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ABSTRACT
This paper presents a review of more than 10 years of research on the effects of
tire-retardant treatments on wood properties and the potential of these treatments for
in-service degradation when exposed to elevated temperatures. It presents an in-depth
discussion of the findings and implications of a magor wood engineering research pro-
gram to assess the current condition, extend service life, and predict residua service-

ability of fire-retardant-treated plywood when used as structural roof sheathing.

Wood is an environmentally desir-
able material for fiber and structural use.
It is efficient in both economic and envi-
ronmental costs to the user. Sometimes
wood is treated with chemicals to extend
its utility into new markets. In North
America, fire-retardant-treated plywood
is sometimes permitted as an aternative
to noncombustible materials in struc-
tures that require increased fire safety.
However, in the mid-to-late 1980s some
commercid fireretardant (FR) treat-
ments failed to perform as expected
when used as roof sheathing plywood
and roof truss lumber. Elevated roof tem-
peratures caused by solar radiation in
combination with FR chemicals and
moisture prematurely activated some
FRs, often causing the plywood to ex-
hibit a darker brown color, become brit-
tle, experience cross-grain checking, and
crumble easily. This problem required
costly roof replacement. Because of the
regional nature of building codes in
North America, the problem was most
common in the eastern United States on
nonresidential commercia and multi-
family dwellings built without parapet
walls since 1980. In the United States, re-
placement costs for thermally degraded
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FR-treated plywood roof sheathing were
originally estimated to exceed $2 hillion
($U.S)) (15). However, current estimates
range from 25 to 50 percent of the earlier
projected cost.

During the last few years, extensive
research has defined the mechanism of
the problem. To lessen the economic and
environmental costs of replacing up to
75 million FR-treated plywood panels,
serviceability assessment methods were
needed to evaluate the condition of
FR-treated plywood and to estimate re-
sidua service life. An intensive 10-year
research program was conducted at the

USDA Forest Products Laboratory
(FPL) in which methodologies were
developed to determine the current con-
dition of FR-treated plywood roof
sheathing and to predict its residual ser-
viceability. Two of these experimental
methodol ogies that assessed the effects
of FR treatments on mechanical proper-
ties and their potential to undergo ther-
mal degradation on extended exposure
to elevated temperatures resulted in two
new ASTM Standard Test Methods
(ASTM D 5516 and D 5664) (1). A
standard practice for deriving adjust-
ment factors for FR-trested plywood
was aso developed (ASTM D 6305 (1).
To preclude future serviceability prob-
lems with the use of FR-trested wood
in engineered wood systems, these new
ASTM test methods and design prac-
tices have been incorporated as man-
datory performance requirements in
AWPA Standard P17 for FR formula-
tions and in Standards C20 and C27 for
FR-treated lumber and plywood, re-

spectively (2).

The author is Team Leader, USDA Forest Serv., Forest Prod. Lab., One Gifford Pinchot
Dr., Madison, WI 53705-2398. The author acknowledges the indispensable contributions of
the staff of the Engineering Mechanics Lab. at the Forest Prod. Lab. (FPL) and of the entire
FR-treated plywood servicesbility team at FPL, which consists of Stan T. Lebow, Patricia K.
Lebow, Joseph F. Murphy, William Nelson, Anton TenWolde, and Robert H. White. Past
members of that team were Susan L. LeVan, Robert J. Ross, and Mitchell S. Sweet. We ac-
knowledge the financia assistance of the Dept. of Community Affairs (State of New Jersey)
and the USDA Competitive Grants Program. We also gratefully acknowledge the work of our
extramura cooperators. H. Michael Barnes (Mississippi State Univ.), William Rose (Univ. of
Illinois), Elmer L. Schmidt (Univ. of Minnesota), Craig R. McIntyre (Consultant), and Scott P.
Hoffman (Hickson Corp.). This paper was received for publication in February 2000. Reprint
No. 9095.

*Forest Products Society Member.
©Forest Products Society 2001.
Forest Prod. J. 51(2):47-54.

51. No. 2 47



8

MOR (MPa)
(4,1

Days at 66°C

Figure 1. — Predicted change in bending strength over steady-state exposure of up
to 4 years at 66°C for untreated (UNT) wood and wood treated with phosphoric acid
(PA), monoammonium phosphate (MAP), guanylurea phosphate/boric acid (GUP/B),
dicyandiamide-phosphoric acid-formaldehyde (DPF), organophosphonate ester
(OPE), or borax/boric acid (BBA).
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Figure 2. — Predicted change in modulus of elasticity (MOE) over steady-state ex-
posure of up to 4 years at 66°C for untreated and treated wood.
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Figure 3.— Predicted change in work to maximum load (WML) over steady-state ex-
posure of up to 4 years at 66°C for untreated and treated wood.
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The FPL research program involved
two stages. Stage 1 focused on the ef-
fects of FR treatments on mechanical
properties of the treated wood and on
identifying the mechanism of thermal
degradation. Stage 1 has been described
in detail by Winandy et a. (30). Stage 2
focused on the development of a FR-
treated plywood serviceability research
program (20). This involved a simulta-
neous progression of studies, each spe-
cifically designed to address important
voids in our technical knowledge at that
time. When evaluating the current and
future serviceability of any structura
system, such as roof sheathing, two
guestions need to be addressed. First,
what is the current level of performance
of the system? Second, if the system
currently meets some acceptable level
of performance, what is the expected re-
maining service life? The service life
model developed under this FR-treated
plywood serviceability program ad-
dressed these two concerns. The first
objective of Stage 2 dealt with defining
chemical mechanisms, exploring the in-
fluences of processing factors and ser-
vice conditions, and assessing the cur-
rent condition of FR-treated wood in
service. The second objective focused
on the environmental and exposure con-
ditions imposed on FR-treated wood in
service as a result of design and location
and making projections of degrade po-
tential with which to predict residua
service life. The remaining work of the
Stage 2 research program is to finalize
development of a reliable tool for pre-
dicting residua service life of FR-treated
roof sheathing.

MECHANISMS OF
THERMAL DEGRADATION

Researchers have long recognized
that FR treatments reduce initial strength
properties (3-5,7). Post-treatment re-
drying has been shown to accelerate this
initial strength loss (6,31). This initia
reduction in strength from FR treatment
and redrying was accounted for through
modifications to alowable stress design
values. What was not foreseen prior to
the mid-1980s was that additional in-
service reductions in strength might oc-
cur when some FR-treated products were
exposed to elevated temperatures such
as those induced by solar loads on roof
systems.

Preliminary investigations had indi-
cated that field problems of FR-treated
plywood roof sheathing resulted from
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Figure 4.— Relationship between loss in bending strength (MOR) and changes in lignin content and content of individual carbo-
hydrate components of hemicellulose and cellulose for untreated and treated wood (26).

thermal-induced acid degradation of
wood carbohydrates by the acidic FR
chemicals (12). Subsequent work con-
firmed the proposed acid-degradation
mechanism (8,21,22). This research
confirms our initial hypothesis that the
relative effects of many FR treatments
could be classified by the type of FR
chemica employed and the time-tem-
perature combination required to con-
vert the FR formulation into its acidic-
functional form (13).

Figures 1 to 3 show the overall effect
of extended high-temperature exposure
(up to 4 years a 66°C at 75% relative
humidity) on bending strength of un-
treated wood or wood treated with sev-
eral FR-model formulations, data were
compiled from Winandy (21) and Lebow
and Winandy (10). These two reports
summarized data at 27°, 54°, 66°, and
82°C for up to 4 years. They clearly
showed that the thermal effects on
strength at any temperature within that
range were additive and could be pre-
dicted using a cumulative damage
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model based on performance a any
other temperature within that range.

Two FR-model formulations (phos-
phoric acid (PA) and monoammonium
phosphate (MAP)) caused a significant
reduction in the initial bending strength
of the treated wood as well as a rela-
tively consistent reduction in bending
strength relative to time of exposure at
high temperature. Untreated wood and
wood treated with borax/boric acid
(BBA) exhibited little to no reduction in
initial bending strength, then seemed to
experience afinite period (< 60 days) of
resistance to thermal degrade. Compari-
son of other FR treatments, for example,
guanylurea phosphate/boric acid (GUP/
B), dicyandiamide-phosphoric acid-for-
maldehyde (DPF), and organophos-
phonate ester (OPE) showed that the
treated wood experienced a measurable
initial strength loss and may have expe-
rienced a brief period (< 7 days) of resis-
tance to therma degrade. Thereafter, for
each FR-model compound, treated
wood experienced a relatively consistent
reduction in bending strength over time
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of exposure at high temperature (Fig. 1).
Initially, modulus of easticity (MOE)
was relaively less affected than bending
strength, but eventually the effects of
treatment and temperature were just as
apparent (Fig. 2).

By contrast, the effect of treatment on
work to maximum load (WML) was ini-
tially more noticeable than the effects on
bending strength and MOE (Fig. 3).
Since WML is a measure of energy to
failure, it is a good indicator of em-
brittlement. Users have long recognized
that many wood treatments result in a
less ductile product. Some acid systems
lead to a product that is brasher in its
failure mechanism. Judging by the sig-
nificant loss in WML for untreated and
al treated wood products at 66°C it is
obvious that given along enough dura-
tion of exposure to elevated tempera-
tures, al wood products, treated or un-
treated, will eventually undergo critical
levels of degrade.

The mechanism of strength loss from
FR-treatment and from high-tempera-
ture exposure was recently shown to be
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related to changes in the chemical com-
position of wood. Models for predicting
strength loss from changes in wood
chemical composition have been devel-
oped by Winandy and Lebow (26).
These models are based on the strong re-
lationship between loss in strength and
loss in hemicelluloses (Fig. 4). Moni-
toring the degradation of the least-pro-
tected side-chain carbohydrate moieties,
such as arabinose, provided the most
sensitive predictor of early strength loss.
The carbohydrates were followed in
sengitivity by galactose, mannose, xy-
lose, and glucose.

Previous work had found that the rate
of strength degradation for untreated
and FR-treated plywood increased as
relative humidity increased; a test
method was developed to eval uate com-
mercial FR treatments (32). Subse-
quently, three consensus U.S. standards
evolved from that test method (1). To
evaluate the data derived from the test
method, several kinetics-based models
for therma degradation of FR-treated
material were developed (16,31,33).
Winandy and Lebow (27) and Lebow
and Winandy (8) built on that work to
develop a single-stage kinetics-based
model to predict the magnitude of ther-
mal degradation for a series of FR-
model treatments. They further demon:
strated that their single-stage model
could accurately predict strength loss
across awide range of temperatures and
exposure conditions. Other work has
found that strength loss from cyclic ther-
mal exposure was generaly similar to
that from steady-state temperature expo-
sure when compared on a cumulative
time-at-temperature basis (14).

The following critical needs were
identified before we could develop the
procedure(s) to assess current condi-
tions and to eventualy develop a predic-
tive residua service life model for FR-
treated plywood roof sheathing. We
needed to 1) know the influence of pro-
cessing effects; 2) develop methods to
assess current conditions; 3) know ther-
mal loads; and 4) develop an under-
standing of critical serviceability/dur-
ability factors. Three of these FPL pro-
jects, two of which included extramural
cooperative agreements, are now com-
plete. The fina residual service life
modeling program is nearing comple-
tion. To the extent possible, the various
research components of this program
were performed concurrently. Each pro-

50

80r
70 +
60 |
g 50 F
g0l
=30 |

-3l Untreated
20 [ _g@- 50%MAP/20%TB
10 | V= MaAP
&= 90%MAP/10%PA
0 [ L 1 —_—
] 80 160 290

Days exposure at 66°C/75%RH

Figure 5. — Effects of FR treatment mixtures on bending strength of 12-mm-thick
plywood subsequently exposed to extended exposure at 66°C (22).

ject is briefly described in the following
text.

PROCESSING FACTORS

The goals of this project were to 1) de-
termine the governing relationships of
treatment processing factors, mixtures
of chemical components, and post-treat-
ment temperature and moisture factors
to in-service performance and to relate
these relationships to in-service thermal-
induced strength degradation rates; and
2) define the effects of initial plywood
quality and its possible interaction with
in-service thermal degradation.

Preliminary FPL results indicated that
the level of degradation in -mechanical
properties and wood composition in-
duced by steady-state laboratory expo-
sure was often less than the magnitude
of the degradation experienced in the
field (30). These differences in property
degradation rates appeared to be related
to the severity of the processing factors
employed in commercia treating and
drying (20). We initially suspected that
these factors included the influence of
the mixture of various FR chemica
components used in a commercia FR
formulation, the temperatures employed
in kiln-drying FR-treated material after
treatment, and the presence or absence
of post-treatment drying and/or wetting
during storage or construction (13).
Some experts also believe that roof-cav-
ity ventilation is a significant factor and
research continues to assess its impor-
tance. Overall, we found that many
product-manufacturing and treatment-
processing factors contribute to the dif-
ferential performance of |aboratory and
field materials.

Early in this “processing factors”
phase of research, key experimental fac-
tors were identified using dynamic me-
chanica analysis of small plywood ve-
neers about 1 mm thick (11). The key
factors that influenced thermal degrada-
tion were FR retention and in-service
moisture content (MC). The results of
that study were used in the larger second
phase of this project to define experi-
mental factors using full-size, 19-mm-
thick plywood specimens (22). Recal
that in Figures 1 to 3, the length of the
period of resistance to therma degrade
was directly related to the initial effect
of the FR treatment on strength and ap-
peared to be related to the pH of the
treating solution or wood. In the second
phase, we proved that control of the
treating solution pH by the use of pH
buffers, such as borates, could mitigate
the initial effect of the FR on strength
and then enhance resistance to subse-
guent thermal degradation (Fig. 5) (22).

We also found that variation in redry-
ing temperatures from 49° to 88°C had
little differential effect on the subse-
guent rate of thermal degradation when
the treated plywood was exposed at 65°C
for up to 290 days (Fig. 6). Further, we
showed that the effects of thermal expo-
sure during both redrying and in-service
solar loading were cumulative on a
time-at-temperature basis (22). Finally,
in other work we found that remedia
borate treatments were useful in pre-
venting additional therma degrade (28).

To address our second goal, we stud-
ied the influence of plywood quality on
thermal degrade of various grades of
FR-treated plywood. At the time, the ex-
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Figure 6. — Effects of redrying temperatures at 54°, 71°, or 88°C on bending
strength of 12-mm-thick FR-treated plywood subsequently exposed to extended ex-

posure at 66°C (22).

isting data on thermad effects on FR-
treated plywood related to only one very
high level of plywood qudlity. To limit
property variability, the early datawere
obtained from tests of high-qudity ply-
wood, which was specially made from
nearly clear veneers with no knots or in-
terior voids and only minima surface
imperfections (32). Additiond informa
tion was then needed to adapt the ther-
mal-effects data in the database to field
applications using commercia quality
plywood. Lebow and Winandy (9) eval-
uated four grades and two thicknesses
of commercia plywood. The results
showed that the rate of strength lossin
plywood resulting from FR treatment,
post-treatment redrying, and subsequent
high-temperature exposure was to a
great extent independent of plywood
quality or grade. Further, although the
various grades of plywood had large ab-
solute differences in strength, these dif-
ferences remained relatively constant
after treatment and exposure. With re-
spect to the influence of plywood thick-
ness, athough the initial treatment effect
differed for the two plywood thick-
nesses tested, the relative loss in strength
caused by thermal degrade resulting
from exposure at high temperatures was
similar for both thickness levels. Thus, it
now appears that the thermal degrade re-
sults of an earlier study (32) using high-
quaity N-grade plywood are readily
applicable to commercia grades and
thicknesses.

CONDITION ASSESSMENT

Before we could predict future strength
loss for a piece of plywood, we needed
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information on its current condition. We
needed to develop and determine the key
nondestructive evaluation (NDE) tech-
niques and appropriate parameters for
predicting current strength. We also
needed to determine how these parame-
ters should be measured and how to em-
pirically define the relationship between
the NDE property and strength.

Considerable concern existed about
the in-place strength of FR-treated ply-
wood. In addition, building officials and
inspection professionals were frustrated
by the lack of NDE tools available for
assessing the residua strength of these
materials. Definitive relationships be-
tween nondestructively measured prop-
erties and engineering design properties
were needed before NDE techniques
could be completely useful.

There are two broad types of NDE
methods: chemical and mechanical.
Chemical-based NDE utilizes the re-
lationship between changes in wood
strength from therma degradation and
changes in wood pH, carbohydrate
structure, or wood chemistry (10,18,26).
This technique is rapidly becoming
better understood and more reliable.
LeVan et d. (13) clearly showed that
early strength loss during the thermal
degrade process was related to changes
in hemicellulose composition rather than
cellulose or lignin. Sweet and Winandy
(18) found that degradation of hemi-
celluloses was more strongly related to
incipient strength loss than was the de-
gree of polymerization of cellulose. They
proposed a qualitative model in which
early strength loss was initialy a func-
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tion of degradation in hemicellulosic
side-chain components like arabinan
and galactan (Fig. 4). Next, strength loss
involved dissolution of main-chain hemi-
cellulosic components, like xylans and
glucomannans, and finally, degradation
of cellulose and lignin. These authors
proposed that additional work might
find this relationship quantitative (18).
Current work at FPL is evaluating such
models. Quantitative models have been
developed to predict residua strength
from changes in chemical composition
(26). However, chemical tests are often
prohibitively expensive because of equip-
ment needs, operator time, and lag time
between field inspection and sample
collection and test results.

Mechanical NDE often involves
proofloading-type tests and the use of
concomitant relationships such as the
relations between stress wave speed and
MOE or stress wave attenuation and
strength. The use of these types of me-
chanical NDE in the field is often com-
plicated by cumbersome equipment.
Another problem is inappropriate bound-
ary conditions that limit application by
complicating signal processing.

Another variant of mechanicd testsis
the probe (screw) withdrawa relation-
ship to strength. Screw withdrawal tests
were initially conceived by Ross et d.
(17). These tests have been found to be
simple and reliable indicators of degra-
dation. Winandy et al. (29) defined con-
dtitutive relationships between nonde-
structively measured properties and the
bending strength of FR-treated plywood
(Fig. 7). These congtitutive relationships
between screw withdrawal force and re-
sidua bending strength were then used
in a similar manner as MOE is used to
predict bending strength in machine-
stress-rated lumber grading. The fina
step to implementation will be for re-
searchers and the engineering commu-
nities to work together to develop con-
sensus precision estimates to enable
third-party interpretation of these con-
gtitutive relationships.

SERVICEABILITY FACTORS
AND THERMAL LOADS

Two goals were established in this
part of our research program: 1) define
relationships between field and labora-
tory exposures; and 2) verify and reline
the FPL temperature history model for
roofs.
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In the first project on correlation be-
tween laboratory- and field-exposed
strength loss, initid FPL results indi-
cated that thermal-induced acid dehy-
dration of wood carbohydrates caused
thermal-induced in-service degradation
of FR-treated roof sheathing. However,
the level of degradation in mechanical
properties and wood composition in-
duced by steady-state high-temperature
laboratory exposures was correlated to,
but less than, the magnitude of the deg-
radation sometimes experienced in the
field. Thus, differences between field-
and laboratory-induced property degra
dation rates had to be established for
similarly processed FR-treated materi-
als to extrapolate laboratory results to
field servicesbility.

In 1991, test chambers were initialy
built for both laboratory and outdoor
field exposure in Madison, Wis. (lati-
tude = 43.4°N.). These five field cham-
bers, each holding 96 specimens, have
been in use for more than 8 years. The
results of the first 3 years of the roof
temperature data collection have been
reported (25). Roof system temperature
histories were reported for interior attic
air, exterior ar, inner and outer veneers
of plywood sheething, and internal rafter
temperatures for both black- and white-
roofed structures. Temperatures were
measured using thermocouples and have
been recorded since October 1991 using
a datalogger/multiplexer device.

The maximum temperatures recorded
in our 3-year study for black-shingled
roofs were 76°, 58°, and 54°C for the
top-ply veneer, bottom ply, and internal
rafter temperatures, respectively. The
maximum temperatures recorded for the
white-shingled roofs were 64°, 53°, and
49°C for the top-ply veneer, bottom ply,
and internal rafter temperatures, respec-
tively. However, these were 3-year max-
imums and daily maximums were gen-
erdly 10° to 20°C lower during the
summer and 25° to 45°C lower during
the winter. Overal, the plywood roof
sheathing of black-shingled roofs was
exposed to temperatures above 50°C
five times more than the sheathing of
white-shingled roof systems (364 hr./yr.
for black shingles vs. 73 hr./yr. for
white). On sunny days, the temperature
of the top ply of plywood roof sheathing
under black shingles was generally 5° to
8°C warmer than that of identical white-
shingled roof structures. However, after
dark, the black-shingled roof tempera-
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ture quickly cooled and temperatures
were similar to those of white-shingled
roofs.

These data confirmed that the roof
sheathing plywood and roof truss lum-
ber temperatures, which are the primary
factors influencing thermal degrade of
FR-treated materials, are primarily con-
trolled by solar gain. However, the effect
of MC was not evaluated, nor was MC
controlled by attic ventilation.

Five additional field chambers were
constructed in 1994 under a USDA
Competitive Grant and an extramura
cooperative project with the Mississippi
Forest Products Laboratory near
Starkville, Miss. These new chambers
provided for direct comparisons be-
tween northern and southern U.S. cli-
mates as well as comparisons between
dry and humidified attics. Roof temper-
ature data are now available for 8 years
in Madison, Wis. (latitude 43.4° N.) and
4 years in Starkville, Miss. (latitude
33.5° N.) (24).

The maximum temperatures recorded
in the 4-year Mississippi study for
black-shingled roofs in dry unvented
buildings were 78°, 63°, and 58°C for
the top-ply veneer, bottom ply, and nom-
ina 2 by 8 (38- by 184-mm) rafters (in-
terna temperatures), respectively. The
maximum temperatures recorded for the
matched dry unvented Wisconsin roof

systems over an 8-year period were 75°,
59°, and 54°C respectively.

The maximum temperatures recorded
in the 4-year Mississippi study for
black-shingled roofs in heavily humidi-
fied buildings were the coolest at 74°,
58°, and 54°C for the top-ply veneer,
bottom ply, and 2 by 8 rafters (interna
temperatures), respectively. Daily maxi-
mums and annualized temperature data
for each wood component exhibited
similar differences to that of the previ-
ously reported 3-year Madison data
(25). These results clearly indicated that
the temperatures of wood components
used in wood roof systems were dictated
more by the influx of radiant solar en-
ergy than by ambient outside air temper-
atures (24).

In both Wisconsin and Mississippi,
matched small plywood specimens were
exposed in steady-state laboratory expo-
sure chambers (65°C) and diurnal field
exposure chambers. Mechanical testing
of these specimens has recently been
completed and analysis is now under-
way (24). This analysis will provide a
basis for the development of precision
estimates between laboratory strength-
temperature effects and field (real world)
strength-temperature effects. The even-
tua goa is to develop an empirica com-
parative relationship based on the cor-
relation between matched laboratory
and field data. This relationship will be
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further modified based on historica
weather data from other locations to pre-
dict field performance in those locations
based on the model being developed in
the second phase of this project on ser-
viceability factors and thermal loads.

The goa of the second phase of re-
search on serviceability factors and ther-
mal loads was to develop and verify the
FPL Roof Temperature Model. In this
phase, an empirical model to predict roof
temperatures and MCs in plywood roof
sheathing based on historica weather
data from any location was developed
(19). The FPL Roof Temperature Model
has been adapted for FR-treated ply-
wood and verified with moisture and
temperature data, which were collected
under an extramural cooperative project
with the University of lllinois. The an-
nual roof-temperature profiles used in
ASTM Standard D 6305 (1) for various
localities across the United States were
generated using this model. In the ser-
viceability models discussed in the fol-
lowing section of this paper, the FPL
Roof Temperature Model provides the
basis for adapting in-service tempera-
ture and climate factors from locations
with known conditions to other untested
locations.

PREDICTING RESIDUAL
SERVICEABILITY

The goa of this final project was to
develop the best service life model to
eva uate the residual service life of FR-
treated roof sheathing plywood. Pre-
dicting the residual service life of this
sheathing requires a service life model
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that incorporates information from
many of the previoudly outlined studies
and also provides a fundamental frame-
work for adding site- and exposure-
condition factors. The model generates
a condition assessment (see Condition
Assessment section) by using a honde-
structive assessment of residual strength
based on a screw withdrawal test. This
condition assessment is then adjusted to
reflect predicted material degradation
rates derived from kinetic thermal deg-
radation models (see Mechanisms of
Therma Degradation section) and ad-
justed for predicted field exposure using
structure-specific therma performance
models (see Serviceahility Factors sec-
tion) to estimate the remaining service
life of FR-treated plywood roof sheath-
ing. Such a model is now being studied
comprehensively and further devel oped.
A first attempt a such a residua service-
ability model has been reported (23).
The predicted strength losses and field
servicesbility from these kinetic de-
grade models paraleled actual field per-
formance (Fig. 8).

Untreated wood lost 4 percent strength
when our predictive models (8) were
used to simulate a 10-year exposure in
Madison, Wis. (25). The preliminary re-
sults indicated that wood treated with
the worst FR-model treatment (phos-
phoric acid) could be expected to experi-
ence an additional 20 percent loss in
original in-service strength after the 10-
year simulation. Wood treated with
other FR-model chemicals, such as 56
kg/m® of MAP or a 70/30 percent mix-
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ture of GUP/B, would experience inter-
mediate levels of strength loss. Based on
time-temperature superposition, the loss
in capacity in warmer, sunnier climates
would be somewhat greater. Some por-
tions of this information are currently
being introduced into US. design codes
and standards. An extensive research
project is currently underway at FPL to
develop more robust servicesbility mod-
els. When finalized, these serviceability
models will aid code officids, regula-
tors, contractors, and engineers in deter-
mining replacement time schedules for
any FR-treated plywood undergoing
acid-catayzed thermal degradation.

SUMMARY

Research programs at the FPL are fo-
cusing on technologies aimed at extend-
ing the service life of wood used as
structural systems by providing a more
accurate condition assessment for resid-
ual serviceability analysis. Programs
such as these will eventualy increase
the utility and durability of wood-based
structures, increase the reliability and
long-term efficiency of such structures,
and decrease environmental impacts by
making existing products last longer,
thereby decreasing the need for replace-
ment products. The ongoing research
programs described in this paper focus
on predicting the effects of FR treat-
ments on wood properties. The FR Ser-
viceshility Model takes a multidisci-
plinary approach to predict the residual
service life of thermally degraded FR-
treated plywood. First, it assesses the
current residual condition or strength of
FR-treated material. Then it predicts fu-
ture thermal loading based on past tem-
perature history for materia in that use
and in that locdlity. Finaly, it estimates
the rate of future degradation of the ma-
terial properties based on kinetic models
using those predicted elevated tempera-
ture exposures.
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