FI RE- RESI STI VE STRUCTURAL DESI GN
Erwin L. Schaffer. P.E. Ph.D 1
| NTRODUCTI ON

To provide fire safety in any structure, nmany approaches are
consi der ed. This involves a conbination of (1) preventing fire
occurrence, (2) controlling fire growth, and (3) providing protection to
life and property. Al need systematic attention to provide a high
degree of econonical fire safety. The building design professional can
control fire growh within the structure by generating plans that
include features such as protecting occupants either confined or exiting
the structure, confining fire in conpartment areas, and incorporating
fire suppression and snoke-heat venting devices at critical |ocations.
For an expansion of this topic, the reader is directed to An Interim
Quide for Goal-Oiented Systens Approach to Building Fire Safety
[Ref. 1).

Controlling construction features to facilitate rapid egress,
protecting of occupants in given areas, and preventing fire growh or
spread are regul ated by codes as a function of building occupancy. | f
the design professional rationally blends protection solutions for these
itens with the potential use of a fire-suppression system (sprinklers,
for exanple), economical fire protection can be achieved.

Al though attention could be given to all protection techniques
available to the building design professional, the scope here is limted
to the provisions that prevent fire growth and linit the fire to
conpartnents of origin.

PLANNI NG

CGenerating the plans for a building of prescribed occupancy is a
chal | enge because of the varying requirements of three major regional
building codes: Building Oficials Conference of America (BOCA)
(basic), International Conference of Building Oficials (1CBO
(uniform, and Southern Building Code Congress International, Inc.
(SBCCl) (standard). Canada is regulated by a separate building code.
As a first step, the local jurisdiction where a proposed building is to
be constructed nmust be consulted for the requirements of the specific
design project. This normally concerns the type of construction desired
as well as allowable building areas and heights for each construction
type.

1Assi stant Director, USDA Forest Service, Forest Products Laboratory,
Madi son, W 53705-2398. The Forest Products Laboratory is nmaintained in
cooperation with the University of Wsconsin. This article was witten
and prepared by U S. Covernnent enployees on official time, and it is
therefore in the public domain and not subject to copyright.
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Bui I dings constructed using wood are generally classified into
types such as wood frame, nonconbustible wall-wood joist, heavy tinber,
and nonconbusti bl e.

Wod frame construction is defined as having exterior walls,
bearing walls, partitions, floors, and roofs of wood stud and joist
framing of 2-in. nominal dinension. (See Table 1 for metric conversion
factors.) These are divided into two subclasses that are of protected
or unprotected construction. Protected construction calls for having
| oad- bearing assenblies of |-h fire endurance.

Nonconbusti bl e wall-wood joist types of construction have exterior
wal I s of nonconbustible materials and roofs, floors, and interior walls
and partitions of wood frame. As in wood franme construction, these are
divided into two subclasses that are either protected or unprotected.

Heavy tinber construction includes exterior walls of nonconbustible
material s and colums, floors, roofs, and interior partitions of wood of
a mnimmsize, as follows:

Mat eri al M ni num si ze
Roof decki ng

Lunber (thi ckness) 2 in. nomnal

Pl ywood (thi ckness) 1-1/8 in. net
Fl oor decking (thickness) 3 in. nomnal
Roof franming 4 by 6 in. nomnal
Fl oor fram ng 6 by 10 in. nom nal
Col urms 8 by 8 in. nom nal

Nonconbusti bl e construction is generally required to be of
nonconbusti bl e materials having fire-endurance ratings of up to 4 h,
depending on the size and location of the building. Sonme circunstances
provide for the use of wood in the walls of nonconbustible wall-wood
joist and nonconbustible types of construction. For exanple, the
Uni form Buil ding Code allows the use of fire-retardant-treated wood
fram ng for nonbearing walls if such walls are nore than 5 ft fromthe
property line. Exceptions to the use of nonconbustible materials in the
nonconbusti bl e-type buildings are sometimes nade for heavy tinber

Table |--Factors for converting English units of
measurement to Sl units.

Engl i sh unit Conversi on factor Sl unit

inch (in.) 25.4 milinmeter (nm
foot (ft) 0. 3048 meter (m
Ib/ft? 4. 882 ki | ogr anl et er ?

I b/ft3 16. 01 ki | ogr am et er ®
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menbers. Heavy timber nenbers can often be used for roof members nore

than 25 ft above the floor, balcony, or gallery in one-story
nonconbusti bl e-type buil di ngs.

Besi des having protected and unprotected subclasses for each
bui I ding type, increases in floor area and height of the building are
al | owed when sprinkler protection systens are included. For exanple,
protected wood frame educational occupancies can be increased from two
to three stories in height because of the presence of sprinklers. Also,
the floor area in the first tw stories may be doubled or even tripled
under some conditions.

To assist the designer, allowable height and area information for
ei ght occupancy classifications in each of the major building codes has
been assenmbled by the National Forest Products Association. This
information is clearly presented in Code Conform ng Wod Design
[Ref. 2]. Sinilar information for the Canadian building code is
contained in Fire Protection Design Manual [Ref 3.).

FI RE- RATED ASSEMBLI ES

The previous section explained that some occupancies require the
use of fire-rated assenblies or nenmbers to prevent collapse or fire
spread from one conpartment of a building to another or from one
building to another. Menbers and assenblies are rated for their ability
either to continue to carry design |oads during fire exposure or to
prevent the passage of fire through them Such ratings are arrived at
either by calculation or experiment for both nenbers and assenblies.

The fire exposure is defined as that given in ASTM E119 [Ref. 4].

Al-h fire-resistance rating for wall, floor, and floor-ceiling
assenblies incorporating nomnal 2-in. structural |unmber can be
acconpl i shed through the use of nonconbustible surfaces (such as gypsum
wal | board). However, fastening of these surface materials is critical
for ceiling menbranes and is carefully specified. For sone wood
assenblies, 2-h ratings have been achieved.

Experinmental ly Rated

Experinental |y rated nenbers and assenblies are listed in the
foll owi ng publications:

National Building Code of Canada, Part 9
NBCC Suppl ement No. 2: Fire Performance Ratings Listings

of Underwiters' Laboratories of Canada Ltd.
Listings of Underwriters' Laboratories (UL) Incorporated (U.S.)
Listings of the International Conference of Building Oficials
(1B
Listings of the Building Oficials Conference of America (BOCA)
Listings of the American |nsurance Association
Fire Resistance Design Manual [Ref. 5].
Fire Protection Handbook [Ref. 6].
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Experinental ratings are also obtained independently on assen‘ol ies
and menbers by materials and structural menber producers. or rven
assenbly type incorporating proprietary conponents, the conpany
suppl ying the conponent can be contacted to obtain the fire rating of
the assenbly. Typically rated floor-ceiling assenblies are shown in
Fig 1.

Anal ytically Rated

In Lieu of experimentally rating the fire endurance of nembers and
assenblies, major building codes will accept engineering calculations of
the expected fire endurance, based upon engineering principles and
material properties. This applies to the rating of previously untested

nenbers or assenblies, or in cases where it is desired to substitute one
material or conponent for another.

Typical One-Hour Fire-Resistive Floor-Ceiling Assemblies

Double Lumber Fioor; Celling Nalled

Gypsum Underiayment Com, ﬂound on Plywood
Directly to Joists

Subfioor; Celling Resitient Acousticai Channeis

(1) 1" wood flooring; (2) building paper: (3) 1x6 T&G
boards or ¥2" standard grade plywood with ext. glue;
(4) 5/8" type X gypsum board ceiling or %" special
fire-resistive gypsum board ceiling (may be attach-
ed to resilient acoustical channels or nailed directly
to joists); (5) joists 16" 0.c.**

(1) gypsum underlayment compound; (2) ¥2" T&G
underlayment grade plywood; (3) joists 16" 0.c**;
(4) 5/8" type X or ¥2" fire-resistive type gypsum
board ceiling on resilient acoustical channels.

Two-Hour Fire-Resistive
Floor-Ceiling Assembly
Double Plywood Fioor; Ceiling Suspended

in T-Bar Grid Double Wood Floor; Double Gypsum

Board Cailing 9

~NoOO AW

(1) 5/8" T&G underlayment grade plywood; (2)
building paper; (3) %" standard grade plywood with
ext. glue: (4) joists 16" o.c.**; (5) T-bar grid ceiling
system: (6) main runners 48" o.c.; (7) cross-tees 24"
o.c.; (6) ¥2"x48"x24" mineral acoustical ceiling
panels (install with hold-down clips).

*Fire tests conducted with 2'x10" joists.

(2) 1" wood flooring; (2) bundlng paper: (3) 1x6 T&G
boards: (4) 5/8" type X gypsum board nailed directly
to joists; (52 joists 16" o.c.**; (6) resilient acoustical
channels; 7; 5/8" type X gypsum board, second
layer applied on channels.

Figure |--Typical

1- and 2-h fire-resistive floor-ceiling assenblies.
(Courtesy of Western Wod Products Association.)




Al though cal cul ation procedures may be conservative, they have the
advantage of quickly rating an assenbly or menber and all ow ng
interpolation or some extrapol ation of expected performance.

Walls and Floors

An additive protection cal culation procedure for both |oad-bearing
and nonl oad- bearing wal | -wood stud frame assenblies has been advanced
and is accepted by the Southern Building Code and the Canadi an Standards
Associ ation. The 2-by 4-in. nomnal studs spaced 16 in. on center are
assigned a nininmumincrenental 20-min fire endurance with any surface on
both sides. The incremental times assigned to other interior wallboard
menbranes are given in Table 2. Additional constraints when using this
information include the follow ng:

1. Gypsum wal | board shall be installed with its |ong di nension
parallel to fram ng nenbers, and joints shall be finished.

2. Were the fire endurance is expected to occur only on one side
of awall, as on the interior side of an exterior wall, the wall
is assigned a rating based upon the interior nenbrane
materials.  The nenbrane on the outside or nonfire exposed side
may include sheathing, sheathing paper, and siding assigned an
increnental time for fire endurance of 15 nmin or nore. Possi bl e
conbi nations of menbranes on the exterior face of wood stud
wall's are listed in Table 3.

3. Calculations can only be used to determne ratings up
to 1-1/2 h.

4. Add 15 nmin to the rating of wood stud walls if the spaces
between the studs are filled with rock wool or slag mneral wool

batts weighing not less than I/4 Ib/ft? of wall surface.

Tabl e 2--Increnental tine assigned to wallboard

mernbr anes.
Tine
Description of finish (min)
1/2-in. fiberboard 5
3/8-in. Douglas fir plywood, phenolic bonded 5
1/2-in. Douglas fir plywood, phenolic bonded 10
5/8-in. Douglas fir plywood, phenolic bonded 15
3/8-in. gypsum wallboard 10
1/2-in. gypsum wallboard 15
5/8-in. gypsum wallboard 20
1/2-in. type X gypsum wallboard 25
5/8-in. type X gypsum wallboard 40
Double 3/8-in. gypsum wallboard 25
1/2- + 3/8-in. gypsum wallboard 35

Double 1/2-in. gypsum wallboard 40
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Tabl e 3--Menbrane of exterior face of wood study walls.

Sheat hi ng Paper Exterior Finish
5/8-in. tongue and
groove lumber Lumber siding
5/16-in. exterior
grade plywood Sheathing paper Wood shingles and shakes
1/2-in. gypsum wallboard 1/4-in. plywood exterior grade
5/8-in. gypsum wallboard 1/4-in. hardboard

Metal siding
Stucco on metal lath
Masonry veneer
None 3/8-in. exterior grade plywood

This exanpl e shows how to calculate the fire endurance of a stud
wall with the follow ng construction:

2- by 4-in. studs, 16 in. on center

Interior mnenbrane: 1/2-in. gypsum wal | board

Exterior nenbrane: 1/2-in. fiberboard and 5/8-in. exterior
sheat hing siding pl ywood

| nsul ati on: Rock wool of 1/4 Ib/ft? of wall surface
Rating cal cul ation:

2 by 4 studs 20 mn
| nsul ation 15 mn
1/2-in. gypsum 15 nin
Tot al 50 nmin
Check exterior nenbrane:
1/2-in. fiberboard 5 mn
5/8-in. exterior plywod 15 nmin
Tot al 20 mn > 15 mn K

The cal cul ated fire-endurance rating is SO min.

In a simlar fashion, the additive procedure is acceptable for
wood-fl oor and roof-joist assenblies exposed to fire from bel ow and
having joists or rafters spaced 16 in. on center and nomi nal thickness
dinmension of 2 in. In this case, the joists or rafters are assigned an
incremental rating of 10 min. The flooring or roofing material shall be
at least that given in Table 4. This coincides with the rating assigned
to unprotected joist-floor assenblies found in one- and two-fanily
dwel | i ngs.

Incremental rating times for the protective ceiling menbrane may be
taken from Table 2. Therefore, to achieve a 1-h protected joist-floor
fire-endurance rating, at least two layers of 1/2-in. type X gypsum
wal | board (2 x 25 min - 50 min) would need to be attached to
joists 16 in. on center (10-mn increment). Experinentally tested
assenblies using specific inmproved fastening neans can achieve |-h
ratings with one layer of 5/8-in. type X wallboard. This illustrates
both the conservative nature of the calculation procedure and the



Tabl e 4--Flooring or roofing over wood fram ng.

Structural Subf | oor or
Assenbl y menber s roof deck Finish flooring or roofing
Fl oor Wod 1/2-in. plywood Har dwood or softwood fl oor-
or 11/16-in. ing on building paper;
tongue and Resilient flooring, parquet
groove sof t wood floor, felted-synthetic-
fiber floor coverings,
carpeting, or ceramc tile
on 3/8-in. -thick panel-type
under | ay;
Ceramic tile on 1 1/4-in.
mortar bed
Roof Wod 1/2-in. plywood Finish roofing material with
or 11/16-in. or without insulation
tongue and

groove sof t wood

benefit achieved by giving attention to the manner and type of fastening
used to attach the ceiling nenbrane to the joists. No benefit is
assigned to the presence of insulation in the cavity between joists or
rafters.

Beans and Col umrms

Heavy tinber construction has traditionally been recognized to
provide a fire-resistant building. This is primarily due to the large
size of the nenbers, the connection details, and the |ack of conceal ed
spaces. Such a construction type has often satisfied the fire-resistive
requirenent in all building codes by sinple prescription. Al though
heavy tinber construction has not been "rated" in the United States,
Canada has assigned it a 45-mn fire-endurance rating.

Sone | ocal building codes in the United States have accepted the
heavy tinber type as having a I-h rating if the mninumtinber or |unber
depth and thickness sizes, given in the first section of this paper, are
increased to the next nomnal dimension.

Using cal cul ations, glulam tinmber colums and beans can be designed
for desired fire-endurance ratings in the United States and Canada. The
fire-endurance rating R in nminutes, is determined for beams or col ums
exposed to fire on either three or four sides by

R = 2.54(ZbG) (9
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Z - factor dependent on |oad applied and menmber type (Fig. 2),

b - width (inch) dinmension of cross section of beam or of |arger
di mension of a colum before exposure to fire, and

G - beam or col umm cross-sectional factor (Table 5).

The allowable |oad on a beam or colum is determ ned by enpl oying
the allowabl e stresses and the procedures given in the National Design
Specifications (NDS) [Ref. 7,8].

Applying Eg. (1). the following exanple is given. Wat is the
fire-endurance rating for a glul am beam of cross section 8.75 in. wde
by 16.5 in. deep, carrying a uniformload that develops 100 percent of
its allowable design stress in bending and subjected to fire exposure on
two sides and at the botton? (A deck covers the top.)

- 1.0 (Fig. 2

- 8.75/16.5 - 0.530

4 - bld - 3.47

- 2.54Zb(4 - b/d) - 2.54(1.0) (8.75) (3.47) - 77 nin
- 77-min fire-endurance rating

b/

TIOOSN

More precise procedures are under devel opnent that allow glulam
beams and colums to be designed to achieve given fire-endurance
ratings, as a function of |aninate grade ordering and pl acenent.

FI RE AND DRAFT STOPPI NG

In all construction types, no greater enphasis can be placed on the
control of construction to reduce the fire growth hazard than the
enmpl acenent of fire and draft stops in conceal ed spaces. The spread of
fire and smoke through these conceal ed openings within |large roons or
between roons is a continuous cause of major life and property loss. As
a result, nost building codes enforce detailing of fire and draft stops
wi thin building plans.

Tabl e 5--Cross-sectional factor G for beans
or colums exposed to fire on three and

four sides.?

Three sides Four sides
Beam 4 - b/d 4 - 2by/d
Column 3 - b/2d 3 - b/d

%p = width (in.) of beam or larger side

of column before exposure to fire;

d = depth (in.) of beam or smaller side of
column before exposure to fire.
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Figure 2--Determination of Z factor.
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Recomrendations for fire and draft stopping in wood construction
have been devel oped by the National Forest Products Association. Refer
to their brochure "Inproved Fire Safety: Design of Firestopping and
Draft-Stopping for Conceal ed Spaces." Fire stops considered acceptable
are (1) 2-in. nomnal lunber, (2) two thicknesses of |-in. nom nal
| unber, and (3) one thickness of 3/4-in. plywod with joints backed with
3/4-in. plywood.

Draft stops do not require the fire resistance of fire stops.
Therefore, draft-stop material is not required to be as thick. Typical
draft-stop material and their mninumthicknesses are (1) 1/2-in.
gypsum wal | board and (2) 3/8-in. plywood.

Bui | ding codes consider an area between draft stops of 1.000 ft?
as reasonable. Conceal ed spaces consisting of open-web floor truss
conponents in protected floor-ceiling assenblies are an inportant

location to draft-stop parallel to the component. Areas of 500 ft?

in single-fanily dwellings and 1,000 ft? in other buildings are
recommended, and areas between fam |y conpartnents are absolutely
necessary.

Critical draft-stop locations are in the follow ng conceal ed
spaces:

1. Floor-ceiling assenblies
2. Attics of nultifamly dwellings when separation walls
do not extend to the roof sheathing above

O her inmportant locations to fire-stop in wood frame construction
are in the follow ng conceal ed spaces:

1. Stud walls and partitions at ceiling and floor |evels

2. Intersections between conceal ed horizontal and vertical
spaces such as soffits

3. Top and bottom of stairs between stair stringers

4. Openings around vents, pipes, ducts, chimeys (and fireplaces
at ceiling and floor levels) with nonconbustible fire stops

Draft stopping is not required where approved sprinklers are
provi ded.

FLAVE SPREAD

Regul ation of materials used on the interior building surfaces (and
sonmetimes exterior surfaces) of other than one- and two-fanmly
structures is provided to mnimze the danger of rapid flanme spread.
ASTM E84 [Ref. 9] gives the nethod used to obtain the flane-spread
property for regulatory purposes of paneling naterials. Mterials are
classified as having a flame spread of nore or less than that of red
oak, which has a base of 100. A nonconbustible inorganic reinforced
cenent board has a base of zero. A list of accredited flane-spread
ratings for various conmercial woods and wood products is given in



Table 6. Note that nost wood products have a fane-spread rate from 75 57

to 250.
FI RE- RETARDANT ~ TREATMENTS

It is possible to make wood highly resistant to the spread of fire
by pressure inpregnating it with an approved chenical formulation. Wod
will char if exposed to fire or fire tenperatures, even if it is treated
with a fire-retardant solution, but the rate of its destruction and the
transm ssion of heat can be retarded by chemcals. However, the nost
significant contribution of chenmicals is reducing the spread of the
fire. Wod that has absorbed adequate amounts of a fire-retardant
solution will not support conmbustion or contribute fuel and will cease
to burn as soon as the source of ignition is remved.

The two general nethods of inproving the resistance of wood to fire
are (1) inpregnation with an effective chenical and (2) coating the
surface with a layer of nonconbustible paint. The first method is nore
effective. For interiors or locations protected fromthe weather,

i mpregnation treatnents can be considered pernmanent and have

consi derable value in preventing ignition. These surface applications
offer the principal means of increasing the fire-retardant properties of
existing structures. However, these coatings may require periodic
renewal if their effectiveness is to be maintained.

In the past, the only effective chem cals were water sol uble,
making fire-retardant treatnents unadaptable to weather exposure.
Inpregnated fire retardants that are resistant to both high humdity and
exterior exposures are beconming increasingly available on the narket for
treated |unber and plywood products, The chemcals are bound to the
wood structure and cross linked to enhance their durability. The
majority of these treatments are patented and trademarked.

Fire-retardant chemcals are injected into wood by the sane
pressure processes used in treatnments to prevent decay. However,
consi derably heavier absorptions of preservatives are necessary for fire
retardance than for protection fromdecay. Table 7 lists reconmended

retentions of fire-retardant salt preservatives such as Mnalith,2
Pyresote, and chronmated zinc chloride (FR). each described in AWA P10.
FI RE RETARDANTS

Salts such as sodium tetraborate, di ammonium phosphate, trisodium
phosphate, di ammonium sulfate, and salts of boric acid have been used as
fire retardants for several years.

2The use of trade or firmnanes in this publication is for reader
information and does not inply endorsenent by the U S. Departnent of
Agricul ture of any product or service.
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Table 6-ASTM E 84 flane-spread classifications for wood and wood products.

Hame spread rate

Lumber, 1-in. nominal thickness

Yellow birch 105t0 110
Eastern redcedar (1/2 in.) 110
Pacific Coast yellow cedar 78
Westem redcedar 73,70
Cottonwood 115
Cypress 14510 150
Douglas fir 70 to 100
Douglas fir (1/2 in.) 100
Red gum 140 to 155
West Coast hemlock 60to 75
Maple flooring 104
Red or white oak 100
White pine 73
Eastern white pine 85
Idaho white pine 72
Lodgepole pine 93
Northern white pine 120 t0 215
Ponderosa pine 105 to 230
Ponderosa pine (1/2 in.) 105 t0 200
Red pine 142
Southern yellow pine 130to 195
Southemn yeilow pine (1/2 in.) 130 to 190
Western white pine 75
Poplar 170 to 185
Redwood 70
Redwood (3/8 nominal) 95
Redwood (1/2 in.) 701095
Northemn spruce 65
Western spruce 100
White spruce 65
Spruce (1/2 in.) 7510 110
Teak 76
Walnut 130 to 140
Composite products
Fiberboard, 16 1b/ft3, 1/2 in. 200 to 350
Fiberboard, 18 Ib/ft3, 1/2 in. 54
Flakeboard, 42-47 1b/ft3, 172 in., four types 71,127,147,189
Flakeboard, red oak, 40 1b/ft3, 1-1/16 in. 108
Hardboard, 60 Ib/ft3, 1/4 in. 130 to 200
Hardboard, 60 Ib/ft3, 0.2 in. 153
Particleboard, phenolic or urea binder, 3/8-3/4 in. 145 t0 200
Plywood, phenolic or urea glue, 3/8 in. or thicker 75 to 200
Plywood, 0.1 in. 228
Plywood, 0.2 in. 205
Plywood, lauan, three-ply, 11/64 in, 167
Plywood, lauan, three-ply, 3/16 in. 69 to 271
Plywood, lauan, three-ply, urea glue, 1/4 in. 110 :
Plywood, Douglas fir, 1/4 in. 118
Plywood, redwood, 5/8 in. 75
Plywood, redwood, 3/8 in. 95
Plywood, walnut, 3/4 in. 130
Plywood, western species, 1-1/8 in. 56




Tabl e 7--Recommended mini mum retention of 59

fire-retardant salts

Moder at e H gh fire

Lunmber thickness fire retardance retardance
(in.) (Ib/ft3) (Ib/ft3)
<2 2.5 5.0
52 to &4 2.0 4.0
>4 to 6 1.75 3.5
>6 to 8 1.5 3.0
>8 to 12 1.25 2.5
>12 to 16 0.75 1.5
>16 0.5 1.0

Many fire-retardant salt treatnents are very hygroscopic.
Accordingly, nost formulations are not reconmended for use where
relative hunidity is nore than 80 percent. Recently, fire-retardant
resin treatnents have been devel oped that |argely overcone hygroscopic
and corrosion problens, but because they are proprietary, little is
known of their nature.

Several studies have investigated the relationships between
strength properties and fire-retardant salt treatments. The NDS
[Ref. 7] recommends procedures for assigning design values for |unber
pressure inpregnated with fire-retardant chemcals, including both
sanpling and testing procedures. It also recomrends procedures for
qualifying fire-retardant-treated lunber and the requirenents for
identifying qualifying materials.

Fire-retardant treatnents or coatings are used to obtain wood
products with flame-spread ratings less than 75. Treated products wth
a special UL designation FR-5 have a flane-spread classification of not
nore than 25 in an extended 30-mn ASTM E85 test, and no evidence of
significant progressive conbustion was indicated. Flame-spread ratings
for other proprietary products are listed by UL.
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