3.2 —-13.8 —-11.2 -9.8 250.0 —-29.0 9.0
UNT 16.8 69.9 13.1 58.5 —22.0 -16.3 7.7
* Winandy and Lebow 1996. | kl/mole-day = 8.85 X 103 in.-Ibf/mole-day.

Y Two-stage model (first stage—second stage).

¢ New estimates based on using substitution methods tor 12 broken specimens (see text).

¢ Single-stage model.
¢ Mean square error.
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the first 18 months of exposure. In Table 4,
extreme deviances from previously reported
values (Winandy and Lebow 1996) are an in-
dication of improper fit at these extrapolated
regions. An example of such can be seen in
Fig. 1, for untreated specimens using the two-
stage, nonlinear-linear model. For that model
the predicted values were not within the range
of those 4-year untreated data, and the result-
ing change in mean square error is moderate
(Table 5). Recall that since the PA-treated
specimens completely disintegrated within the
initial 18-month exposure period, we were un-
able to obtain independent 3- and 4-year data
with which to verify model fit and parameter
estimates. Specimens treated with the other FR
formulations (MPA, GUP/B, DPE OPE) that
were similar to PA in their chemistry, but less
acidic, also experienced significant thermal
degradation and their corresponding models
had minimal parameter estimate changes.
Therefore, we assumed that the previously re-
ported model parameter estimates for PA were
appropriate.

Compared to previously published model
parameter estimates, the updated estimates
were practically unchanged for FR-treated
specimens that experienced significant
strength loss from thermal degradation during
the first 18 months of exposure (Table 5, MAP,
GUP/B, DPE and OPE). However, significant
parameter changes were needed for untreated
specimens and specimens treated with BBA.
These untreated specimens and the specimen
treated with alkali-based FR-formulations
each seemed to experience inconsistent ther-
mal degradation early in the exposure period.
This phenomenon was previously noted where
the inherent variability in strength limits anal-
ysis due to the small magnitude of the treat-
ment-thermal degrade effect and/or precision
of test instrumentation. Specifically, these
problems limited our ability to measure
strength degradation during the first 2 to 3
months of exposure at 66°C (150°F) (Winandy
1995) or at any time at temperatures lower
than 54°C (130°F) (LeVan et al. 1990). Be-
cause the MAP, GUP/B, DPE and OPE treat-

ments initially ranged from quite to slightly
acidic, they overcame the natural pH-buffering
capacity of untreated wood more quickly than
did BBA or no treatment. Untreated wood
would have retained all of its original pH-buf-
fering capacity, and BBA-treatments would
have imparted additional pH-buffering capac-
ity when compared to the untreated wood.
This pH buffering might explain why both ex-
perienced increased resistance to thermal deg-
radation or increased variability in the rate of
acid-mediated thermal-induced degradation.
As seen in Fig. 1, the 3- and 4-year expo-
sure data for untreated (Fig. 1g) and BBA-
treated (Fig. 1f) specimens show that the ini-
tial parameter estimates were influenced by the
lack of consistent thermal degradation during
the first 2 to 3 months of exposure at 66°C
(150°F). However, based on the consistency in
strength loss experienced after the first 2 to 3
months through 4 years of exposure, it would
clearly seem that the revised model parameters
are appropriate for all the FR treatments and
the untreated material (Tables 5 and 6). Graph-
ical analysis also showed that the new models
maintained reasonable fits at the other tem-
peratures (54°C (130°F) and 82°C (180°F)).
The variability in the 3-year data appeared
consistent with previously reported data, but
for several treatment groups, the 4-year
strength values tended to be less variable than
those for the other exposure groups. This re-
duced variability for MAP, GUP/B, and DPF
(Fig. 1) was related to the data approaching
the zero strength boundary. These fitted mod-
els do not take this into account. Also, the up-
dated MAP parameter estimates were obtained
by replacing the 12 broken specimens with the
value of 0.86 MPa (125 Ib/in.?), which repre-
sented the midpoint between no load and the
estimated 44-N (10-1bf) maximum ‘‘failure by
hand” load that induced a stress of 1.72 MPa
(250 Ib/in.?). This resulted in estimates similar
to those obtained through more complicated
procedures that take censoring into account
(x£0.3%) and substitution methods that use one
set of extremes (0 or 1.72 MPa (250 Ib/in.?))
(£0.2%). In general, such estimates are not
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TABLE 6. Updated regression coefficients with standard errors for various model forms.
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Model FR Ln(A) SE E, SE RMSE
type treatment (dayh (day 1) (kd-mole~!-day 1) (kJ-mole day 1) (MPa)
Nonlinear- MAP? 223 2.43 81.0 6.88 14.42
weighted GUP/B 26.6 2.27 94.4 6.45 14.18
DPF 31.1 2.47 108.0 6.99 14.96
OPE 20.3 4.08 78.7 11.62 14.92
BBA —22.0 28.59 —40.2 81.86 17.92
UNT 15.9 4.44 66.6 12.54 14.08
Nonlinear- MAP? 25.8 5.38 91.0 15.60 14.36
linear GUP/B 31.6 8.82 109.0 25.67 14.72
DPF 311 247 108.0 6.99 14.92
OPE 20.3 4.08 78.7 11.62 14.89
BBA —22.0 28.59 —40.2 81.86 17.74
UNT 48.1 147.60 160.3 42983 19.26
Full model MAP? 28.8 1.65 99.3 4.71 14.16
GUP/B 23.1 1.75 84.3 4.97 14.09
DPF 25.6 2.08 92.2 5.89 14.78
OPE 13.0 425 58.0 11.98 14.80
BBA —11.2 7.62 -9.8 2145 17.50
UNT 13.1 3.71 58.5 10.45 14.06

A New estimates based on using substitution methods for |2 broken specimens (see text).

desirable since substitution methods introduce
bias.

The comparison of old and new parameter
estimates using all available data through the
4-year exposure at 66°C (150°F) (Table 5) is
shown in Fig. 2. The new, verified kinetic-
based model parameters can now be used to
identify FR chemicals that are more or less
susceptible to accelerated thermal degradation.
Use of these new models might also provide
guidance on identifying the temperature
thresholds at which that acceleration might oc-
cur. These kinetics-based models can be used
as a tool to project serviceability assessments
for partially degraded material and for estab-
lishing qualification limits for new FR for-
mulations intended for use in high-temperature
environments.

To address field serviceability concerns
from laboratory data, we need to make some
assumptions. Many of these assumptions in
applying laboratory data and resultant kinetic
models to field serviceability issues were dis-
cussed in more detail by Winandy (1994). A
few of the more important ones will be re-
viewed here. The first assumption is that re-
action rate data derived from clear wood are

indicative of plywood response. A comparison
of recent work on the thermal degrade of ply-
wood and clear wood shows that rate of ply-
wood degrade for MAP-treated plywood
(Winandy et al. 1991) exposed at 66°C (150°F)
was nearly equivalent based on a time-at-tem-
perature comparison to that reported for MAP-
treated clear wood (Winandy 1995). Another
assumption is that derived degradation rate es-
timates are applicable across a wide range of
wood quality levels. To address this, recent
work by S. T. Lebow and Winandy (1998)
found no significant (or even noticeable) dif-
ferences in rate of thermal degrade between
the highest to lowest plywood grade or quality
levels. Further, questions exist on the interac-
tive effects of wood moisture content on ther-
mal degradation rates. Winandy et al. (1991)
compared plywood exposed at about 6% ver-
sus 12% moisture content and found no sig-
nificant differences in rate of degrade at ele-
vated temperatures for the two tested wood
moisture conditions. The final assumption is
that rate of degrade is a direct response to the
accumulative time-temperature history of the
exposure regardless of whether it is from long-
term/steady-state exposure or seasonal-cyclic/
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TaBLE 7. Accumulated hours of exposure at various ten-
peratures for FR-treated plywood roof sheathing.*

Exceedence temperature Accumulated exposure time

(K& °F) Hours Days

37.8 100 303 12.63
433 110 246 10.25
489 120 218 9.08
544 130 148 6.17
60.0 140 60 2.50
65.6 150 13 0.54
71.1 160 2 0.08

# Simulated attic roof structures had black shingles and no ventilation. Mea-
surements taken on top of sheathing between 1 Oct. 1993 and 30 Sept. 1994
{Winandy and Beaumont 1995).

diurnal exposures. LeVan et al. (1996) found
that rates of thermal degrade when based on
the cumulative time-temperature exposure of
the air in the surrounding environment were
not directly comparable. But these researchers
monitored only fluctuations in chamber air
temperature and not actual wood temperatures.
Recalling that wood is an efficient thermal in-
sulator, LeVan et al. (1996) pointed out that
the cumulative wood temperature exposure
was not the same as the surrounding air tem-
perature. When such a comparison of thermal
degrade/reaction rates for plywood is adjusted
and based on cumulative time-temperature ex-
posures of the wood, degradation rates for
long-term/steady-state exposure and cyclic ex-
posures were similar.

IMPLICATIONS

To evaluate the practical implications of the
various damage-accumulation models on ser-
viceability, we ran the two “‘best’” models (the
single-stage full model and the two-stage
model with a nonlinear first stage and weight-
ed-regression second stage) for up to 10 an-
nual iterations of one actual year of measured
thermal roof sheathing exposures. Results
from the actual thermal exposure of FR-treat-
ed plywood roof sheathing for 1 year (1 Oc-
tober 1993 through 30 September 1994) were
reported by Winandy and Beaumont (1995)
and are given in Table 7. The thermal load
data for the top surface of the plywood roof
sheathing were obtained via thermocouples at-
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Fig. 3. Expected change in strength of FR-treated roof

sheathing over projected 10-year exposure.

tached to the sheathing and located between
the roofing felt and the top surface of the
sheathing. The thermal load data were ob-
tained from 4.88-m (16-ft) by 3.66-m (12-ft)
nonventilated simulated attic roof-structures
with a 3 in 12 roof slope. The attic roof-struc-
tures were located and monitored at the Forest
Products Laboratory Valley View test site,
which is located 12.9 km (8 mi) southwest of
Madison, WI. The roofing shingles were
black.

Figure 3 shows the expected change in
strength as expressed by strength ratio
(strength of treated and exposed specimens to
strength of untreated and unexposed speci-
mens) when both the full and two-stage mod-
els were run for as many as 10 annual itera-
tions. The loss in strength projected over a 10-
year period suggests that either model could
be used without great differences in predicted
effects. The generic FR formulation with the
poorest performance was PA, for which
strength was reduced from approximately 43%
of the strength of untreated, unexposed mate-
rial to less than 32%. This represented a 25%
relative loss or an additional 11% loss in orig-
inal in-service capacity in 10 years. For MAP,
the strength ratio was reduced from approxi-
mately 80% of initial untreated strength to al-
most 65% (19% relative loss or 15% original
in-service capacity loss) and for GUP/B, from
approximately 90% of initial untreated
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strength to about 80% (11% relative loss or
10% original in-service capacity loss). The un-
treated material, which started the degradation
cycle with more than twice the initial strength
of PA-treated material, experienced a 4% loss
in original in-service capacity over 10 years.

The similarity in performance between
MAP-treated and GUP/B-treated specimens
implies that MAP-treated material that had not
been damaged in treatment and post-treatment
processing might be expected to have field
performance similar to that of GUP/B-treated
material, which has been successfully used for
more than 15 years without known thermal
degradation-related in-service failures. Based
on these results and those of a recent related
report on pH-buffers (Winandy 1997), the pre-
dicted performance of MAP-treated material
would be significantly diminished if the MAP
formulation were combined with or contami-
nated by significant quantities of PA. Similar-
ly, the predicted performance of MAP-treated
material would be expected to be significantly
improved if pH-buffered with borates.

Recalling the divergence in predicted reac-
tion rates between the full and two-stage mod-
els, especially at higher temperatures, the pre-
dicted difference in field serviceability would
have been greater when using the single-stage
full model if roof sheathing temperature data
from a warmer, sunnier climate than Madison,
WI had been used.

Further work is now needed to go beyond
point estimates and to account for environ-
mental variability as well as model variability.

CONCLUSIONS

New data for 3- and 4-year exposures at
66°C (150°F)/75% relative humidity were used
to verify previously reported models. Previ-
ously reported model parameters were practi-
cally unchanged for four of five fire-retardant
(FR) formulations that showed significant
strength loss from thermal degradation during
the first 18 months of exposure (MAP, GUP/
B, DPE and OPE). Although the previously
reported model form seemed appropriate, sig-

nificant parameter estimate updates were nev-
ertheless needed for untreated wood and BBA-
treated wood, which did not experience con-
sistent thermal degradation during the first 2
to 3 months of exposure at 66°C (150°F).

Applying the full model to actual roof
sheathing temperature data to make field ser-
viceability projections showed that PA, the ge-
neric FR formulation that caused the greatest
initial strength loss, would experience more
than 10% loss in original in-service capacity
in 10 years if used as roof sheathing in Mad-
ison, WL Based on time-temperature super-
position, this loss in capacity would be greater
in warmer, sunnier climates. For MAP, GUP/
B, and untreated material, which start the deg-
radation cycle with nearly twice the initial
strength of PA-treated material, the loss in
original in-service capacity over 10 years
might amount to an additional 15%, 10%, and
4%, respectively.
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APPENDIX

Two modeling approaches were considered in this
research program, the traditional two-stage Arrhenius
approach and a single-stage (i.e., ““full”’) approach based
on time-temperature superposition. When considering the
two-stage approach, three initial model forms were
considered in the first stage to obtain estimates of the rate
of strength loss at each exposure temperature.

TRADITIONAL MODELS

A two-stage Arrhenius-based modeling approach has
often been used in modeling fire-retardant (FR) reaction
rates (i.e., rate of strength loss over time) (Woo 1981;
Pasek and MclIntyre 1990; Winandy et al. 1991). In this

approach, the same functional form is used at each tem-
perature, and the model parameters are estimated using
the appropriate temperature data set. In the first stage of
a traditional two-stage approach, the dependent variable,
in our case strength, or a suitable transformation is defined
as a function of time at several temperatures:

linear approach

Y,

v

b, + (—k;X) €5)]
nonlinear approach
Y, = bexp(—k;X) 2)

v

transformed linear approach
InY, =b; + (—k,X) 3)

where
i = index of temperature of exposure (e.g., T, =
328 K (54°C), T, = 339 K (66°C), . . .),

j = index of FR chemical (e.g., F, = PA, F, =
MAP, .. .),

Y, = bending strength (MPa) at temperature 7T; for FR
F,

J

X

time (days) at temperature T; for FR F;, and

b, k; are fitted parameters at temperature 7; and FR F;.

iy
It is often reasonable to assume that the initial mean
strength will be the same at different temperatures. This
can be done by forcing b; to be equal at each temperature,
which adds another stage to modeling. The choice of func-
tional form is dependent on the assumption of how devi-
ations arise.

Based on Kinetic theory, it could be expected that the
rates of strength loss over time are dependent on temper-
ature via the Arrhenius theory:

k'= Aexp(—E,/RT) )
where

k', = rate constant (adjusted to a common relative hu-
midity) for FR F,

A; = pre-exponential factor,

E,; = activation energy,

R = gas constant (J/JK-mole), and

T = temperature (K).

Thus, in the second stage of the two-stage approach, the
fitted model parameters (k;) that were derived in the first
stage for each temperature are fit to Eq. (4) after humidity
adjustment (i.e., the Arrhenius equation is used to deter-
mine the fire retardant’s characteristic rate constant of
strength loss over the range of temperatures studied).
When Eq. (4) is constrained to include only positive
strength loss estimates, it can be expressed in terms of
natural logarithms as
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k* = In(k')) = In(A) + (—E,;/RT) (5)
As listed, the first-stage models are the linear (1), trans-
formably linear (3), and nonlinear (2) models. Once esti-
mated in the first stage, these isothermal rate constants
(k;) are considered as independent observations of the de-
pendent variable, which are applied in the second stage
using an Arrhenius-type approach to model rate of
strength loss as a function of thermal exposure. Hence,
the estimated parameters of the second stage are functions
of the first-stage parameter estimates. If the second-stage
estimates for the parameters of Eq. (5) are obtained using
simple linear regression, then this stage is called linear.
These estimates may also be obtained by a weighted linear
regression to take into account variability of the first-stage
estimates; this second stage is then called weighted.
After concluding that the nonlinear model best de-
scribed the 66°C (150°F) data, the 82°C (180°F) data (re-
ported in LeVan et al. 1990) were modeled with similar
results in that the nonlinear model fit the data better than
did the linear or transformed linear models. However, the
54°C (130°F) data fit only slightly better, which was prob-
ably related to the general lack of strength loss at 54°C
(130°F). Since the specimens exposed at 27°C (80°F)
showed no strength loss over their test period of 6 years,
these data were not included in further model develop-
ment. In our overall opinion, results (both parameter es-
timates and standard errors) from the weighted regression
technique seem more appropriate than those obtained from
a simple linear regression, especially given that the esti-
mates were obtained from different experiments over dif-
ferent lengths of time with different sample sizes.

FULL MODELS

A single-stage approach quantitatively based on time-
temperature superposition was also feasible for use in

modeling reaction rates. Thus, we also considered one-
stage (commonly termed “full”’) models that, in just one
step, relate strength loss to time, temperature, and relative
humidity. Based on the results of the two-stage model-
building process just outlined, back substitution of Eq. (4)
into (2) yields

Y; = bexp(—XA(H,/Hyexp(E,;/RT,)) (6)
where

i = index of exposure temperature,

= index of FR chemical,

I
Il

5

bending strength (MPa) at temperature 7, for FR F,
X = time (days) at temperature T, for FR F,

b; = initial bending strength (MPa) at time X = 0,

H, = relative humidity at test for temperature T,

H, = normalized relative humidity, 67% RH, per ASTM
D5516 (1996),

A, = pre-exponential factor,
= activation energy,
and

R = gas constant (J/K-mole),

T, = temperature (K).

The “full” model appeared to fit the combined data set
(54°C (130°F), 66°C (150°F), and 82°C (180°F)) as well
as or slightly better than did the nonlinear-weighted two-
stage approach based on a graphical comparison.





