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NOMENCLATURE

Area normal to the heat flow path (of com-
ponents i, 1, 2, 3, and 4, respectively).

Allowable average unexposed surface temper-
ature exceeded.

Width of spline flange (of spline component
widths 1, 2, and 3, respectively).

Coefficients of assumed cubic equation.

Specific heat.

Cotton waste ignition.

Simplifying variable,

Error function; probability integral.
1 - erf (X).

Function,

Surface heat transfer coefficient.
Thermal conductivity.

Thickness of solid medium (of components
i, 1, 2, and 3, respectively).

Thickness of stud cavity.



R, (R;, R,, R,
R3’ R4)

SHT
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Thickness of gypsum wallboard layer(s).

Thickness of room side core.

Thickness of shaft side core.

Depth of stud.

Total thickness of transformed homo-
geneous medium,

Load failure of load bearing assembly.
Positive integer.

Simplifying variable,

Steel stud partition assembly.

Energy flux.

Simplifying variable for integration by parts.
Resistance to conductive heat transfer;
thermal resistance (of components i,

1, 2, 3, and 4, respectively).

Thermal resistance of transformed homo-
geneous medium.

Simplifying variable for integration by
parts.

Steel spline shaft wall assembly.

Allowable single high unexposed surface
temperature exceeded.

Elapsed time of heat exposure,

Temperature, degrees Fahrenheit
(initial temperature).
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Tl Transient temperature,

T A Ambient temperature.

Tg Exposed surface temperature.

TF Furnace temperature.

Ty Relatively high temperature region.
Ty, Relatively low temperature region.
TU Unexposed surface temperature.

u Portion of solution for steady

state conditions.

A Portion of solution by Duhamel's theorem
for transient conditions.,

w Eigenvalue.
w Wood stud wall assembly.
X, ¥, 2 Orthogonal reference axes, associated

with the energy flow path.

X Simplifying variable.
a Thermal diffusivity.
a i a 1 a 9 03 Mean thermal diffusivity (of components

i, 1, 2, and 3, respectively).

a g Mean thermal diffusivity of gypsum wall-
board.



Reduced thermal diffusivity.
Mean thermal diffusivity of room side core.

Mean thermal diffusivity of shaft side core.

Mean thermal diffusivity of stud.
Transformed mean thermal diffusivity.

Density of medium.



CHAPTER I
INTRODUCTION

Wall assemblies consisting of gypsum wallboard membranes have long
been basic systems in building construction. In order that these assemblies
be used in construction, however, they must meet performance requirements
in accordance with the building code authority having jurisdiction at the
proposed building site. The codes recognize that fire safety is an essential
structural feature. To insure that a building is designed with a balanced
network of fire resistive components and to insure that neighboring buildings
are not endangered, a nationally recognized standard test method was estab-
lished to prescribe the fire endurance classification of building systems.
The American Society for Testing and Materials issued the Standard Methods
of Fire Tests of Building Construction and Materials, ASTM Designation E 119,

in an attempt to promote uniformity of requirements of the building code



authorities in the United States. The methods require that an assembly,
representative of field construction, be exposed to a fire of prescribed
severity, following as closely as possible the Standard ASTM Time-Temper-
ature Curve. 1* Performance is defined as the period of resistance to the
standard fire exposure elapsing before the first critical end point criterion

is reached.

This investigation is restricted to wall and partition assemblies utilizing
gypsum wallboard membranes. The research data is compiled from ASTM E
119 fire tests performed and reported by the Building ResearchLaboratory of
The Ohio State University on specimens constructed by and under the
supervision of the fire test clients.

The sponsoring companies are concerned in marketing construction
materials which. they may manufacture or distribute. Therefore, one of the
clients' goals is to design an assembly which will demonstrate an ASTM
Fire Endurance Classification consistent with their marketing needs. This
investigation will examine the thermal properties of the materials of construc-
tion of the sponsored fire tests, with particular emphasis on the gypsum
wallboard membranes. An electrical resistance analogue is implemented
to determine the relevant thermal properties of composite walls,

A theoretical equation applying Duhamel's theorem for transient

boundary conditions was derived to compare the unexposed surface temper-

atures from the fire test results with theoretical values. The theoretical

*Superscripted numbers indicate corresponding references in bibliography.



equation produces an unexposed surface temperature history of the fire test
specimen as a function of the thermal properties, elapsed time and the assumed
exposed temperature history. Graphs are prepared which may assist in the
design of a wall assembly with gypsum wallboard membranes in anticipation

of a fire test.



CHAPTER 2
DESCRIPTION OF THE TEST SPECIMENS,
TEST PROCEDURE, AND FIRE TEST RESULTS

The building materials which comprised the test specimens treated
in this investigation were varied. The materials of construction are des-
cribed in generic terms and tradenames are excluded. The list of materials
used in the specimen construction in addition to gypsum wallboard included
studs with accompanying perimeter framing, membrane fasteners, mineral
fiber insulation, and joint treatment.

Gypsum wallboard consists primarily of a gypsum core, with or
without fibers, and porous paper bonded to the core. Gypsum wallboard is
used essentially as an interior surfacing for building structures. The gyp-
sum wallboard used in the building industry is termed "regular", Type "X",
Type '"XX'", or Type "XXX'". The "regular'" wallboard and Type "X' are the

only types defined in ASTM Specifications (ASTM Designation C-36).



Type "XX'" and Type "XXX'" are terms produced by manufacturers to rep-
resent products whose properties differ from ASTM designations. The

Type "X'" gypsum wallboard is manufactured to provide specific fire-resistive
characteristics; the structural integrity of the wallboard is also improved
because the fibrous materials reinforce the wallboard and counter the ten-
dency to shrink. The nominal thickness of the wallboard ranges from 1/4 in.
to 5/8 in. in 1/8 in. increments. Gypsum coreboard, however, is supplied
in a nominal 1 in. thickness. The wallboard panel width ranges from 16 in.
to 48 in. and the length from 4 ft to 16 ft. The longitudinal edges of the wall-
board are either plain, recessed, or tapered to receive a joint reinforcing
strip and compound. The average weight of the wallboard per 1, 000 sq ft
was measured and recorded during construction of the test specimens.

The studs used were either steel or wood studs. The steel studs
were cold formed from light gage steel with a carbon content of less than
0.5 percent with an approximate thickness ranging from 0. 021 in. to 0.036 in.
including a galvanized coating. In all test specimens considered, the steel
studs were used in non-load bearing partitions or shaft wall assemblies. The
nominal length of the steel studs was 10 ft in general.

The wood studs were used in both non-load bearing partitions and load
bearing wall assemblies. The wood was of a coniferous variety such as
Douglas Fir or Southern Pine. The moisture content of the wood studs was
determined by an electrical resistance moisture meter to assure that the

moisture content was below the limit prescribed by ASTM Specifications.



The fasteners used were screws, nails, or wallboard clips. For
recording purposes, the type of fastener with pertinent dimensions and the
fastener spacing in the test assembly were listed during construction.

The joint treatment, consisting of joint compound and joint reinforcing
tape, was used to conceal the wallboard joints and to prepare the wall for what
would be wall decoration in field construction. Battens had limited use on the
test specimens where joint compound and joint tape were not implemented.

Low temperature insulation (exclusive of asbestos and similar high
temperature insulations) was utilized for sound isolation and vapor control.
The insulation was usually supplied in fibrous mineral blankets suitable for
friction fit installation into the stud cavities. The density and nominal dimen-
sions of the insulation were determined and recorded.

Construction of the test specimens was performed by skilled workmen
employed by and under the direct supervision of the fire test client. The
specimens considered were steel stud partitions, steel spline unsymmetrical
shaft walls, and wood stud partitions and load bearing wall assemblies. The
number and thickness of the wallboard layers were dependent upon the purpose
of the assembly or the ASTM Fire Endurance Classification required of the
assembly. Following is a description of the construction of a non-load bear-
ing partition assembly faced with one layer of gypsum wallboard on each sur-
face; the remaining types of assemblies considered would be constructed in

much the same manner.



Figure 1 shows the concrete frame in which the test assembly is con-
structed. The bolster is aligned in the concrete yoke to form the proper
height for the assembly. The perimeter framing with wallboard protection
for the concrete frame is securely anchored at the vertical and top edges.
The base stud track is anchored by drive pins.

The studs are positioned across the test frame opening at a predeter-
mined spacing. The wallboard is cut to size and erected with the edges
located over the studs. The wallboard for one face is attached to the studs
and perimeter tracks with screws driven flush with the surface. Insulation
is friction fitted into the stud cavities.

The wallboard for the other face is erected and fastened to the studs
and framing in much the same manner. The joints are offset one stud spac-
ing from the opposite surface wallboard joints. Figure 2 shows this assem-
bly during construction.

Variables of construction may include (a) test specimen dimensions,
although ASTM E 119 specifies an exposed surface area of 100 sq ft except
where field construction would warrent a shorter wall height; (b) gypsum
wallboard core formulation and dimensions; (c) stud composition, shape and
dimensions; (d) type of membrane fasteners and spacing; (e) density and type
of insulation, if used; (f) type of joint treatment; (g) workmanship of con-
struction.

The test furnace consists of masonry walls lined with fire brick.

One wall of the furnace is a hinged steel restraining frame in which the
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Figure 1. Concrete test frame




Figure 2. Assembly during construction
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concrete frame containing the test specimen is placed as shown in Figure 3.
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Figure 3. Concrete bolster and test frame arrangement
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Ports are located in the two walls adjoining the restraining frame to permit
visual observations of the exposed surface of the test specimen. The fur-
nace is fired with ten luminous flame natural gas burners,

The furnace temperature was controlled from the average of ten indi-
vidual Chromel-Alumel thermocouples enclosed in stainless steel protection
tubes within the furnace chamber. The furnace temperature history seldom
exceeded 1 percent area variation from the Standard ASTM Time-Temperature

Curve, which is shown in Figure 4.
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Figure 4. ASTM Time-Temperature Curve
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The unexposed surface temperatures were measured with ten thermo-
couples of Chromel-Alumel wire. Each thermocouple was tightly covered
with an oven dried, felted asbestos pad 6 in. square by approximately 0.4
in. thick. The thermocouples were arranged to provide representative
readings with respect to the specimen construction.

The furnace and unexposed surface thermocouples were connected
to a direct reading temperature indicating instrument and were read at the
start of the test and at intervals of not more than 5 minutes thereafter.

The fire endurance test was terminated when any one of the following
criteria were met: (a) flame or gases hot enough to ignite cotton waste were
passed through the wall or partition; (b) the average unexposed thermo-
couple temperature raised more than 250°F above its initial temperature,
or (c) any one unexposed thermocouple temperature raised more than 325°F
above its initial temperature; and (d) a load bearing wall failed to sustain
the applied load.

The following procedure was employed for the testing of load bearing
wall assemblies. The test frame containing the test wall is placed in the
test restraining frame. The loading beam is positioned against the concrete
bolster. Unlike a non-load bearing assembly, the wall is not restrained at
the vertical edges. The load is applied by two 100 ton hydraulic rams. The
load was read by means of an electronic load cell placed between the piston
head of a 10 ton master ram and a restraining frame. The master ram

was energized by the same hydraulic energy source utilized for the 100 ton
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loading rams. The system was monitored during the test to insure a constant
superimposed load.

Each test specimen described was tested in accordance with ASTM
E 119. The failure modes are abbreviated as follows:

(@) CW - Cotton waste ignition

(b) AVG - Allowable average unexposed surface temperature exceeded

(c) SHT - Allowable single high unexposed surface temperature

exceeded

(d) LD - Load failure of load bearing assembly

Tables 1, 2, and 3 describe the construction and test results of spec-
imens considered in this study. Table 1 is a listing of non-load bearing part-
ition assemblies with steel studs faced with gypsum wallboard. Table 2
lists shaft wall assemblies with steel splines lined with gypsum wallboard.
Table 3 is a listing of wall assemblies with wood studs faced with gypsum

wallboard.
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CHAPTER 3
HEAT TRANSFER ASPECTS

The development of a method of evaluating the fire resistive qualities
of a gypsum wallboard assembly would logically begin by analyzing the heat
transfer aspects of the assembly. The three classical modes of heat
transfer are conduction, convection, and radiation. Although each mode
normally is treated separately in the mathematical analysis of a heat
transfer problem, practical engineering applications seldom involve one
mode but rather two and sometimes three modes simultaneously.

The simplest approach and most well understood mode of heat transfer
is one dimensional conduction under steady - state conditions. This problem
involves the transfer of energy from a higher temperature region,

T , to one of a lower temperature, TL over a distance x with TH T
] ’

H L,

dT
dx

and the temperature gradient constant. The basic law which
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quantitatively defines heat conduction is attributed to the French mathematician
Jean Fourier (1768-1830). With reference to Figure 6, the one dimensional
steady - state form of the Fourier law with the temperature gradient

measured along the path of energy flux, q, is expressed analytically,

dT
q= -k A ™ (1)

in which the negative sign is arbitrarily affixed in order that q be positive. ?

The area normal to the heat flow path is A; k is a property of the conducting

material termed the thermal conductivity,

Pz

Figure 6. One dimensional steady - state conduction heat transfer
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Fire endurance tests are not steady state experiments. Test specimens
subjected to the standard ASTM time-temperature fire exposure would have an
unexposed surface temperature which is a function of time. Both the temper-

ature gradient %'I; and the energy flux change with time. A three dimen-
X

sional mathematical expression for this behavior is.the Fourier equation4

T . k. @ Tt , d2T1 , a2 )
dt Dcp dx2 dy? dz2 ,

or
ar  _ gf(d®T . %1 , &7 @)
dt dxs dy? dz2

Equation (3) is the general heat conduction equation for an isotropic
solid with a constant thermal conductivity and describes, in a differential
form, the dependence of the temperature in the material on the coordinates

X, ¥, Z, and on time, t. The quantity

a= Kk (4)

is the thermal diffusivity, a property of the conducting material for unsteady -
state conditions; Ccp is the specific heat; P is the density of the medium.

The temperature gradient of a test specimen, suddenly subjected to fire
on one surface, is initially nonlinear; however, it will gradually become
linear and constant if the boundary conditions do not change and if the thermal
properties of the material do not vary with time or temperature, This defines

a steady state condition; _S.I_ = 0, and Equation (3) then becomes the Laplace
t

equation7
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d®r . &’ , a%r _ . )
dx2 dyZ dz2

To investigate a test specimen subjected to the Standard ASTM Time -
Temperature Curve, the unsteady or transient state equation should be solved.
An initial assumption is that the thermal conductivity, density, and specific
heat are independent of the temperature. If the exposed and unexposed
surfaces of the test specimen are considered to have semi - infinite area, the
temperature gradients in the y - and z - directions are zero, and Equation

(3) yields the one dimensional condition

dT _ k  d°T (6)
2
dt cpp dx
or
2 _
T = 1 dT (7
dx2 a dt

Equation (7) in partial - differential form has many solutions. The approach
treated herein is governed by Duhamel's theorem. 9 Duhamel's theorem can
be used for systems with an arbitrary initial temperature distribution, and for
cases in which the surface temperature or the temperature of the ambient
varies not only with time but with position as well,

In this investigation, the Duhamel method is applied to a system which is
assumed to be a semi - infinite solid homogeneous slab of constant thickness, L.
The solid is initially at a uniform temperature T; throughout and at time t = 0,
its surface x=0 begins to undergo a general temperature change with time Ty(t).

In this case the temperature T(x, t) within the solid must satisfy Equation (7)
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with @ constant and the initial and boundary conditions

T=Ti at t=0, x> 0 , (8)
T =T (t) at x =0, t > 0.
Let T =u+v; (9)

then u and v must likewise satisfy Equation (7) and the simplified set of

initial and boundary conditions

u =Ty at t=0, x > 0, (10)
u=0 at x=0, t > o0,
and
v=0 at t=0, x > 0,
(11)
v =T;(t) at x =0, t > 0.

Figure 7 shows the initial and boundary conditions described by u and v.

Now, consider the Fourier Equation (7). Separation of variables and use of

the Fourier sine integral yields the solution

2T, X 2
u(x,t)= —i j e™W dw = T; erf (X), (12)
{7 0

which satisfies the initial and boundary conditions given by (10). The

integral in (12) is the error function; its values depend on X, where

X= %X __ ; w=_8T"  wheren=1,2,3,....
2]at L
The solution for v (x,t) is determined by Duhamel's theorem from the

solution for the case in which the initial temperature is zero and the surface

temperature is one, 9 Duhamel's theorem states the following:
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\/’\

Homogeneous
Exposed Material Unexposed
Surface Surface

a, k constant

T(t) = C+Cat+Cgt® +C 43 /

/-

L —

L .~ X

Figure 7. Initial and boundary conditions described by u and v
If f (x,t) is the soiution for the temperature history in a solid whose initial
temperature is zero, and whose surface is maintained at a temperature of
unity, then the solution v (x,t) for the case where its surface is maintained

at a transient temperature of T1 (t) is given by

v (X,t) = tj Ty (W) f(x, t-w)dw. (13)
o

The preliminary solution f (x, t) must satisfy the initial and boundary

conditions



31
f=0 at t =20, x20

f=1 at X

0, t>0.

The solution f (x,t) =1 -erf (X) = erfc (X) =

= :f: e"W2 dw

is derived in a manner similar to that of Equatio

(12). By substituting (t -w)
for t, and then taking the partial derivative of f (x, t -w) with respect to t,

the solution 2
_ X
e 4 a (t-w)

d X
2{ra (t-w) 3/2

—_ fx t-w) =
” & )

is produced. Then applying Duhamel's theorem 2
t - X
4 a (t-w)
X
2{ma ;1 (t-w) 372 v
To simplify Equation (14), let p2 _ x2 .
o0 4 a(t-w)
‘ 2 2
Then v (x,t) _ _2 Ty [t - X_Z e dp. (15)
Tmo_x_ 4.0dp
2]at
Therefore, T = u + v is the sum of Equations (12) and (15).

For the special case where the temperature history of the exposed

surface is assumed to be described by the cubic equation

2 3

T = C; + Cyt + Cgt™ + Ct°,

o0 , 9
vy = 2= (o o <t-x_22>+cs<t- 2 )

'X 4 ap 4ap/
2\ a2
+ 0, t - —X e®  dp. (16)
4 ap
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Now, integrate v (x,t) as given in Equation (16) by parts, where
-2 .
rds=vs - J sdrand r = e P° in each case.
By combining these results with u (x,t), the temperature profile of the system
is given by

T (x,t) = C1 + Gyt [1 + 2X2 erfc (X)

2 - -x2 2
- —FT Xe ] + C3t [erfc (X)

4 2
- ——— X e X" 4+ 4%2 eric (X)
L4
_xz 4
2 x* e 4X

+ -

s{m x3 sim

(E)

2
6 X
+ C t3| erfc - — E
+ C, [ X) I (E)
2
. _2XeX axt
—==—- - —— (F)
Jr \m
-X2 3 _-x2
2 Xe L 4XCem - 8 X6 (E) 1
5] 15w 5w
2
-X
where E = ———— -\r‘;T- erfc (X).

X
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The independent variables in Equation (17) are x and t; the dependent
variable is the thermal diffusivity @. A value of @ may be found for a
homogeneous medium, then T (X, t,ad) can be determined directly from
Equation (17). The constants C;, C2, Cg, and C 4 2re the coefficients of
the assumed cubic equation which defines the temperature history of the exposed
surface. This investigation assumes the following values for these
coefficients: Cj = 70, Cy = 159,167, Cg = -5.500, C4 = 0. 05833,
Therefore, T = 70 + 159,167 t - 5,500 t2 + 0, 05833 t3, (18)
where t is the elapsed time of fire exposure in minutes and T is the exposed
surface temperature expressed in degrees Fahrenheit, At time t = 0,
the temperature is 70° F for all x. The area variation of the assumed exposed
surface temperature history compared to the area under the Standard ASTM
Time - Temperature Curve for furnace temperature control is minus 3. 76
percent as calculated with the aid of a computer program regularly used by
the Building Research Laboratory.

During a fire test, however, the exposed surface temperature of the
specimen is less than the furnace temperature. 8 The temperature decrease
is the result of the surface thermal resistance to heat transfer encountered
at the boundary surface and is determined by the surface heat transfer co-
efficient,h. This coefficient is a complicated function of the thermal,
physical, and dynamic properties of the conducting system and the ambient
medium. Figure 8 shows the temperature profile which may exist during

a fire test for a simple single - wall system.



Furnace
Atmosphere

Tg
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Ambient
Atmosphere

Ty

Figure 8. Temperature profile along the path of heat transfer

TF = Furnace temperature

Tg = Exposed surface temperature
TU = Unexposed surface temperature
T, = Ambient temperature

The temperature drop between TF and Ty must occur in order to induce

the heat transfer through the surface resistance film by both the convective

and radiative components. The temperature drop between Ty; and Ty is

the result of resistance to heat transfer encountered at the unexposed surface.
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The resistance to conductive heat transfer through the solid wall may be
taken as

R = ——— (19)

By assuming A equal to unity, Equation (19) reduces to

L '
= 20
’R o (20)

To account for the surface resistances, @ may be reduced to ar such
that the temperature profile may be defined using pure conduction heat transfer

as shown in Figure 9.

N_—
a=a
r
T —~ —
E \\\
T~
\\
N Mo
N—
. L
-

Figure 9. Temperature profile assuming pure conduction
heat transfer with negligible surface resistance

An extension of the simple single - wall assembly is the composite wall
made up of two or more layers of different materials. A wall construction

system commonly is a series composite wall or a parallel composite wall or

combinations thereof.
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To aid in determining the thermal resistance of the more complex
problems involving composite walls, the familiar electrical conduction
analogy may be applied. Given a composite wall, an analogous electric
circuit may be drawn and the equivalent thermal resistance over the total
thickness of the wall system may be obtained by a conventional electrical

solution,

A series composite wall and its electrical analogue is shown in Figure 10.

/ A h
TE
Exposed Unexposed
Surface T Surface
U
Lj Lo L3
' |
— x
Rl R2 R3
Tg AW— A —AMA Ty

Figure 10. Series composite wall and its electrical analogue
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For the case of this series composite wall,

RT = X R; = R, ¢ Ry + Rg , (21)
or in the form of Equation (20),

Ly _ L3 + Lo .13 . (22)

a T a a, as

This analysis effectively transforms the series composite wall with varying

elemental L; andd; into a single homogeneous wall of total thickness L

and mean diffusivity ar assuming negligible interface contact resistances.
A parallel composite wall and its electrical analogue is shown in

Figure 11.

For this parallel composite wall,

L - 5y - 1+ 1 1 . (23)
Rp R, Ry R, Rq

1 - 1 . 1 . 1 ’ (24)
Ly L Lg Lg
a a a
T 1 2 03

where Ly = Ly + L, + Lg

In a manner similar to the series analysis, the parallel composite wall
is transformed into a single homogeneous wall. For a system similar to that
shown in Figure 11, two dimensional heat transfer may result if the thermal
conductivities and thus the diffusivities of the materials are significantly

different. 4 This condition is accounted for by considering the ratio of the
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A=1
as
ag
Exposed al Unexposed surface
Surface
o /
E T
U
L -
|«
Ry
AVNA
R2
Tg W Ty
R3
-~

Figure 11, Parallel composite wall and its electrical analogue
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cross sectional area perpendicular to the heat flow path in the x - direction to
the total area considered in each material. With reference to Figure 11,

arbitrarily let

Then according to Equation (24),

1 (1) _ 1(2/5), _1 (1/5), _1 (2/5)
Ly L, Ly Ly
T 1 2 3

Therefore Equation (23) may be rewritten, in part, as

Al
1 A ) (25)
Ly L;
a
aT i

An example of the appication of Equation (25) is demonstrated by a
shaft wall assembly with steel splines surrounded by gypsum wallboard.
The gypsum wallboard of relatively low thermal conductivity acts as a
heat sink for the steel spline material of significantly higher thermal
conductivity when the system is subjected to a temperature increase on one
surface. Additional discussion of this condition follows later in the text.

A composite wall involving both series and parallel thermal resistances

is shown in Figure 12,
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a,
A=1
ay
a
3 Unexposed
dy Surface
TE /
/—\/'
Exposed TU
Surface
L1 | ILg
b = X
Ry
"N\
R Rg
Tg AN AL Ty

Figure 12, Combination series and parallel wall and its electrical
analogue



41

For this wall, the equivalent thermal resistance is given by

1
i A+ A+ A
R (26)
LT
The quantity can be found in 2 manner similar to the previous
a
T

two cases.

Hence, for a composite wall system, LT’ GT and thus a theofetical
T (x, t,a) can be determined directly from Equation (17) following trans-
formation of the composite wall to an equivalent homogeneous simple wall,

In addition to previous assumptions, Equation (17) considers the medium
to have zero moisture content. Gypsum wallboard, with the exception of the
foil - backed variety, has a porous paper surface and core. As a result,
gypsum wallboard, as is the case of many other building materials, has
a moisture content dependent to a degree upon the relative humidity of the
surrounding atmosphere in addition to its chemically combined water.
Therefore, not all of the energy that the gypsum receives is transferred to an
adjacent area. Large amounts of energy are needed to do the work of raising
the temperature of the water contained in the gypsum wallboard. To raise
the temperature of 1 1b of water from 63° F to 64° F requires 1 Btu .

The amount of heat per unit mass necessary to change a liquid to the vapor
phase without a change in temperature is called the heat of vaporization.
The heat of vaporization of water is approximately 970 Btu per lb at

atmospheric pressure. This is over five times as much energy as is needed
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to raise the temperature of water from 32° F to 212° F,

A clearly defined temperature lag exists when a construction assembly
containing water is subjected to a fire endurance test. In the case of water,
the lag occurs when the temperature ata specific point within the test specimen
reaches 212° F. When this happens, a temperature plateau is maintained as
the water is changed into vapor. Some of the vapor is transmitted from the
region through the permeable material in the direction of the energy flow,
Nevertheless, the temperature of that region will remain at approximately
212° F until there is no moisture in that segment. At this point, the
temperature again begins to rise.

Fire tests in which thermocouples are positioned within the stud cavities
of wall assemblies with membranes containing moisture have shown a definite
212° F plateau. Those assemblies with the thicker membranes have a longer
duration of leveling temperature due both to a larger amount of moisture
present and to the lower temperature gradient which exists during fire
exposure. Harmathy5 has discussed the effect of moisture content on the
fire endurance of building elements. The previously mentioned reduction of
the mean diffusivity of the gypsum wallboard accounts, in part, for the
temperature lag which exists in the theoretical computation of the unexposed
surface temperature history given in Equation (17). An alternate to the
reduction of the diffusivity could have been the introduction into the equation
of a negative equivalent temperature rise before the resumption of the

temperature rise subsequent to the 212° F plateau. This negative temperature
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rise would be a function of the moisture content, permeability, and the
temperature gradient of the medium.

The protrusion of the fasteners through the gypsum wallboard membrane
into the stud or, less frequently, into another layer of wallboard is not con-
sidered in determining the mean diffusivity for sub.stitution into Equation (17).
Instead, a unit area of the specimen is considered where a fastener does not
exist. If the effect of a fastener were analyzed, a parallel electrical analogue
would have been the primary tool in a solution for the mean diffusivity of the
fastener-free equivalent wall system.

Additional assumptions in the evaluation of the gypsum wallboard assem-
blies are treated under separate discussion when the different categories of

wall assemblies are considered in the following chapter.
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CHAPTER 4
A STUDY OF THE THEORETICAL
AND FIRE TEST RESULTS OF THE WALL
ASSEMBLIES
The basis for the study of the theoretical and fire test results of the
wall assemblies is the unexposed surface temperature as a function of time.
The unexposed surface temperature history of the fire test specimens is
found from the fire test data contained in the project files and the test reports
issued by the Building Research Laboratory. The theoretical unexposed
surface temperature is taken to be described by Equation (17) given in Chap-
ter 3.
The numerical values for the mean thermal diffusivity of the wall
materials are as follows:
Material Mean thermal diffusivity (in. 2/hr)

gypsum wallboard 1.37
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Material Mean thermal diffusivity (in. 2/hr)
steel studs and splines 72. 004
4
wood studs 0.57
air 175. 003
building insulation " 175. 003

The mean thermal diffusivity of air and building insulation is assumed
to be the value for air at 200°F. The identical value for thermal diffusivity
of building insulation is explained later in this chapter. The thermal diffus-
ivity of wood varies little among the softwood species. The value for steel
is taken for 0.5 percent carbon steel at a temperature of approximately 400°F.
The value for the thermal diffusivity of the gypsum wallboard is near the
lower limit in the range of temperature dependent values given by Harmathy
and Krokosky? The relatively low value reflects the additional resistance
to heat transfer which occurs at the wallboard surfaces and the effect of
the emmission of steam from the gypsum wallboard at temperatures above
212°F. The remaining terms in Equation (17) are previously defined.

Similar to Chapter 2, the analysis of the steel stud partitions, the
steel spline shaft walls and the wood stud walls are studied separately due
to the inherent differences in materials and construction.

The typical steel stud partition assembly is a series composite wall.

Figure 13 shows a cross section of a typical steel stud partition assembly.
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Figure 13. Cross section of a steel stud partition assembly

The unit area of the wall normal to the assumed unidirectional heat flow path
is taken at the stud location. As shown in Table 1, the steel stud location
was primarily the site at which the first ASTM failure criterion was reached.
The thermal resistance of the partition assembly is determined from the
series analogue solution of the component thermal resistance of the exposed
surface wallboard, the steel stud, and the unexposed surface wallboard.
Therefore, the equivalent thermal resistance of the transformed homogeneous
wall is given by

R, =X R ; (21)

L L L
. g . std g |
a a ’

ag std g

where L, = thickness of gypsum wallboard, LS

g = depth of stud, a g =

td
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thermal diffusivity of gypsum wallboard, and a std " thermal diffusivity
of the stud.

Table 4 lists the unexposed surface temperature data from the fire
endurance tests and the theoretical thermal properties determined by the
series analogue analysis of the P-series test specimens. Figure 14 is a
graph showing LT versus T for the P-series test specimens. Adjacent to
each data point is the Fire Endurance Time of that assembly in minutes.
Straight line curves are drawn to depict a T and LT coordinates which
appear to represent values for the Fire Endurance Times of 60, 90, 120, and
150 minutes. The 90 minute curve is interpolated from the 60 and 120 min-
ute curves due to lack of data points. Therefore, the 90 minute curve should
be given less reliance than that of the other curves. Similarly, the coordin-
ates da T and LT would be more reliable in the range of values represented

by the test specimens than those values depicted by the curves beyond the

test specimen a L__ range.

™ 7T

The steel spline shaft wall assembly is an example of a combination
series and parallel composite wall. Figure 15 shows a cross section of a
typical shaft wall assembly with an illustration of the shaft side core and
the room side core. The shaft side core is the parallel composite portion of
the assembly. The shaft side core consists of the steel splines surrounded

either partially or completely by gypsum wallboard. The room side core

consists of one or more layers of gypsum wallboard with occasional use of
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Figure 15. Cross section of a typical steel spline shaft wall assembly

steel furring channels for attachment of the wallboard. Similar to the steel
stud partition assembly, the first ASTM failure criterion of the shaft wall
assembly tends to occur at the steel spline location as demonstrated in
Table 2.

The theoretical thermal resistance of the shaft side core is governed

by Equation (25),

A
1 _ A
bs it
a S a i
LS Ai
where — is the thermal resistance of the shaft side core. —A— is the ratio
S _

of the i-component width to the width of the spline flange. With reference to

Figure 15,
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Y e Py
1 bg . be . be
Ls e ) Ly
ag a, a, ag
where a,= a, = ag PN =astd;andL1=L2=L3=LS.

The theoretical thermal resistance of the materials which comprise

the room side is determined by a series analogue analysis. For this case

and the equivalent thermal resistance of the transformed homogeneous wall

is given by

where LT = LS + LR.

Table 5 lists the unexposed surface temperature data from the fire
endurance tests and the theoretical thermal properties determined by the
combination series and parallel analogue analysis of the S-series test speci-
mgns. Figure 16 is a graph showing LT versus d T for the S-series test

specimens. Adjacent to each data point is the Fire Endurance Time of that

assembly in minutes. Straight line curves are drawn to depict a T and LT

coordinates which appear to represent values for Fire Endurance Times of
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120 and 180 minutes. As was the case for the steel stud assemblies, the
coordinates a T and LT would be more reliable in the range of values rep-
resented by the test specimens than those values beyond the specimen a T
LT range. The coordinates for the 120 minutes curve are similar to those
of the steel stud partition assembly.

The wood stud wall assembly is an example of a series composite wall.

Figure 17 shows a cross section of a typical wood stud wall assembly.

Figure 17. Cross section of a typical wood stud wall assembly

The wood stud wall assembly may be either a non-load bearing partition or

a load bearing wall. The application of a load to a wood stud assembly would
not directly affect the thermal transmission of the assembly. However, the
larger deflection of the load bearing wall due to the applied load coupled with

a deterioration of the wood stud may result in increased separation of the wall-

board panel joints. The joint separation would expose that portion of the
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‘assembly in the vicinity of the stud to a higher temperature than that of a
joint which remains intact. Wallboard fall off would increase the thermal
transmission for the same reason. Nevertheless, the thermal resistance
analysis of both load bearing and non-load bearing assemblies is assumed
to be identical.

An inspection of Table 3 shows, that for those assemblies which do
not fail under load, the first ASTM failure criterion is usually a single high
temperature on the unexposed surface occurring over the stud cavity. Table
6 lists the unexposed temperature data from the W-series fire endurance tests
and the theoretical temperature calculated from Equation (17) by the series
analogue method. The fire test data in Table 6 gives more evidence that
higher unexposed surface temperatures are encountered over the stud cavity
than over the stud. Thus, the assumed unidirectional heat flow path across
the stud cavity will be investigated. The stud cavity may be either building
insulation or air’ space, or both,

The temperature conditions in the stud cavity are not as well under-
stood as those of the series analysis of the steel stud partition assembly for
which material contact is assumed. Likewise the combination series and
parallel analysis of the steel spline shaft wall also assumes material contact.
The building insulation may be considered to consist of small air spaces
surroundéd by solid walls. The low conductivity of such materials at room

temperature is attributed to the low thermal conductivity of the air enclosed
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within the interstices or cells of the material and the relatively small area
of solid material through which the heat may be conducted. For the higher
temperatures which are experienced during fire tests, convection currents
may arise within the air spaces. For all such materials, the higher the
temperature the higher will be the conductance. Heat radiation through the
gaseous air apaces or cells will occur and there will be an increase in con-
ductance due to internal convection.

Likewise convection and radiation plays an important role in the stud
cavities consisting of air spaces only. Since similar conditions exist in
insulation filled cavities and stud cavities with air spaces, the two will be
assumed to be identical in a series analogue analysis of the wood stud assem-
bly. The mean thermal diffusivity of the air space is taken to be the thermal

diffusivity of air at 200°F. Thus,

_ _ k - . 0182
‘?’ air @ insulation p cp (. 241)(. 0620)
= 1.22 ftz/hr

175 in, 2/hr

For a comparison, the mean diffusivity of wood is approximately 0. 004 ftz/hr
or 0.57 in. 2/hr. The series analysis is applied to the materials other than
the cavity materials ina manner similar to the P-series and S-series fire
test specimens. Thus, the values of LT and d T in Table 6 reflect the

series electrical analogue resistance approach and are computed at the stud

cavity area. In Figure 17, Lc denotes the thickness of the stud cavity.
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Figure 18 is a graph showing LT versus aT for the W-series test
specimens. Adjacent to each data point is the Fire Endurance Time of that
assembly in minutes. A straight line curve is drawn to depict a T and LT
coordinates which appear to represent values for a Fire Endurance Time of
60 minutes. No attempt was made to draw additional curves, because exces-
sive error would result from extrapolation. Again, the coordinates a T and
LT would be more reliable in the range of values represented by the test

specimens than those values depicted by the curves beyond the test specimen

a T’ LT range.
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CHAPTER 5
A DISCUSSION OF RESULTS AND CONCLUSIONS

The unexposed surface temperature history calculated by Equation (17)
is an approximation of the temperatures yielded by fire endurance tests.
The temperatﬁres given by Equation (17) for the P-series and the S-series
specimens were more accurate for a wall thickness in the range of 3 in. to
4 in, than for thicknesses beyond this range. Unexposed surface temperatures
were generally overestimated for a wall thickness less than 3 in. and
underestimated for a thickness greater than 4 in. The fire test results indicate
that the higher unexposed surface temperatures were experienced over the
steel studs and splines than over the stud cavities for the P-series and
S - series specimens, respectively.

With the assumptions given in the W - series analysis, the theoretical

equation yields temperatures near those temperatures encountered in the fire
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tests, If unidirectional heat conduction were assumed across the wood stud
for which the thermal diffusivity is less than gypsum wallboard, Equation
(17) produces theoretical temperatures far less than the fire test results.
The fire test results, however, show that the unexposed surface temperature
over the wood studs were slightly less than the temperatures over the stud
cavities with an assumed thermal diffusivity over 100 times greater than
gypsum wallboard. This indicates that three -dimensional rather than one -
dimensional heat transfer conditions exist during the fire exposure. This
was demonstrated to a lesser degree for the P - series and S - series tests.

Another shortcoming of the theoretical equation is its inability to
sufficiently account for the 212° F temperature lag. The 212° F temperature
plateau is particularly significant in the shaft wall assemblies, characterized
by compact multiple layers of water containing wallboard. This shortcoming
and others produced by the multiplicity of assumptions given by this study
require further investigation.

The theoretical model does aid in generating a family of curves depicting
Fire Endurance Times. When values of ar and LT determined by the
electrical analogue approach are substituted in Equation (17), temperatures
inconsistent with those assemblies demonstrating approximately the same
Fire Endurance Time indicates that either the analogue analysis was inaccurate
or premature failure of the assembly occurred. Therefore, that data point
is given less reliance. More test data is needed to produce better defined

curves and to extend the range of AT and LT values.
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Future Research Recommendations

Further investigation of the fire resistive qualities of wall assemblies
with gypsum wallboard membranes is needed to examine the fire test
conditions and heat transfer mechanisms which were considered in this
study by simplifying assumptions. Particular a&ention should be given
to the following: (a) the determination of the surface thermal resistance
to heat transfer encountered at the boundary surfaces and the application
of the heat transfer coefficient, h, of the test components; (b) the effect of
moisture content and the temperature dependency of the thermal diffusivity
of gypsum wallboard and other pertinent construction materials; and (c)
additional examination with possible alternatives to the series and parallel
electrical analogue approach to the transformation of the composite wall

assemblies into simple homogeneous walls.
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