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Abstract

Fire statistics suggest that there is an urgent need for improved performance of
light-weight truss construction in fire scenarios. This thesis proposes the use of Fire
Retardant Treated Wood (FRTW). Several floor truss systems were designed for a
residential living room using sawn lumber and FRTW. A finite difference, heat transfer
model was used to determine time to collapse and to identify modes of failure during a
simulated exposure to the standard ASTM E-119 test fire curve. As part of ongoing
research at WPI, this is an initial effort to use analytical methods in the study of heat
transfer and structural performance of wood construction during fire conditions. Results
were examined for important relationships to further advance the understanding of
collapse mechanisms in wood trusses. Experimental procedures for further testing have
also been developed. Acknowledgment that in-service conditions may alter structural fire
performance is made and the implications are discussed. An alternate fire scenario, more
representative of residential fire loading, was also developed and compared to the ASTM

E-119 fire curve.
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1.0 Introduction

Light timber construction was a great advancement in modern construction
practices. It saves money, time, and materials while maintaining structural integrity. In
recent years however, it has become evident that light timber construction performs
poorly in fire conditions and is prone to early collapse. This presents a particular hazard
for emergency responders, especially firefighters, who many times must enter these
dwellings to extinguish the blaze.

Advancements in fire protection engineering have brought about a new generation
of Fire Retardant Treated Wood (FRTW), chemically impregnated sawn lumber designed
to retard and eventually cease the process of pyrolysis via chemical intervention in the
release of combustion reactants. But problems with the structural integrity of these
materials arise when exposed to long durations of high service temperatures or high
moisture conditions. However, new chemical treatment formulations and the fact that
most commercial FRTW products are now specified to be used only indoors are helping
to increase the functionality of this material.

The main goal of this project is to explore possible failure modes of trusses under
fire loads when designed using regular sawn lumber and metal connecting plates, and
then to extrapolate those findings to predict the performance of FRTW in light weight
truss construction. In order to achieve this, several problems were addressed. The first
problem was to conduct extensive library research on FRTW and factors affecting its
strength, followed by research of common residential fire scenarios and to model a

similar assumed situation using zone model software. Five different trusses were



designed using typical loadings for residential living spaces and the two most economical
of these were used for further analysis.

The next problem was to develop a theoretical heat transfer model to determine
the thermal profile within a wood member and steel plate that would incorporate char
formation and changing thermophysical properties of wood during exposure. A finite
difference model was created using conservation of energy. Empirical thermal
degradation models for both steel and wood were researched, and a model that describes
how FRTW will degrade during exposure was created. By establishing temperatures of
the materials at any given time using the model, the amount of charring in the wood
section and thermal degradation of strength properties in the wood and steel connecting
plates are determined using the empirical and derived formulas.

It is hypothesized that the connector plates would be the primary location of
catastrophic failure; therefore, focus of this project is directed towards the interface
between the wood and the metal teeth that are used to secure each joint. The plates were
modeled to transfer load by the teeth alone, and each tooth was evaluated as a uniformly
loaded cantilever beam with variable section properties.

Expected failure modes can be described via three mechanisms. The first would
be simple mechanical failure of a wood section from a combined effect of charring and
thermal strength degradation. The second, a simple mechanical failure of the truss plate
from reduced strength due to increased temperature. The third mode would be the most
complicated and is described as tooth withdrawal or “peeling” where the metal plate pulls

out of the wood member in the same direction in was inserted.



Finally, future testing methods are developed to determine the thermal properties
of FRTW, to evaluate FRTW char formation, and to determine better the characteristics
of the interaction between truss plates and wood members in normal and fire scenarios

with the goal of enabling a more comprehensive evaluation of this topic.
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2.0 Literature Review

Many statistics and publications portray the dangers of light timber construction
to the public and to emergency responders. This chapter is intended to give the reader a
sense of the proportion of this problem.

Also described in this chapter are the chemical behavior of FRTW and how codes
and standards have been developed to deal with this high potential, though challenging,
material.

This chapter will then describe the background work that was necessary to
investigate FRTW as an option in light-weight truss construction. Computer models and
structural designs were developed to simulate a typical structural fire environment that

may be found in the living room of a residential home.

2.1 Firefighting and the Dangers of Structural Collapse

Fire Statistics
In a scientific study conducted by the Federal Emergency Management Agency

(FEMA) entitled Trends in Firefighter Fatalities Due to Structural Collapse, 1979-2002,
it was found that firefighter deaths in residential buildings have more than tripled in the
last decade compared to the previous decades (1994-2002: 33 deaths; 1983-1992: 9
deaths) (Brassal, Evans 2002). Moreover, in a FEMA study entitled Wood Truss Roof
Collapse Claims Two Firefighters Memphis, Tennessee, researchers express that
awareness and concern about the hazards of lightweight construction need to be increased
throughout the Fire Service (Routly 1992). Even if a building is defined as “fire-resistive”
by the building codes, this does not guarantee it will survive a fire or the fire fighting

effort (Brannigan 1992).
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Structural Integrity
The way that buildings are constructed using wood has changed significantly

since the beginning of the 20™ century. Timber construction was typically done using
members with very large cross sections with the minimum dimension somewhere
between six and ten inches, and is now known as “Heavy Timber” construction. Because
it requires significant cost and effort to construct (e.g. lifting these large beams require
machinery), and building materials are becoming increasingly expensive, it is no longer
economically feasible to construct timber structures in this way (Reading a ...2004).
Efficient and cost-effective methods of construction are increasingly prevalent;
unfortunately they are more prone to collapse in the event of a fire. Light-weight
construction materials and methods are praised by the building industry as the answer to
affordable housing in this country. State and independent building codes set minimum
requirements for load-carrying capacity, fire resistance, and spans lengths in order to
maintain a minimum level of safety, yet the dangers of lightweight construction are still
real and ever present to the Fire Service (Brannigan 1992).

Because wood is a combustible material, when it burns, there will be a certain
mass loss rate associated with the combustion and over time, cross-sectional areas of
burning members will decrease therefore decreasing their structural strength and
integrity. Though light timber construction saves the industry money by allowing the use
of smaller, less expensive members, when exposed to fire conditions, these smaller
members heat up, and are consumed more rapidly and after a relatively short period of
time are unable to carry the loads for which they were designed.

The vast majority of structural fires are fought by firefighters standing on or under

wooden structures (Brannigan 1992). Because occupant evacuation is the first objective
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for the fire department, very few civilians are killed by burning building collapse.
Unfortunately, firefighters are typically involved with a burning building when it has
been weakened by flames and is close to the point of collapse. The fire endurance
characteristics of lightweight construction systems have been discussed and debated
among scholars and within the Fire Service for years. The actual time to collapse, and
the presence or absence of warning signs prior to collapse, are of great interest to the Fire
Service (Dunn 1988).

Recent testing was done by the National Institute of Standards and Technology
(NIST) in association with the Phoenix Fire Department to demonstrate time to collapse
of residential roof truss construction. Typical times were around 20 minutes from the
time of ignition and few if any warning signs were evident before the final collapse. The
suddenness of the failures is one of the most harrowing details to firefighters (Bukowski
2002).

Building codes often require 1 or 2 hour fire resistance ratings for floors and load
bearing structures in commercial occupancies, but are almost never required in residential
buildings. Even though two hours is expected to be more than adequate for evacuation,
smoke obscuration and being in unfamiliar buildings are only two of the unpredictable
variables that can increase the time firefighters will spend in the structure. Also, fire
resistance ratings are only a benchmark developed under standard furnace test exposures
which are often times much less severe than natural fires, making this rating highly
unrepresentative of their actual ability to maintain integrity (Bukowski 2002). Further
discussion of building code requirements can be found in Section 2.3 Codes and

Standards for FRTW.
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2.2 Overview of FRTW
This section is intended to provide the reader with a brief history of how FRTW

has been used and some issues that have arisen while using it. Also discussed is the
chemical means by which FRTW works to inhibit sustained combustion and how this

chemical treatment affects its structural performance.

History of FRTW

In the 1980’s, when FRTW was used commonly for roof sheathing, it was
discovered that these materials are extremely prone to strength degradation when exposed
to a natural environment. Under the correct conditions the chemicals used in treatment
would prematurely activate and begin to lower the temperature at which thermal
degradation would occur, effectively increasing char and reducing the production of
flammable volatiles. However, over time this process would affect the entire section of
the wood element and cause a reduction in strength. The wood would darken and
become very brittle. In the worst cases, entire roofs needed to be replaced. The service
life of the early FRTW roof sheathing was anywhere from 3 to 8 years. Since this
occurred on the roofs of many structures, these problems were very visible in nature and
quickly made the industry aware that something was having serious negative effects on
the service life of FRTW and soon led to many studies on the types of factors that caused

its deterioration. (LeVan, Collet 1989)

Chemistry of FR Treatment and Strength Degradation
All FR systems use phosphorus nitrogen or boron, and most have phosphorus as

the central element in the form of phosphoric acid. When wood reaches a temperature of
260°C, cellulose begins to break down and produce tars and flammable volatiles.

Cellulose is the primary contributor to the production of such volatiles and its
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decomposition can be accelerated when in the presence of water, acids, and oxygen. The
primary reaction in this decomposition is depolymerization caused by the cleavage of
glycosidic linkages which is essentially the process of hydrolysis. In the presence of very
strong acids hydrolysis can occur at room temperatures. Susan L. LeVan and Jerrold E.
Winandy of the Forest Products Laboratory (FPL) explained the most widely agreed upon
theory of how the acids actually act as FR chemicals in their 1990 publication entitled

“Effects of Fire Retardant Treatments on Wood Strength: A Review”:

Acids can catalyze the dehydration of a glucose unit by addition of a
proton to the oxygen atom of a hydroxyl group, resulting in formation
of the unstable carbonium ion. The carbonium ion rearranges and
regenerates the proton, thereby propagating the process... The
glycosidic linkages can also undergo attack from a proton, resulting in
depolymerization of polysaccharide chains. The proton forms a
conjugate acid with the glycosidic oxygen. The C-O bond is cleaved to
form an intermediate cyclic carbonium cation, which initiates addition
of a water molecule, resulting in a stable end product and release of the
proton.

In short, this reaction in the presence of strong acids decomposes the cellulose quicker
than usual (increasing the char), and releases less volatiles and more stable molecules
such as water so that flaming combustion is severely impeded. Flame spread is also
decreased dramatically via the same processes, creating less radiant feedback which
diminishes the possibility of further continued combustion. (LeVan, Winandy 1990)
The effect of FR treatment at high temperatures has been found to be highly
dependent on species. Thermal degradation of wood can be viewed as the sum of the
degradation of its parts. Cellulose and hollocellulose make up 50 to 75% of wood, where
hollocellulose is comprised of alpha-cellulose and hemicellulose, and lignin is the
enzyme that acts as the glue to hold it all together. When each compound (excluding
hemicellulose) was isolated and thermally degraded in nitrogen, it was found that

hollocellulose most closely follows the degradation of actual wood member than any
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other component separately. This allows for the conclusion that studying the thermal
degradation of hollocellulose, and most specifically hemicellulose, would provide a close
explanation on how wood will degrade in general. (LeVan, et al. 1990)

Xylan is a main component in the hemicellulose of hardwoods and is the least
thermally stable hemicellulose since pentosans (xylan) are very susceptible to
dehydration reactions. Softwood hemicellulose is low in xylan and high in a more stable
molecule called galactoglucomannan. Since FR chemicals are effective by increasing the
rate of hydrolysis, hardwoods are more negatively affected by the treatment than
softwoods, and it is for this reason that today, all commercially available FRTW is
created using softwood species. (LeVan, et al. 1990)

Other research funded by FPL confirms the hypothesis that hemicellulose plays
an important role in determining the strength of FRTW. In this particular study, Winandy
et al determined the percentage of certain types of cellulose and hemicellulose that are
integral in the determination of mechanical strength, then treated the specimens with
monoamonium phosphate (MAP). One group of specimens was exposed to 27°C for 560
days and then tested for their residual percentages of cellulose and hemicellulose while
the other was tested immediately after treatment to act as the control. The conclusions
state that the degree of polymerization of cellulose did not appear to be related to strength
loss under thermal degradation but the amount of hemicelluloses left undamaged after
treating, especially the mannans in galactoglucomannan, were highly related to residual
modulus of rupture (MOR) and work to maximum load (WML). (Sweet, Winandy 1999)

Since the concern for strength loss in FRTW originated from observations while

in service, the idea that cyclic temperature exposures and in-service changes in moisture
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content (MC) could have been contributing factors was also investigated. Untreated
specimens and those treated with MAP were exposed to cyclic 65°C temperatures at 7
hours per day and at 3.5 hours per day, with a control group at a constant 65°C. Exposure
times ranged from O to 215 days with intermediaries at 21, 60, and 160 days. Two target
MC levels were used: 6 and 12 percent. Below, Table 1 shows the slope of the trendlines

of the best fit to all data.

Table 1: Comparison of cyclic temperature with constant temperature (LeVan et al. 1996)

— — MOR m
Cyelic at 65°C
Specimens 7-heday 3.5 hr/day Constant at 65°C
MAP =0.097 0194 -m
_Unireated _ 0,043 0086 — -0.002

* Slope from regression line using all data peints.

Modulus of elasticity (MOE) values were relatively unchanged while Table 1 shows that
MOR exhibited a slight negative slope. This data suggests that cyclic temperature
exposure cannot be said to be more severe than constant exposure. Other data from this
research showed that treated materials had a greater tendency for degradation than
untreated as was the trend exhibited in past experiments. There was also a slight decrease
in strength from 6% MC to 12% MC, but strength loss due to increase in MC was no
different than that exhibited by untreated lumber. (LeVan et al. 1996)

Further work at the FPL showed the correlation between relative humidity (RH)
and strength loss. Untreated and MAP treated plywood specimens were subjected to
exposures of various combinations of temperature and RH. Their results are summarized
in Figure 1 and Figure 2 below. It was concluded that as RH increased, the rate of
strength loss at elevated temperatures also increased. However, the effect of RH did not

appear to be as influential as that of the temperature exposure. (Winandy et al. 1991)
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Figure 1: Effect of exposure to various RH and temperatures on MOR of untreated plywood
(Winandy et al. 1991)
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Figure 2: Effect of exposure to various RH and temperatures on MOR of MAP treated plywood
(Winandy et al. 1991)
Grade and thickness was also investigated as a possible variable in the effects of

FR treatments. One study used two thicknesses and three commercial grades of southern
pine plywood as well as defect-free N-grade veneer plywood, all treated with MAP to
determine the trend. Each specimen was subjected to an exposure of 66°C and 75% RH
for either 30, 60, or 90 days and then tested for MOR, WML, and MOE. Results showed

that strength loss from treatment, re-drying, and subsequent high temperature exposure
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was dependent on neither quality nor grade of the plywood. Initially the thinner materials
seemed to degrade more severely but when results were adjusted to reflect the volume of
wood affected it was found that thickness as well had no intrinsic effect on the
development of strength loss. (Lebow, Winandy 1998)

Essentially all FR treatments cause large, rapid decreases in pH, first because the
solutions themselves are usually acidic, and second because decomposition reactions in
wood release acetic acid (LeVan et al. 1990). By this reasoning, the possibility that wood
pH could be used as a predictor of strength loss was examined as well. A strong
relationship was noted between changes in pH of the tested plywood specimens and the
reductions in strength and energy properties. Figure 3 below summarizes some of the
data collected from these experiments. The key in the figures shows the number of days
that each specimen was exposed to 66°C (150°F) and 75% RH. As seen in the data, as
temperatures increase, the differences in pH resulting from the initial re-drying after
treatment becomes insignificant after extended periods of exposure. In other data
collected, it was determined that the additions of borate compounds produced a
significant buffering effect that slowed or lessened the decreases in pH. (Lebow et al.

1999)
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Figure 3: Effects of various FR formulations and re-dry temperatures on pH, MOR, and WML
(Lebow et al. 1999)

Because kiln drying is by far the number one method used to cure softwood

dimension lumber, the effects of kiln drying were independently examined as a possible

contributor to overall strength loss. Table 2 below shows the difference in the effects of

using a re-dry temperature of 60°C as compared to that of 110°C. The table shows a

dramatic decrease in mechanical properties as the re-dry temperature increases. This is

attributed to the fact that when exposed to temperatures above the boiling point of water,

generally referred to as high temperature drying (HTD), hydrolysis is catalyzed even
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more than is expected from treatment alone, severely increasing the production of acid in
the system and therefore increasing the rate of strength loss. (LeVan et al. 1990)

Table 2: Effects of re-dry temperature on mechanical properties of various FR treated plywood
specimens. The change in mechanical properties was as compared to untreated control specimens.
(LeVan, Winandy 1990)

Redry Change in mechanical property (%)
temperature
Chemical® Species (C MOR MOE Energy C-par

Borax DF-Ply 60 —23 —34 -
MIN -27 —-25 -
PYR -14 -30 -
FRT -24 -36 -
CZC -21 -41 -
Borax DF-Ply 110 -34 -68 —
MIN —-25 -50 -
PYR -30 —57 _
FRT —-36 —64 —
CZC —41 -64 =

2.3 Codes and Standards for FRTW

Much of the research described in the previous section resulted in the formation
of standard test methods for the evaluation of effects of FR treatments and the final
strength properties of FRTW. This also led to the inclusion of FRTW into developing
building codes.

The American Society for Testing and Materials (ASTM) has developed
numerous methods for quantifying the effects of various in-service conditions on strength
properties of FRTW. Building code officials often require that these tests be performed
in order to certify that a particular manufacturer’s product is of sufficient quality to be
used as construction materials.

The purpose of this section is to make the reader aware of some of issues

regarding FRTW that have been addressed by the professional public.
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ASTM D 5664-02

This test method is for the evaluation of the effects of FR treatments and elevated
temperatures on strength properties of FRTW. The general objectives for this test are to
develop data to adjust allowable design stresses of sawn lumber for the initial effects of
treating with any FR formulation and to develop data for in-service thermal stability up to
66 +2°C (150 + 4°F) and >50% RH. This test was created so that all manufacturers of
FRTW can evaluate their products in an effort to maintain the expected level of structural
performance.

There are two test procedures with a third optional test for size effects. The first
two procedures use small clear specimens cut from end-matched nominal 2 x 4
dimension lumber. Procedure 1 compares initial effects of FR treatments to untreated
controls for bending, tension parallel, compression parallel, and horizontal shear
properties. Procedure 2 assesses differential trends between the treated and untreated
specimens for bending and tension parallel properties with prolonged high temperature
exposures. Below in Figure 4 is an example of a cutting pattern to obtain specimens for
each type of test. The optional Procedure 3 uses a full-size nominal 2 x 4 to modify the
results from Procedures 1 and 2. Table 3 and

Table 4 below summarize the testing when using Procedure 1 or Procedure 2.
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Table 3: Summary of Procedure 1 for the ASTM D5664 test

Procedure 1

Step Description/Requirements Limit Value Method
Flame Spread Index < 25 10min ASTM E84
Chemical No significant combustion 20min -
Treatment No flame spread past 10.5 feet from center of burners 30min -
Treatment Report - -
Moisture Content <19%
Post- Re-dry temperature, first day (-)2° tolerance
Treatment Re-dry duration, first day 21hrs MDaen Sl:;?:;ttu ergr
Drying Re-dry temperature, first day (-)3° tolerance
Re-dry duration, first day Remainder
Equilibration Cons?ant Weight 22+5°C -
Relative Humidity 65+1% -
Testing Bending, Compression Parallel, Horizontal Shear Failure ASTM D143
Tension Parallel Failure ASTM D3500
Table 4: Summary of Procedure 2 for the ASTM D5664 test
Procedure 2
Step Description/Requirements |  LimitValue |  Method
Chemical Treatment see Procedure 1
Post-Treatment Drying see Procedure 1
3 groups of specimens unexposed - -
3 groups exposed 66+2°C 50% RH -
Exposure Exposure duration 1 36+3days -
Exposure duration 2 72+3days -
Exposure duration 3 108+3days -
Equilibration see Procedure 1
Testing Bending Failure ASTM D143
Tension Parallel Failure ASTM D3500
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Figure 4: Hypothetical cutting pattern to obtain specimens for the ASTM D5664 test (ASTM
International, Vol. 4.10 2004)

ASTM D 5664 calls for the treatment of the pieces so that the retention level
using a particular agent would not be below midpoint of the retention range as specified
for the species by the certifying agency. If standards other than AWPA C20 or NFPA
703 are to be met, retention level performance criteria shall be stated. All specimens
shall be weighed before and after treatment to determine their solution retentions and a
treatment report shall be completed with treating cycle, times, pressures, gage retentions,
and piece retentions.

There is no upper limit on the re-drying temperature for this test and it is
recommended that all pieces be stickered to allow proper flow over all surfaces and even

drying. (ASTM International, Vol. 4.10 2004)
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ASTM D 6841-03
ASTM D 6841 is the standard practice for calculating design value treatment

adjustment factors for FRTW. This test uses results obtained from ASTM D 5664 and in
conjunction with computer generated thermal distribution curves, allows the user to
calculate design adjustment factors to be applied to published allowable stress values in
order to capture the effects of treatment and service temperatures. This test ensures that
structural engineers are able to effectively design using FRTW by compensating for these
negative effects.

Some simple equations are used to determine the design factors. The first three

equations are shown below and the variables are described in Table 5 below.

R. =a+k, (D) (1) (ASTM Int., Vol. 4.10 2004)

kg, = k,(50/RH,) (2) (ASTM Int., Vol. 4.10 2004)

In & = M (3) (ASTM Int., Vol. 4.10 2004)
k, R-T,-T,

Table 5: Summary of variable for calculation of strength reduction design factors for FRTW

Equation 1 Equation 3
Symbol Description Symbol Description
Ry Ratio of average treated to untreated values Ko Strength loss rate at mean bin temperature
D Number of days specimens exposed to elevated E ]
temperatures a 21,810 cal/mol-’K
a Intercept R 1.987 cal/mol-"’K
ki Slope, strength loss rate T4 Test temperature, 'K
Equation 2 T, Bin mean temperature, 'K
Kso Strength loss rate at 50%RH
RH; Elevated temperature test RH

Equation (1) determines a regression line that describes the loss of strength over
time. Equation (2) (ASTM Int., Vol. 4.10 2004) calibrates the strength loss rate for and
RH to the strength loss rate at 50%RH. Equation (3) (ASTM Int., Vol. 4.10 2004) then

calculates the strength loss rate per day.
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Equation (4), shown below is the final equation in the process. This final
equation uses the strength loss rate per day calculated from Equations (1), (2), and (3),
and other values described in Table 6, to finally determine the treatment adjustment
factor for particular species impregnated with a specific fire-retardant. (ASTM

International, Vol. 4.10 2004)

TF =[1-IT —n(CF )(CLT)] (4) (ASTM Int., Vol. 4 2004)
Table 6: Summary of variable for final equation for determining treatment adjustment factors for
FRTW
Equation 4
Symbol Description

TF Treatment adjustment factor = (1-1T)

IT Initial treatment effect = (1-R,)

n Number of iterations = 50

CF Cyclic loading factor = 0.6
CLT Total annual capacity loss

Ro Ratio of average treated to untreated values for unexposed specimens

ASTM D 3201-94(03)
ASTM D 3201 is the standard test method for hygroscopic properties of FRTW

and wood based products. This test prescribes the procedure for determining the MC of
FRTW samples after being exposed to a standard high relative humidity condition of
90+3%RH at 27+2°C (ASTM International, Vol. 4.10 2004). Data collected from this
test allo