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Abstract

The NIST Building and Fire Research Laboratory (BFRL) has undertaken a project concerning the
effect of fire on high strength concrete. Heating concrete to sufficiently high temperatures results
in water of hydration being driven off, with a resultant irreversible loss of concrete strength. In
addition, it has been observed that rapid heating of high strength concrete can result in spalling of
the concrete. Computer models for prediction of temperature and pore pressure distributions in
heated concrete typically include consideration of (1) mass transfer of air and water by diffusion and
by forced convection, conversion of liquid water to vapor, and release of water of hydration and (2)
heat transfer by conduction, mass diffusion, and forced convection. In order to make valid
predictions, the computer models require reliable data as to the physical properties of the concrete.
Mass transport properties are being investigated by the Building Materials Division. Thermal
transport properties, the subject of this report, are being investigated by the Building Environment
Division. The present report addresses (1) identification of material properties critical to prediction
of heat and mass transfer in high strength concrete at high temperatures, (2) variation of the thermal
properties with temperature, pressure, and thermal history, (3) examination of correlations between
concrete composition and thermal properties, (4) identification of appropriate experimental
techniques for determination of the thermal properties of high strength concrete, (5) identification
of available equipment and testing services for carrying out such measurements, and (6) preliminary

design of special .equipment that needs to be constructed for measurement of the thermal
conductivity of concrete. '
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Nomenclature

The nomenclature list below is limited to those symbols that are used in the main body of this report.
The symbols used in Sections 2.1, 2.2, and 2.3 are not included, since the symbols used there, and
defined there, are those of the various investigators whose work is being cited and they are not used
elsewhere in this report. The symbols used for the various equations in Appendices A and B are not
included since they are defined as they are used in those appendices.
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Greek

o

P
Y

relative mass [kg/kg] = {1] of water that would fill voids
bulk modulus [Pa]

specific heat [I/kg:K] at constant pressure

sensible heat contribution to the specific heat [J/kg'K]
mass diffusivity [m%/s]

volume fraction [m*/m®] = [1]

enthalpy [J/kg]

permeability [m?]

length [m]

dimensionless constant used in the Bruggeman mixture rule (Eq. (55)
mass flux [kg/m?s]

index of summation

partial pressure [Pa]

pressure [Pa], porosity [m*/m®] = [1], or fraction of area or of length (Eq. (75))
heat flux [W/m?]

source term [kg/m*s] for creation of liquid or vapor
time [s]

terhperature [X]

volume fraction [m*/m®] = [1]

volume [m?]

mass [kg]

coordinate axis [m]

coefficient of linear thermal expansion {m/m-K] =l[K"]
coefficient of volumetric thermal expansion [m*/m™>K] = [K"']

dimensionless constant in Harmathy’s form of Hamilton-Crosser mixture rule (Egs. (58)-(59))
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d  mass diffusivity [kg/m-s-Pa] when the partial pressure gradient is the driving force; this
quantity is usually called “permeability” in the building research literature

heat of reaction, or latent heat contribution to the specific heat [J/kg-K]
degree of conversion of a chemical reaction (0 < { < [)

dimensionless constant used in the Hamilton-Crosser mixture rule (Eq. (57))
thermal diffusivity [m%/s]

thermal conductivity [W/m-K]

viscosity [kg/m's]

moisture capacity [kg/kg] = [1]

3.14159265...

density [kg/m’]

d particular property of interest

maés fraction [kg/kg] = [1]
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Subscripts

0 reference

1,2 component
c forced convection, cement, or continuous phase

d diffusion, or dispersed phase

i component
m  mass
n non-evaporable water

P at constant pressure
5 saturation
u energy

w water




1. Introduction

The NIST Building and Fire Research Laboratory (BFRL) has undertaken several projects concerned
with the performance of high strength concrete. One of these projects concerns the effect of fire on
high strength concrete. Heating concrete to sufficiently high temperatures results in water of
hydration being driven off, with a resultant irreversible loss of concrete strength. In addition, it has
been observed that rapid heating of high strength concrete can result in spalling of the concrete. The
most common explanation for this phenomenon is that, because of the very low permeability of high
strength concrete, the moisture freed during dehydration (release of chemically bound water) cannot
escape quickly enough to prevent a large buildup in pore pressure, which “blows off” some of the
concrete. Another possible explanation for the observed spalling is that it occurs due to the large
thermal stresses encountered under fire conditions.

Several computer models have been developed to predict temperature and pore pressure distributions
in concrete exposed to simulated fire conditions. It probably will be necessary to develop a
companion computer program to predict spalling and strength loss. BFRL is examining such
computer programs to ascertain how reliably they can predict the overall response of high strength
concrete structures to fire conditions and, hopefully, can provide insights into possible spalling
prevention procedures. '

The computer models for prediction of temperature and pore pressure distributions utilize an analysis
procedure that involves the strongly coupled heat and mass transfer within the concrete. Such models
typically include consideration of mass transfer of air and water by diffusion and by forced
convection, conversion of liquid water to vapor, and release of water of hydration and heat transfer
by conduction, mass diffusion, and forced convection with inclusion of the effects of the heat of
vaporization of water, the heat of dehydration, and the thermal capacity of the concrete. Regardless
of how good the computer programs are, in order to make valid predictions, they require reliable data
as to the physical properties of the concrete. Mass transport properties are being investigated by the
Building Materials Division. Thermal transport properties, the subject of this report, are being
investigated by the Building Environment Division.

The present report addresses (1) identification of material properties critical to prediction of heat
and mass transfer in high strength concrete at high temperatures, (2) variation of these properties
with temperature, pressure, and thermal history, (3) examination of correlations between concrete
composition and thermal properties, (4) identification of appropriate experimental techniques for
determination of the thermal properties of high strength concrete, (5) identification of available
equipment and testing services for carrying out such measurements, and (6) preliminary design of
special equipment that needs to be constructed for measurement of one or more thermal properties.

Section 2 of this report provides an overview of heat and mass transfer in porous media, identifies
the properties that are required in mathematical modeling of heat and mass transfer, and provides
the mass and energy conservation equations for several different models that have been previously
developed. Section 3 provides an overview of the available data on thermal properties of normal and
high strength concrete. Section 4 is a discussion of various correlations and procedures that might
be useful in prediction of the thermal properties of concrete. In Section 5, various experimental
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techniques for determination of the needed thermal properties are described. The current availability
of apparatus and testing services, for these properties, is covered in Section 6, with the aim of
determining whether NIST has the appropriate capabilities, should procure or build appropriate
equipment, or should rely on testing at outside laboratories. It is concluded that no suitable
equipment for high temperature thermal conductivity measurements is available and that NIST needs
to develop such capability. Accordingly, Section 7 provides a preliminary design of the apparatus
that is proposed to be built for high temperature thermal conductivity measurements.




2. Modeling of Simultaneous Heat and Mass Transfer in Porous Media

When moisture is present, a very complex analysis can be required to deal with the coupled heat and
mass transfer that can occur, involving both liquid mass transfer and vapor mass transfer. In
general, moisture transport may include air-vapor mixture flow due to forced convection, free
convection, and infiltration through cracks and pores; vapor transport by diffusion; flow of liquid
due to diffusion, capillary action, or gravity; and the further complications associated with phase
changes due to condensation/evaporation, freezing/thawing, ablimation/sublimation, and
adsorption/desorption. There is a vast literature concerned with moisture transfer in materials and
with simultaneous heat and mass transfer. The literature concerning moisture flow in porous
materials encompasses the development of analytical/mathematical models, experimental studies,
combined experimental and analytical studies, field studies, and retrofit studies. Much theoretical
and experimental work has been done on the development of the theory of heat and mass transfer,
separately and together, in porous media. This work comes mainly from the fields of drying,
chemical processing, arid building research, as well as from geophysics. However, in general it is
fair to state that consistent and universally reliable analytical approaches and test methods are yet
to be achieved for predicting combined heat and moisture transfer through porous media.

While analytical approaches differ, in general it is customary to write a set of coupled equations in
which there are three “currents,” such as heat flow, liquid water flow, and water vapor flow. Each
current has three components, driven by one of three “forces,” the temperature gradient, the gradient
in liquid water content, and the gradient in water vapor content. Thus there are nine coefficients
corresponding to the nine “conductivities” or “diffusivities” relating the currents and the forces. The
Onsager reciprocal relations reduce the number of independent coefficients to six, Depending upon
the application and the investigator, the moisture contents may be written in a variety of ways (e.g.,
mass or volume or relative humidity of moisture per mass or volume of medium). There also is a
variety of choices used for the currents and for the forces. A few of the approaches used are
discussed below. : '

The “apparent” thermal conductivity can be thought of as the ratio of the heat flux to the temperature
gradient, even though the heat flux is also affected by the gradients in liquid-phase and vapor-phase
moisture content. If moisture is migrating slowly, it can appear as if the apparent thermal
conductivity is constant. However as the local moisture content changes over time, the true thermal
conductivity will change, the heat transport associated with the fluxes of liquid and vapor will
change, and thus the apparent thermal conductivity will change.

Obviously, the extensive theoretical literature concerned with heat and mass transfer in porous media
cannot be reviewed in this report. Rather the approach taken is to (1) provide an overview of what
happens when a concrete wall is exposed to fire conditions (and define various terms), (2) use the
principles of irreversible thermodynamics to derive the much simpler problem of diffusion of a
single gas through a porous media, (3) summarize the theoretical results which three different
investigations found for the mass flux densities and energy flux density of coupled heat and moisture
transfer through a porous medium in the absence of convective mass transfer, and (4) summarize the
equations used in the Ahmed model (which does include convection) for predicting temperatures and
pore pressures in concrete exposed to fire conditions.
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2.1 Overview of Heat and Mass Transfer in Concrete Exposed to Fire

For concrete, particularly at high temperature, one cannot predict heat transfer from just the
traditional thermal properties: thermal conductivity and volumetric specific heat (or, under some
conditions, one of these properties plus thermal diffusivity). Movement of air, water, and possibly
carbon dioxide through the concrete is accompanied by significant energy transfer, particularly
associated with the latent heat of water and the heats of hydration and dehydration. Because of the
high pore pressures that result when high-strength concrete is exposed to a fire, it is necessary to
consider forced convection as well as diffusion.

Consider a concrete slab that initially may have small temperature gradients, e.g., due to indoor-to-
outdoor temperature differences. Further, the extent of hydration of the concrete may not be uniform
throughout the structure. Because of the heat released during initial curing and drying out of the
concrete near one or both surfaces, there may be a higher amount of hydration in the middle of the
material than near the'surfaces._ The free moisture content also may vary throughout the concrete if
the different surfaces have been exposed to different humidities.

At the beginning of a fire, the temperature of the exposed side of the concrete slab will rise rapidly.
Free moisture, both liquid and vapor, will migrate toward the cold side of the concrete. Initially, this
moisture movement occurs by diffusion processes, where the driving force may be considered to be
the gradient in moisture content (commonly expressed as partial pressure, humidity, molar or mass
fraction, or molar or mass density). As the temperature of the fire-exposed side increases, any free
liquid water will boil off and migrate toward the colder side where some of it will condense. The
latent heat required to boil the liquid water will retard the rate of temperature rise at that location.
When water vapor is transported into a colder region, some of it is absorbed into the concrete, with
a heat of sorption that is approximately equal to the latent heat associated with condensation of free
water vapor into liquid, so that significant heat is released. As moisture moves into the slab and the
interior temperature rises towards 100 °C, portions of the slab may experience additional hydration
(conversion of free water to chemically bound water), with an attendant release of heat. When the
temperature of any portion of the concrete slab exceeds (roughly) the boiling point of water (at the
local pressure) some dehydration (release of chemically bound water) will begin to take place, with
an attendant absorption of heat. The dehydration reactions continue to temperatures in excess of
800 °C, with the most pronounced reaction being the dehydration of calcium hydroxide between 400
and 600 °C. The free water introduced into the concrete tries to diffuse toward the cold side.
However, high-strength concrete is not very permeable to water vapor and is even less permeable
(by, say, roughly two orders of magnitude) to liquid water. Thus the moisture cannot escape as
rapidly as it is being released and the pore pressure in the concrete will rise substantially.
Eventually, liquid water may fill the concrete pores at a location ahead of the temperature front,
creating a condition known as moisture clog, where the liquid water blocks the transfer of water
vapor toward the cold side of the slab. Under such conditions, the pore pressure will result in forced
convective mass transfer of superheated steam and air to the heated side of the slab.

For concrete with carbonate aggregates, the situation is further complicated. Between 660 and
980 °C, calcium carbonate breaks down into calcium oxide with the release of carbon dioxide.
Magnesium carbonate is similarly decomposed between 740 and 840 °C. Both reactions are




endothermic, thus absorbing heat and delaying temperature rise in the concrete. Quartz undergoes
a pronounced phase transformation, with an accompanying volume increase, at about 573 °C.

During temperature exposure of the concrete, its transport properties for both heat and mass can
change quite significantly due to differential thermal expansion opening up microcracks and changes
to the solid structure associated with chemical decomposition of the cemeént paste (dehydration) and
of any carbonate aggregates (conversion to oxides), both processes leading to less dense material and
‘thus lower thermal conductivity (and thermal diffusivity) and higher mass transport properties.

In the absence of mass transfer and chemical reactions, conductive heat transfer is described by

ar 3, ar
c . a(,2T) |
Pt ax( ax) M)

where T is temperature [K], ¢ is time [s], p, is the bulk density [kg/m?] of the medium, C'is specific
heat [J/kg-K], and A is thermal conductivity [W/m-K]. If there are no other mechanisms of heat
transfer and if A can be assumed to be constant, this equation can be replaced by

oT _ o T

1

K ot Ox 2’ . (2)
where k = A/p, C, the ratio of thermal conductivity to volumetric specific heat, is known as the
thermal diffusivity [m*s]. For a boundary value problem with prescribed surface temperatures as
functions of time, the interior temperatures versus time depend only on the thermal diffusivity and
it is not necessary to know the thermal conductivity or the specific heat separately.
(Correspondingly, in measuring thermal diffusivity it is only necessary to measure a geometrical
factor and a temperature variation with time; no power or energy measurements are required.) For
a boundary value problem with a prescribed heat flux or with a radiation boundary condition, the
temperature variation with time depends upon both thermal conductivity and thermal diffusivity (or
upon one of these properties plus the volumetric heat capacity).

When exothermic or endothermic chemical reactions, or phase changes in the solid concrete, take
place, it is preferable to replace Eq. (1) with

ofoH) er _ 8, ar |
or), ot ox\ ox) 3)
where H is enthalpy {J/kg] and P is pressure [Pa]. If the degree of conversion from the reactants
into the products is designated by { (0 < ¢ < 1), Eq. (3) can be rewritten as

] a\ar a9, er
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where C represents the sensible heat contribution to the specific heat at a given degree of ‘

conversion, and the term involving AH,,, the heat of reaction, is the latent heat contribution.
Sometimes the latent heat term is written as a heat source/sink term.

Turning now to mass transfer, diffusion is first considered. Assuming that Fick’s law for diffusion
holds, the mass flux due to a gradient in the density of the diffusing fluid is simply

. dap
my = =D==, 5)

where m, is the mass flux [kg/m?s] due to diffusion, p is the density [kg/m®] of the fluid, and D is
the mass diffusivity [m%s]. In the building research literature, for moisture transfer this equation
is often expressed in terms of partial pressures as

. op
m, = -6a—x s | (6)

where p is the partial pressure [Pa] and 8 is usually called the “permeability” [kg/m-s-Pa] rather than
being called a mass diffusivity. For diffusion of water vapor, a similar expression is often seen with
the driving force being the gradient in the humidity.

For forced convection through a porous medium, the mass flux is given approximately by

poP
n ox

m = -K

c

’ (M

where P is the total pressure [Pa], p is the density [kg/m’] of the moving fluid, p is the viscosity
[kg/m-s] of the moving fluid, and K is the permeability [m?] of the medium for the particular fluid.
(Often experimental results will indicate that K is not really a constant but varies with the pressure
gradient so that a more complex expression may be required.)

The energy transport (heat flux) associated with a mass flux is simply
qg = mH , )]

where H is the enthalpy of the moving fluid. The net energy content per unit volume (i.e., the
additional term to be included in the energy differential equation, Eq. (4)) is

. oH .(aH) T . . oT
= =mC

"o ™ ar),w " )

where C is the heat capacity of the moving fluid. If, as is the case with water, a phase change and
the associated latent heat are involved, it is necessary to deal appropriately with the step function in
the enthalpy.
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In the case of diffusion or forced convection of a gas, absorption and desorption by the medium
(concrete) probably can be ignored. However, for moisture transfer at temperatures below the
boiling point of water (at the local pressure), absorption effects are quite important and the mass
storage of water, and the associated enthalpy storage, need to be considered. Absorption/desorption
of water vapor is usually described in terms of sorption isotherms, curves which relate the
equilibrium absorbed moisture content of a medium, at a specific temperature, to the moisture
content (usually expressed as vapor pressure or humidity) to which it is exposed. Atlow humidities,
absorption is mainly by adsorption, first in monomolecular layers and then in multimolecular layers.
Above about 40 percent relative humidity, capillary condensation begins in the smallest micropores
of the material and then, as the humidity increases, there is condensation in larger pores and cracks,
due to the depression of vapor pressure over the curved menisci of the water-filled capillaries.
Porous materials exhibit hysteresis, so that absorption isotherms differ from desorption isotherms.
The moisture capacity of a material is defined as the slope of the sorption isotherm (analogous to
the heat capacity being the slope of the enthalpy-versus-temperature curve). The moisture capacity
increases markedly as the water vapor pressure increases toward the saturation vapor pressure.
Above arelative humidity of about 97 percent, it is customary to treat the moisture as being a liquid.
Here the moisture capacity of a material is related to the capillary suction pressure by what is known
as a suction curve, which also exhibits hysteresis.

Consideration of the mass flux (e.g., Eq. (5) or (6)) and the moisture capacity results in a differential
equation, for diffusive mass transfer, that is analogous to Eq. (1) for heat transfer. A source term
is added to this differential equation to represent the mass of moisture that is created or annihilated
by hydration or dehydration, réspectively. If the driving potential is taken as the density of the water
vapor, mass conservation plus Eq. (5) results in

62

=~ 4

ax? ’ (10

ml_gJ
© |t

l
D

where S is the source term [kg/m*s] included to deal with conversion of liquid to vapor, or vice
versa, or with the creation of water by dehydration of the medium. Comparison of the form of
Eq. (10) with that of Eq. (2) shows the analogy between mass diffusivity and thermal diffusivity.
The form of Eq. (10) does not explicitly show the dependence upon moisture capacity. If partial
pressure or, equivalently, relative humidity is used as the driving potential and Eq. (6) is used to
obtain the mass flux, mass conservation yields

PEop &, S
8p, at  oax? b (an

where p  is the bulk density of the medium, p, is the saturation pressure [Pa] at the local temperature
of the medium, and £ is the moisture capacity obtained as the slope of the sorption curve, plotted as
mass of water vapor per unit mass of the medium versus relative humidity (so & is dimensionless).

Some investigators explicitly consider two moisture fluxes, one for vapor and one for liquid, while
others use a single moisture flux, with the moisture capacity being used to deal with the change of
phase, or the absorption and desorptlon of the water. An equation analogous to Eq. (11) can be




derived for transfer of liquid water, with the moisture capacity being obtained from capillary suction
curves.

Forced convection of moisture through the medium also requires consideration of the moisture
capacity of the medium. For sufficiently small flows, one might assume that the moisture absorbed
or desorbed can be predicted from the moisture capacity as determined from sorption curves or
suction curves measured under steady-state conditions. In such a case, differential equations
analogous to Eq. (11) could be written. However, for concrete under simulated fire conditions and
high pore pressures, it is questionable whether there would be time for such equilibrium to be
achieved.

2.1 Irreversible Thermodynamics Approach for Diffusion of a Gas

Before discussing the rather complex analysis of two-phase (liquid and vapor) flow of moisture
through a porous solid, the more simple case of diffusion of a gas through a stationary medium is
considered. This is done most conveniently by the methods of irreversible thermodynamics,
applying the Onsager Reciprocal Relations [1-24]. A set of current densities is defined as

Ji = 2}: Ly X; (12)

where X; are the "conjugate forces,"” such that
RS =) Ji X ' (13)

Jj

where R(S) is the rate of entropy production in the system. The Onsager Reciprocal Theorem states
that _ - -

Ly=1L; . (14)

The rate of entropy production is uniquely defined by the system under consideration, but since R(S)
can be split into a sum of products in many ways, one is left with a choice of current densities and
conjugate forces. We choose a mass current density J,,, an internal energy current density J,, and
an entropy current S, so that the divergence of each of these current densities is the rate of change
per unit volume of the corresponding thermodynamic variable. With these definitions for the current
densities, . ' _

rs =J, -uJ, . (15)
where T is the absolute temperature and p is the chemical potential of the diffusing gas. The rate of
production of entropy is '

R(S) = V-8 =Jm'v(_%] +Ju'V(%] . - (16)

The current densities are

||




J =L v|i-El L v]|=

Ju = LmuV ( _ﬁT) + LuuV \7-) : (18)

In order to put these expressions in terms of measurable gradients, it is noted that

v(B) - ryp -Ditugr.Yyp_ tyr (19)
T) T T2 T T?

where v is the specific volume, s is the specific entropy, and A is the specific enthalpy. Substitution
of Eq. (19) into Egs. (17) and (18) yields

mev meh - Lmu
In= = VP ————VvI (20)
L.y L h-L
J = -~ —VP+ =—2ZVT . 21
u . T T2 ( )

Thermal conductivity is defined as

A - _-g] o
VT L

__ (22)

where Q is the heat current density, since when J,, =0, J,=Q. Setting Eq. (20) equal to zero yields

VP _h-LJL.,
vT), ., T (23)

This ratio of the pressure gradient to the temperature gradient, when there is no mass flow, is called
the thermomolecular pressure difference. Combining Eqgs. (21)-(23) yields the following expression
for the thermal conductivity in terms of the Onsager coefficients

L L -1

A uu - mm mu

T°L,

(24)
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When the system is isothermal, V 7 = 0 and the two current densities are simply

L.v Lmuv .
J = - VP and J =- T VP , (25)

m (26)

where o is a quantity that can be determined experimentally by measuring both heat flow and mass
flow for isothermal conditions. Permeability is defined as

= @7

where p = 1/v is the density of the gas.

The Onsager coefficients can be expressed in terms of the measurable quantities A, o, and  (other
measurable quantities could have been selected of course):

L, =BT L, =apT L, =AT?+ opT . (28)

mm

With these substitutions into Eqgs. (20) and (21), the current densities become

J, = -BVP + —B(hT_a)VT 29)
J, = -apvP - (A - __aﬂ(;—a)) VT . (30)

Note that the use of the Onsager reciprocal relation results in only three measurable parameters being
required, rather than four (h does not have to be measured since accurate data for the specific
enthalpy are available for most gases and liquids of interest and certainly for water). Note that the
quantity o requires thermal measurements even though it is defined under isothermal conditions.

Consider now the case of moisture transfer through a hygroscopic material. Even though there is
no liquid water entering or leaving the specimen, there will be adsorbed water and, at moderately
high humidities, liquid water inside the pores and capillaries. In general, proper understanding of
simultaneous heat and mass transfer for such circumstances requires that both the vapor phase and

10




the liquid phase be explicitly considered. The current densities, analogous to those in Egs. (17) and
(18), are ‘

J, =LV —“_T” + L,V —%f + LV (lT] - @3
\
, ) m
A R | 0, (%) (32)
J, - va(—“—T“] : Lu,v[—fT-’] v LV (lT) . (33)

where J, is the mass current density for water vapor, J, corresponds to mass flow of liquid water and,
as before, J, is the current of internal energy. The nine coefficients can be reduced to six by
invoking the Onsager reciprocal relations. Further reduction in the number in coefficients requires
that certain assumptions be made, or other information be used, concerning the relationship between
water vapor and liquid water. For example if the sorption isotherm curve is known for the specimen
of interest, one can infer how much water will be adsorbed and/or absorbed in a specimen that is
exposed to a particular temperature and relative humidity. The Kelvin equation can be used to relate
hydraulic pressure inside a capillary to the relative humidity. Several workers have developed
theories to describe simultaneous heat and mass transfer due to moisture migration in hygroscopic
materials. Such derivations are quite complex and space and time do not permit showing the details
in this report. Rather, the results obtained by several prominent workers in the field are given and
differences and similarities are pointed out. There are many differences among these several
developments in the definitions of terms and the symbols used; here the same nomenclature of the
original workers is used so as not to add further confusion.

2.2 Heat Transfer and Diffusive Mass Transfer (no convection)

One comment is in order before proceeding to list the expressions which previous workers have
obtained for the mass and heat fluxes associated with moisture transfer. In the derivation given
above, a single gas was diffusing through a porous medium under the combined effects of a
temperature gradient and a pressure gradient. In the case of moisture transfer, the water vapor
pressure is normally very small compared to the total pressure of the moist air. Therefore in most
derivations in the moisture literature it is assumed that the total pressure in the medium is uniform
and that the water vapor diffuses under the combined influence of a concentration gradient (which
may be expressed as a vapor pressure gradient or a humidity gradient) and a temperature gradient.
If one wished to allow for the effects of a gradient in the total pressure, as is the case for concrete
exposed to a fire, it would be necessary to add a convective term to the expressions given below.
Similarly, the effects of gravitational forces are usually neglected in the case of moisture transfer
through a hygroscopic medium.

11
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Philip and de Vries [18-20] defined liquid flux density as

q, = -p,(Dy VO, + D, VT + Kk) , (34)

where
Dy, = Koy/09, and D, = Koy/oT . (35)
In these equations p, is liquid density, 0, is volumetric liquid moisture content, Dy, is macroscopic
diffusivity for liquid transport due to V 6,, T is temperature, D, is macroscopic diffusivity for liquid
transport due to V 7, K is hydraulic conductivity, k is the unit vector in the z-direction, and ¥ is

moisture potential (see Eq. (39), below).

Philip and de Vries defined vapor flux density as

q, = _pl(Devvel * DTVVT) (36)
‘where :
D, =flap——_ 2822 °%
ov = f@D 5= p. RT p, 36, 37
P P, L dp,
D,, = f(@D — = —
! P - pv pl pv.\' dT (38)
p, = hp,, = p,,exp(Mgy/RT) (39)
fla=a+6,=5, for 6,<80, (40)
fl@) = a +a(S - a)/(S - 0,) for 6,> 6, @én
{ =(VT),IVT . 42)

In these equations 0, is volumetric moisture vapor content, Dy, is macroscopic diffusivity for vapor
transport due to V 8, Dy, is macroscopic diffusivity for vapor transport due to V 7, a is volumetric
air content, D is the diffusion coefficient of water vapor in air, P is total gas pressure, M is molar
mass, g is acceleration due to gravity, R is the universal gas constant, p, is vapor density, p,, is the
partial pressure of water vapor at saturation, h is relative humidity, and S is porosity. They also
define a total moisture flux density as

q, =9, +q, = —pl(DeV6,+DTVT+Kk) } (43)
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Philip and de Vries defined the heat flux density as

qh -ATVT + CI(T B To)qm - LplDvael (44)

or

q, = “A'VT + ¢(T - T,)q, - Lp, Dy VO, (45)

where A" is the (apparent) thermal conductivity associated with macroscopic inclusion of water
vapor, A" is the (apparent) thermal conductivity associated with microscopic inclusion of water
vapor, ¢, is specific heat of liquid water, T, is a reference temperature, and L is the latent heat of
evaporation. In this expression, the first term represents normal heat conduction, the second term
- represents the sensible heat transfer due to mass transfer, and the third term corresponds to the latent
heat transfer due to mass transfer.

.Fortes and Okos [21-22] derived the following heat and mass transfer equations, applicable to
hygroscopic capillary-porous media:

Liquid mass flux:

i = K| oRImAEVT - p, L oH Gy, (46)
= - n - —_— -
¥ il PR, Ry H oM
Vapor mass flux:
. OH dp,, OH
= -K o v H 2| VT - 2 lym 47
i v[(pw,aT dT] (p“"aM) @)
Heat flux:
i = -KVT-|p KR InH+K|p 2H 43P BRI oH o (48)
g T Py "\ T dT H oM '

In these equations K| is "liquid conductivity," p, is liquid density, R, is the gas constant per unit mass
of water vapor, H is relative humidity, M is moisture content expressed as mass of moisture per unit
mass of dry medium, K, is "vapor conductivity," p,, is the saturation density of water vapor, and K
is apparent thermal conductivity. Note that everywhere V M appears it is multiplied by 6H/0M so
that the equations are effectively given in terms of the humidity gradient.

Luikov [23-24] combines the mass current density for water vapor and the mass current for liquid
water into a single mass current density for moisture,

J = _ampovu - amp06VT ’ (49)

m
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where u is moisture content, a,, is "moisture diffusivity," p, is the density of the dry medium, and 6
is the "thermogradient coefficient." The corresponding heat current density is

J, = -AVT -reJ,, , (50)

where A is thermal conductivity (Luikov put conductive heat transfer in terms of the thermal
diffusivity a = p, ¢ A, where c is the effective heat capacity of the moist medium), 7 is the latent heat
of vaporization, and € is the "phase conversion factor" of liquid into vapor. '

The final expressions of Philip and de Vries, Fortes and Okos, and Luikov are all of the general form
of Egs. (31)-(33) but without some of the "cross” terms. For example, Philip and de Vries expressed
the liquid flux density in terms of the gradient of liquid moisture content and the temperature
gradient but did not have a term involving the gradient of moisture vapor content. Similarly, their
expression for the vapor flux density involved the vapor concentration but not the liquid content.
Fortes and Okos effectively used relative humidity, along with temperature, as the driving force for
both liquid and vapor flow. Luikov combined liquid and vapor and only considered total moisture
content (in his derivations this simplification was accomplished by using the sorption isotherm to
infer liquid content from vapor concentration and vice versa).

2.3 Ahmed Model

Since the NIST parties involved with this project have access to the papers by Ahmed, ef al.,
describing the model used to simulate coupled heat and mass transfer in concrete slabs, only the
three coupled differential equations which they use are shown here.

The differential equation for conservation of mass for water vapor is

3 d oP d od) _
E(pvegd))_a(pvegl(pad)) —a(pgeng) =T, (1)

where p, and p, are the density [kg/m’] of, respectively, the water vapor and the gaseous mixture of
water vapor and air, €, is the volume fracture [m*m®] of gaseous mixture in the porous medium, ¢
is the mole fraction [kmol/kmol] of water vapor in the gaseous mixture, K, is the “coefficient of
permeability” [m’ss/kg], P is the pore pressure [Pa}] of the gaseous mixture in the porous medium,
D is the “modified diffusivity” [m%/s] of the gaseous mixture, and I is the mass rate of evaporation
of water per unit volume of porous medium [kg/m®s]. The coefficient of permeability, K., is defined
as K = K g/g PE, where K, is the “permeability” [m/s] of the gaseous mixture and g is the
acceleration [m/gz] due to gravity. The modified diffusivity, D, [m%s] is D = (M ,M_/IM*)D’,
where M, M,, and M, are the molecular weights [kg/kmol] of, respectively, the gaseous mixture, the
air in the gaseous mixture, and the water vapor in the gaseous mixture and D' is the diffusivity [m?%/s]
of the gaseous mixture. Ahmed, et al. identify the four terms of Eq. (51) as the transient term, the
convection term, the diffusion term, and the source term.
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Ahmed, ef al., use a different definition for permeability than the one that is normally used.
Apparently K = (pg/p)*K, where p is density, p is viscosity, and K is the permeability as normally
defined (see lfq. (7), above).

The differential equation for conservation of mass of the mixture of water vapor and air is

d d oP
5 (Pese) - g(Pgengg;;) = (52)

where the three terms are the transient term, the convective term, and the source term. The
differential equation for conservation of energy is

pC =— - p,e,C )6—T=—‘?-(k£)—QF, (53)

or Pt _
P ot 8 8 PsOx Ox

P
P& (C, - C)D —

Ox ) Ox ox Ox

where Cp, C, Cp, and CP are, respectively, the (total) effective heat capacity of the porous
medium, the i'feat capacity of the gaseous mixture, the heat capacity of water vapor, and the heat
capacity of air, k is the effective thermal conductivity of the medium, and the source term

(evaporation/dehydration ) is defined as

2%, 06 .
:j + (@, + th)-é;'f’-] . (54)

QF = —(Qp 3

where @, is the latent heat of evaporation [J/kg] of free water vapor, Q,, is the heat of hydration
[J/kg] of chemically bound water in the porous medium, §, is the mass concentration of free liquid
water in the pores per unit volume of porous medium [kg/m’], and §,, is the mass concentration of
chemically bound water (in the cement paste) per unit volume of porous medium [kg/m?]. The five
terms in Eq. (53) represent the transient term, the convection term, the diffusion term, the conduction
term, and the source term, respectively.




3. Existing Data on Thermal Properties of
Concrete and Its Constituents

Since the data available for the properties of high strength concrete are quite limited and since most
of the thermal properties of high strength concrete are not expected to differ considerably from the
properties of normal concrete, this section addresses data available for both normal and high strength
concrete.

The most important references, over the past thirty years, that contain data on the thermal properties
of concrete, mortar, or cement paste over extended temperature ranges include [25-50]; these
references in turn refer to many other publications. The vast majority of data on thermal properties
of concrete correspond to temperatures close to normal room temperature. Reference [51] contains
an extensive compendium of data on rocks and minerals, including materials that can be used as fine
and coarse aggregates in Portland cement concrete. Although this reference has a 1989 copyright
date, it was originally written in the late 1970's and all of the references are to publications dated
1978 or earlier, with very few references for 1977 or 1978. Other references relevant to the thermal
properties of rocks include [52-59].

3.1 Mass, Volume, and Density

The density of concrete and its constituents is needed to compute volumetric heat capacity, which
is needed for the various theoretical models used to predict heat transport in fire-exposed concrete;
however, since the density does not vary by much over the temperature range of interest, only
relatively small corrections to the room temperature density are required.

In addition, the variation of mass with time and temperature is an important indicator of the degree
of conversion from the reactants to the products in a chemical reaction, such as dehydration or loss
of carbon dioxide. Accordingly, information as to mass variation is important in determining the
enthalpy of a specimen. Similarly, since a material may expand or contract when a chemical reaction
takes place, thermal expansion data can be useful in determining the degree of conversion for a
chemical reaction.

Thermal expansion data also will be needed to predict thermal stresses that might contribute to
spalling. In addition, post-test measurements of thermal expansion would provide sensitive
indicators of the degree of dehydration due to the temperature-time exposure that took place during
a real or simulated fire.

Figure 1 shown the mass loss and the thermal expansion of a particular cement paste as functions
of temperature when the specimen is heated at a nominally uniform rate from room temperature to
1000 °C. At 1000 °C, the one-dimensional length change is about 3.3 percent so that the volumetric
contraction is approximately 10 percent. Since the same type of cement paste lost 15 percent of its
mass, the bulk density would decrease by a rather small percentage between room temperature and
1000 °C (see Figure 16, below).

16




Figure 2 shows mass loss and temperature change for a sample of Portland cement paste that was
heated to 260 °C over a period of 4.75 h, held at 260 °C for 44 h, and then allowed to cool to room
temperature.

Curves A and C in Figure 3 show mass loss versus temperature for, respectively, a calcareous
aggregate, containing carbonate (lime or limestone), and a siliceous aggregate, containing silica. The
much greater mass loss for the carbonate aggregate is due to the dissociation of the carbonate and
the attendant release of carbon dioxide. Curves B and D correspond to concretes made with the two
types of aggregate. Figure 4 shows mass loss for various concretes, including measurements by two
different investigators on limestone concrete. Another set of data for carbonate concrete is shown
in Figure 5, with this concrete having the composition indicated in column 2 of Table 1 (the other
two specimens for which data are shown in Figure 4 contained reinforcing steel fibers, which would
not be expected to change the mass loss versus temperature curve significantly).

Table 2 shown the constituents of five high-strength concretes recently studied by investigators at
the Portland Cement Association. The mass loss versus temperature for these specimens are shown
in Figures 6, 7, and 8, corresponding to the different heating rates listed at the bottom of each figure.

Figure 9 shows how the amount of silica fume in a-high-strength concrete affects the loss of mass
with increasing temperature.

As mentioned above, in addition to mass loss, Figures 1 and 2 showed thermal expansion versus -
temperature for Portland cement paste. Additional thermal expansion data for cement paste are
shown in Figure 10.

With regard to potential aggregates, Figure 11 shows thermal expansion data on the ten different
types of rocks that are listed in Table 3. The data for limestone are shown by the curve labeled LI

Thermal expansion versus temperature for several different types of concrete are shown in Figures
12, 13, and 14. Each of these figures includes data for a limestone-aggregate concrete. Figure 15
indicates how the room-temperature thermal expansion coefficient for concretes is related to the
thermal expansion coefficient of the aggregate.

Figure | presented information on the mass loss and thermal expansion of a particular cement paste.
Figure 16, shows, for that same paste, how the true density, the bulk density, and the porosity are
believed to change with increasing temperature.

Figures 17 and 18 show the effect of temperature on the density of concretes with different types of
aggregate. The data in Figure 17 correspond to limestone-aggregate concrete, which loses
considerable density when the carbonate disassociates. Figure 19 shows the density versus
- temperature curves used in the version of the Ahmed model (see Section 2.3, above) that is currently
available at NIST. Type 1 refers to carbonate aggregate concrete and Type 2 to siliceous concrete.

(Text continued on p. 32)
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Mass (%)

Property

Batch (specimen type)

I (NRC1)  2(NRC2) 3 (NRC3)
Cement content (kg/m?) 380 439 439
Fine aggregate (kg/m’) 673 621 621
Coarse aggregate (kg/m?)
19 mm 678 788 788
9.5 mm 438 340 340
Total 1162 1128 1128
Aggregate type Siliceous Carbonate Carbonate
Water (kg/m?) 167 161 161
Water —cement ratio 0.44 0.37 0.37
Retarding admixture (mL/m?) 745 - —
Superplasticizer (mL/m?) 2500 300 1200
Steel fibre (kg/m’) : 42 — 42
28-day compressive strength (MPa) 39.9 326 43.2
Compressive strength at test date (MPa) 40.9 . 37.1 433
Table 1. Batch quantities and properties of concrete mix [44].
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Figure 5. Mass loss of various concrete types as a function of temperature [44].




Parameter
Units per cubic meter

Number identifying type of mix

2

3

4

Cement Type [, kg

Silica Fume, kg (1)

W Fly Ash, kg

Coarse Agg. SSD, kg. (2)

Fine Agg. SSD, kg.

HRWR Type F, liter

HRWR Type G, liter

Retarder Type D, liter

Total Water, kg. (3)

Water/Cement Ratio

0.281

0.338

0.320

0.255

0.318

Water/Cementitious Ratio

Note: As reported by ready-mix supplier
(1) Dry weight '
(2) Maximum aggregate size: 12 mm

(3) Weight of total water in mix including admixtures

Table 2. Composition of concrete mixtures [47-48].
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Figure 7. Mass loss of high strength concrete at elevated temperatures [47-48]
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Name Symbol Geological Composition Density Grain size
Origin (kg/m’) (mm)
Anorthosite AN Igneous Almost all plagioclase 2770 0.05-20
: teldspars

Basalt BA Igneous . Mainly epidotes, pyroxenes 3040 0.005-0.08
and plagioclase feldspars

Dolomite DO Sedimentary Almost all dolomite 2490 0.1-7

Granodiorite GD Igneous Plagioclase feldspars, quartz 2750 0.05-4
amphiboles and micas

Granite GR [gneous Mainly potash and 2620 0.05-5
plagioclase-feldspars, quartz

Limestone LI Sedimentary Mainly calcite 2700 0.002-2

Quartz Mainly potash and

Monzonite QM Igneous plagioclase-fetdspars and 2645 0.5-7
quartz

Quartz QR Igneous All quartz 2650 0.2-10

Rhyolite RH Igneous Mainly potash and
plagioclase-feldspars, and 2640 0.05-3
quartz

Syenite SY [gneous Mainly potash and
plagioclase-feldspars, and 2715 0.1-10

Table 3. Some characteristics of the ten rocks whose dilatometric curves are shown
(Geller, et al. 1962) [41].
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Figure 11. Dilatometric curves for the ten rocks described in Table 3 (Geller, et al. 1962) [41].




0.012

0.010
0.008

0.006

Alfl, (m m™')

0.004

0.002

0 200 400 600 800 1000
Temperature (*C)
Figure 12. Dilatometric curves for three normal-weight concretes and three lightweight concretes.

Aggregates: LI, limestone; SIsiliceous rock; AD, andesite; SG, expanded shale; CL, expanded clay;
PU, pumice (Harada, et al. 1972; Harmathy and Allen 1973) [41].

20 T ¥ L} T T
(a)
1.6f .
(b)
g Ll o ~© ]
[
S
(2]
S (d)
a =
x
@
5 0.8} .
g
3 (e)
0.4f .
0 1 1 1 1 A
200 400 600 800 1000 1200

Temperature (°C)
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(d) basalt; (e) expanded slag [45].
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note the different scales for the three properties [27,41].
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3.2 Enthalpy, Specific Heat, and Heats of Reaction

The enthalpy or the specific heat, the derivative of enthalpy with respect to temperature, and the
heats of reaction of any chemical reaction are required for modeling heat and mass transfer through
concrete. These quantities are briefly discussed on pp. 5-6 of this report. Their inclusion in various
models is indicated in Section 2.

Harmathy [27,41] has developed detailed procedures, which are briefly addressed in Section 4.2 of
this report, for predicting the specific heat of cement paste and of concrete. Figure 20 shows his
predicted specific heats for three different cement pastes; Figure 21 shows his later experimental
results for those same cement pastes. The large peaks near 500 °C correspond to the release of
bound water. The width and height of such peaks will depend significantly on the heating rate; the
area under the curve represents the total energy absorption or release associated with a chemical
reaction and thus will be much less dependent upon the heating rate. Some the models for predicting
heat and mass transfer through concrete or other materials do not include the latent heat of reaction
in the specific heat of the material but treat it separately. Thus, one must be careful to select the
“proper” specific heat for use in a particular model.

Fu and Chung [50] recently published room temperature values of the specific heat of cement paste
with various admixtures. For a plain cement paste with a water/cement ratio of 0.45, the density was
1.99 g/cm’ and the specific heat was 0.703 J/g¢K, corresponding to a volumetric heat capacity of
1.40 J/cm®K. A cement paste with 15 percent (by weight of cement) silica fume, 3 percent (by

~ weight of cement) water reducing agent, and a water cement ratio of 0.35 had a density of 1.72 g/em®

and a specific heat of 0.765 J/geK, corresponding to a volumetric heat capacity of 1.32 J/cm*sK.

Figure 22 shows the volumetric specific heats that Harmathy [27,41] computed for four hypothetical
concretes that he believed were “limiting cases,” at least with regard to thermal conductivity. It is

‘seen that the computed volumetric specific heats are very nearly identical for the two normal-weight

concretes, one of which (Concrete 1) had crystalline quartz aggregate while the other one had
crystalline anorthosite aggregate.

Figures 23 and 24 show the specific heat (per unit mass) of various types of Portland cement
concrete as functions of temperature. Curve 6 in Figure 23 appears questionably low at higher
temperatures. The curve for plain carbonate concrete in Figure 24 clearly shows the heat absorbed
at high temperatures when the carbonate converts to the oxide with carbon dioxide being released.
Note also, in this figure, that the specific heat is significantly lower at temperatures above this
transition than it is at temperatures just below the carbonate decomposition temperature. Figure 25
shows the specific heat versus temperature curves used in the version of the Ahmed model that is
currently available at NIST. As stated on p. 17, Type 1 concrete has a carbonate aggregate and
Type 2 a siliceous aggregate. Both of these curves appear to be in error at high temperatures. For
the Type 1 concrete, the specific heat should drop drastically from the peak at temperatures near
800 °C, in a manner similar to that seen for carbonate concrete in Figure 24. For the Type 2
concrete, there is no apparent reason to expect a high-temperature peak at all.

(Text continued on p. 37)
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Figure 20. Computed specific heat of Model Pastes A, B, and C [27,41].
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Figure 21. Measured specific heat of Cement Pastes A, B, and C [41].
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Figure 22. Volumetric specific heats (computed) for four hypothetical concretes: normal-weight,

Concretes 1 and 2; lightweight, Concretes 3 and 4 [27,41].
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Figure 23. Effects of temperature on measured specific heats of various concretes: (1) granite
aggregate concrete (Odeen, 1968); (2) limestone aggregate concrete (Collet and Tavernier, 1976);
(3) limestone aggregate concrete (Harmathy and Allen, 1973); (4) siliceous aggregate concrete
(Harmathy and Allen, 1973); (5) limestone aggregate concrete (Hildenbrand, et al., 1978); (6)
siliceous aggregate concrete (Hildenbrand, et al., 1978) [45]. :
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3.3 Thermal Conductivity and Thermal Diffusivity

Thermal conductivity is a key thermal property in predicting heat and mass transport in concrete
exposed to fire conditions. As mentioned on p. 5, thermal diffusivity can be used if there are no
mechanisms of heat transfer other than conduction and if the thermal conductivity can be considered
to be constant. For modeling simultaneous heat and mass transfer, thermal diffusivity, in general,
should not be used. However, rather than to measure thermal conductivity directly, many
investigators have chosen to measure thermal diffusivity and then compute thermal conductivity
from the thermal diffusivity and the specific heat.

Harmathy determined the thermal conductivities of several cement pastes, which have significant
porosity and cracks, over a wide temperature range and then extrapolated these results to obtain an
estimate of the thermal conductivity of a hypothetical pore-less cement paste, as shown in Figure 26.
This curve can then be used to estimated the thermal conductivity of pastes of various porosities.

Fu and Chung measured the room-temperature specific heat, thermal diffusivity, and density of a
plain cement paste and one containing silica fume (see p. 32 of this report for compositions) and then
computed the thermal conductivity. The measured thermal diffusivities of the plain cement paste
and the silica fume cement paste were 0.37 mm?s and 0.27 mm?/s, respectively. The corresponding
thermal conductivities were 0.52 W/meK and 0.36 W/meK, respectively, indicating that the higher
porosity of the silica fume cement paste resulted in the room-temperature thermal conductivity being
lowered by about 30 percent.

Figure 27 shows the thermal conductivity of 15 rocks and minerals at temperatures up to 300 °C;
these materials are described in Table 4. Harmathy based his “limiting cases,” discussed briefly on
p. 32 of this report, for the thermal conductivity of concrete by selecting Curve QS (quartzitic
" sandstone) and Curve AN (anorthosite) as the thermal conductivity of the aggregates. The thermal
conductivity of rocks and minerals can vary widely depending upon the source and the porosity.
Touloukian, et al. [51] provide extensive data on the thermophysical properties of rocks, taken from
the literature through the mid-1970s. They comment that because the properties of rocks and
" minerals can vary widely over relatively small distances and because the specimens used for
thermophysical property measurements are relatively small, the measured properties can vary widely
on specimens taken from nominally the same location. Figure 28 is a histogram showing the
variation in the room-temperature thermal conductivity of limestone samples taken from two
locations. It is clear that tests on numerous samples would be required to obtain statistically
significant results.

Figure 29 shows the thermal conductivity of limestone, versus temperature, as measured by three
different investigators. The two curves on samples taken in Nazareth, Pa., were from the same study
as the curves shown in Figure 27.

Figure 30 shows the measured roon-temperature thermal conductivity of several different types of
concrete, plotted versus the moisture content. These data were taken using a hot-wire method that
allows measurements to be completed before the moisture has time to migrate significantly. It is
seem that 10 percent moisture content can cause the thermal conductivity to be roughly doubled.
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Obviously, this effect would be much smaller at higher temperatures. However, as pointed out by
Thompson [60] many years ago, and as is known by competent workers in the field of thermal
conductivity, it is very difficult to obtain values of thermal conductivity without some moisture
movement and/or drying out occurring.

The thermal conductivity of concrete will depend upon the porosity of the cement paste and upon
the type, quantity, and porosity of aggregates. Figure 31 shows one set of data indicating how the
thermal conductivity of different types of concrete varies with porosity.

The thermal conductivity of concrete is known to show considerable hysteresis, although there
appear to have been very few quantitative studies of this effect. Figure 32 indicates one set of data
indicating how the thermal conductivity of a concrete changes due to the loss of moisture of
hydration.

There has been considerable variation in thermal conductivity values reported by different
investigators on nominally similar concretes. Part of the variations seen may be attributed to sample
differences but it appears quite likely that large experimental errors have occurred in some cases.
Figures 33 and 34 shown the thermal conductivity of, respectively, limestone-aggregate concrete and
siliceous aggregate concrete.

Flgures 35-37 show the thermal conductivity of different types of normal-strength concrete as
functions of temperature.

In Section 3.1 curves were shown of the mass loss versus temperature of five high-strength concretes
studied by investigators at the Portland Cement Association (PCA). The constituents of these
materials were shown in Table 2. Figure 38 shows the thermal conductivity values obtained for
these materials using a guarded hot plate apparatus. Thermal conductivity data on these materials
were also obtained, by a different testing laboratory, using a hot-wire method (ASTM C1113). In
addition, thermal diffusivity data were obtained by the same testing laboratory using a radial heat
flow method and then thermal conductivity values were computed, apparently using specific heat
values computed from the specific heats of the several components of the concrete. For one of these
high-strength concretes, the three sets of thermal conductivity values are shown plotted in Figure 39.
The differences are rather startling.

Figure 40 shows the thermal conductivity versus temperature curves used in the version of the
Ahmed model that is currently available at NIST (one obvious typo in the program was corrected).

Turning to thermal diffusivity, Figure 41 shows the range of values for the thermal diffusivity of
limestone from three different investigations.

Figures 42-46 show thermal diffusivity versus temperature for a number of types of normal-strength
concrete. Figure 47 shows thermal diffusivity data obtained at PCA on the five high-strength
concretes described in Table 2; these data were obtained in their guarded hot plate apparatus, run in
a transient mode with the hot plate removed. For one of these samples, these data are shown in

Fiire 48 aloni with data obtained elsewhere by the radial heat flow method mentioned above.

(Text continued on p. 55) 38
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Figure 26. Thermal conductivities of Cement Pastes A, B, and C (points and solid-line curves), and
thermal conductivity of a hypothetical pore-less cement paste (broken-line curve) {J, Paste A; open

. triangle, Paste B; O, Paste C [27,41].
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Name Symbol Geological Composition Density Mean grain
origin (kg/m’) size (mm)
Anorthosite AN Igneous Almost all plagioclase 2700 0.5
feldspars
Diabase DI Igneous Mainly plagioclase 2960 0.5
feldspars and pyroxenes
Dolomite DO Sedimentary  Carbonate group 2830 0.01
Dunite DU Igneous Almost all olivines 3250-3270 1.0
Gabbro GA Igneous Mainly plagioclase 2860-2880 30
feldspars, pyroxenes and
olivines
Gneiss GN Metamorphic  Layered mineral, mainly 2640 0.2
feldspar and quartz
.Granite-1 GR-1 Igneous Mainly potash feldspars 2610 1.5-2.0
and quartz
Granite-2 GR-2 Igneous Mainly potash and 2640 0.5
plagioclase-feldspars, quartz
Hypersthenite HY Igneous Pyroxene group 3290 20
Limestone LI Sedimentary  Carbonate group, mainly 2610 0.001-0.01
: calcite -
Obsidian OB-  Igneous Glassy potash feldspar 2440
and quartz
Pyrex PY Artificial 2230
Quartz
monzonite QM Igneous Mainly potash and ) 2640 1.0
- plagioclase-feldspars and .
quartz
Quartzitic Qs Sedimentary  Mainly quartz 2640-2650 0.3
sandstone )
Slate SL Metamorphic  Layered clay minerals -~ 2760

Table 4. Some characteristics of the 15 materials (rocks, minerals, glass) whose thermal
conductivity are plotted in Figure 27 (Birch and Clark, 1940) (41].
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Figure 34. Thermal conductivity of siliceous-aggregate concretes [35].
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4. Correlations and Prediction of Thermal Properties

Concrete is a mixture of cement paste, fine aggregate, and coarse aggregate, with capillary pores and
gel pores and some evaporable (as opposed to chemically bound) water. The general approach taken
in this section is to examine various equations that can be used to predict a particular property of a
mixture from the composition of the mixture and from the (same) property of each of the
constituents. Two “mixture rules” are identified below. For the density and the heat capacity of a
mixture, these rules reduce to very simple forms that are almost intuitively obvious. For a transport
property such as conductivity or diffusivity, that depends upon how the different constituents or
components are arranged, the situation gets more complicated, as is discussed in Section 4.3, below.

The simplest mixture rule is that of Bruggeman [61,41] which is

o" = Y v, - (55)

where ¢ is the particular property of interest for the mixture, ¢, is the property of the ith component,
v, is the volume fraction [m*m?] of the ith component, and m is a dimensionless constant having a
value between -1 and +1. The components of a mixture are often stated in terms of the mass
fraction w, [kg/kg). The volume fraction and the mass fraction are related to each other by

V. p, w,/p,
W = P and P

' E v P T E w,/p, , (56)

where p; is the density 6f the ith component, E v, = 1] and Z w, = 1.

A rather versatile mixture rule is that of Hamilton and Crosser [62] who suggest that the property
(they were interested in thermal conductivity) of a two-component mixture be expressed as

¢2 +(n - l)d)l - ("] - l)vz(d)] - ¢2)

L] BT T S

CY)

where component 1 is the continuous component and 1) is an empirical constant. Harmathy [41] has
rewritten this expression in the form

vid, + Yv,0,

p =2 TH%
Vl + sz (58)
where
Y - ne, 59
- Do, + b, >9)
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depends upon 1 and upon the property value for the two components, but does not depend upon the
volume fractions of the components. When 1) ~ «, Egs. (58) and (59) reduce to the form of Eq. (55)
with m = 1. When n - 1, they reduce to the form of Eq. (55) with m = ~1. Other limits of these
mixture equations are examined in Section 4.3, below.

4.1 Mass, Volume, and Density

The density p of a mixture is given simply by Eq. (55) with m = 1, which is the same as Eq. (58) with
y =1:
p-dvie (60)

where p; is the density of the ith component. The overall porosity of a composite solid consisting
of several porous components is

P=XvP ., : 61)
[
where P, is the porosity of the ith component.

Harmathy [41, pp. 75-84] states that the bulk.density of cement paste can be predicted from the
equation _
W .+w, 1+ (W,/W,)¢
P ; : (62)
W.ip, + W, 1Ip, lp, + (WJW)(1 + A)lp,

c

where W, is the mass [kg] of cement in the original cement mixture, W, is the “effective” [41] mass
[kg] of water in the original mixture, W, is the mass [kg] of non-evaporable water, as determined by
drying over dry ice, for the cement paste in its present condition, W,,, = W, (1 + A) is the “adjusted”
mass [kg] of water in the original mixture, V-V,l is the mass [kg] of non-evaporable water that would
be present on complete hydration of the cement paste, A is the mass [kg/kg] of water, relative to W,,,
that would fill the voids created by entrained or entrapped air in the original mixture, p, =
3150 kg/m’ is the true density of the solid cement used to make the paste, p,, = 1000 kg/m?® is the
density of free water and capillary water, and ¢ [dimensionless] is a measure of the extent of
hydration of the cement paste.

Since, for the present project, the room-temperature mass, volume, and bulk density of concrete
specimens can easily be determined simply by measuring the mass and volume of a specimen, there
is no need to examine further any correlations to attempt to predict these room-temperature values
from the composition of the concrete.

The bulk density of a material at elevated temperatures can be computed as

W(T )/W,

TY = .
P = P [1 + AT, 1°

(63)
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where p, is the room temperature density, W(T')/W, is the ratio of the mass of a specimen at
temperature 7 to the room temperature mass, usually obtained by thermogravimetry (TG), and
AU(T) /e, is the linear thermal expansion of a specimen at temperature 7, usually obtained by
dilatometry. The form of Eq. (63) implicitly includes the assumption that specimens have been at
temperature long enough to reach steady-state conditions, i.e., long enough for moisture to be driven
off or for chemical reactions, such as dehydration, to come to completion. Otherwise, the density
will depend upon the thermal history of the material.

Assuming such steady-state conditions, the mass of the concrete is simply the sum of the masses of
its constituents so that W(T')/W,, is easily computed from the corresponding curves for the various
constituents -- cement paste, fine aggregate, and coarse aggregate.

The linear-thermal-expansion coefficient is defined, at constant pressure P, as

i

[0 4 I= l ._.a_v_
t\arj, ' h (64)
where { is length and T is temperature. "The volumetric expansion coefficient is
_1{av) _ _1(op ' :
P V( aT),, p[aT),, ’ (65)

where V is volume and, as before, p is density. If the material is isotropic, f§ = 3a.

Normally coefficients of thermal expansion are not measured directly but are obtained by
differentiation of curves of measured length versus temperature. For example, the observed change
in length might be represented by a least-squares-fit power series such as

Y

¢ 0 =ay+aT +aT?+aT? 4+ (66)
0 0

where {, is the length at a reference temperature such as 20 °C. Then the linear thermal expansion

coefficient would be computed as

a, +2a2T+3a3T2 e

o = . 67
1+a0+alT+a2T2--- (.)

For the present project, it is really not necessary to compute thermal expansion coefficients since the
density of concrete can be computed from A¢/f,, as shown in Eq. (63). However, in the literature,
correlations for predicting the thermal expansion of mixtures are expressed in terms of expansion
coefficients rather than A¢.

Turner [63] recommended that the thermal expansion coefficient of a mixture of isotropic
constituents be computed using
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where «;, B;, ;, and p, are, respectively, the coefficient of linear thermal expansion [m m' K],
the bulk modulus [Pa], the mass fraction [kg/kg], and the density [kg/m*] of the ith component. This
equation implicitly assumes that thermal shear stresses are low enough to be neglected, which may
be the case for concrete since cement paste has a low shear modulus. If the bulk moduli are not
known but it can be assumed that the various components of the mixture have similar values of
Poisson’s ratio, the bulk moduli will be nearly proportional to the corresponding Young’s moduli
and the Young’s moduli, rather than bulk moduli, can be used in Eq. (68). If it can be assumed that
all of the components of the mixture have very similar bulk moduli, Eq. (68) reduces to

o = ' vicci s (69)

1

where v, is the volume fraction of the ith component. This simple mixing rule corresponds to the
Bruggeman rule (Eq. (55) with m = 1 and to the Hamilton-Crosser rule (Egs. (58) and (59)) with
¥ =1 (n ~»). For normal strength or high strength concrete, the curve of thermal expansion versus
temperature tends to be rather similar to that of the principal aggregate, which typically occupies
roughly 70 percent of the volume of the concrete.

Equations (68) and (69) are known to provide bounds on the thermal expansion coefficient of
composite materials. There are other, more complicated, formulae in the technical literature [64-68]
that provide somewhat tighter bounds than these two equations. Some of these expressions require
knowledge of the shear modulus of each of the constituents, in addition to the bulk modulus. In
general, such information will not be available and so these other expressions are of little practical
value-for the present project. The bulk modulus of different rocks or minerals that might be used
as aggregates vary considerably with their origin and their porosity [51] so that even Eq. (68) is of
rather limited value unless bulk modulus data are available for the particular lot of aggregate. Since
it is much easier to measure high temperature thermal expansion than it is to measure high
temperature bulk modulus; Eq. (68) and the other expressions referred to at the beginning of this
paragraph are of limited use.

Typical normal strength concretes expand in length by roughly 0.5 to 1.5 percent between room
temperature and 1000 °C, corresponding to a decrease in density of roughly 1.5 to 4.5 percent. Thus,
for the purposes of this project, it is not necessary to know the thermal expansion of the concrete
very accurately. If approximate values for the bulk moduli of the constituents are known, Eq. (68)
is probably the most practical formula for predicting the density of the concrete. Otherwise, the
simple rule of mixtures, Eq. (69), should provide a fairly reliable estimate.

4.2 Enthalpy, Specific Heat, and Heats of Reaction

The good news is that (1) the enthalpy of a mixture of materials, such as those contained in concrete,
can be computed from the masses and enthalpies of the individual components, provided that the
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degree of hydration is known or measured; (2) the sensible specific heat will not vary much with
changes in type and quantity of aggregate; and (3) the heat of sorption for water will not differ much
from the heat of vaporization except for extremely small pores and any difference can be estimated
theoretically from the pore size. The bad news is that the rate of heat release or absorption due to
chemical reactions will vary with temperature, rate of temperature rise, degree of hydration, absorbed
moisture content, and pore pressure.

The specific heat of a mixture does not depend upon how the components are distributed but simply
upon the mass fraction and the specific heat of each component:

'C=Xi:wiC,. . : ' (70)

Harmathy [41] has described a detailed approach to estimating the specific heat of the various
“constituents of concrete, cement paste, fine aggregate, and coarse aggregate from the estimated
chemical composition of each constituent and then computing the specific heat of concrete using
Eq. (70). He goes into considerable detail and it does not seem necessary to replicate his work here.
It is recommended that this approach be used for the present project, supplemented by experimental
verifications. _ : '

In Harmathy’s method of computing specific heats, he includes the enthalpy associated with release
of water of hydration as part of an effective specific heat. In the PCA model for predicting
temperatures and pore pressures of concrete exposed to fire conditions, that enthalpy is handled
separately from the sensible specific heat of the concrete. Thus care will be required to ensure that
the specific heats that are computed treat heats of vaporization, heats of sorption, and heats of
dehydration in a manner consistent with that used in the model.

4.3 Thermal Conductivity and Thermal Diffusivity

Heat transfer through a two-component medium, in the absence of large-scale convection, can be
considered as having three mechanisms: (a) true thermal conduction through the continuous and
discontinuous components, (b) natural thermal convection within the pores or cells of the material,
and (c) thermal radiation within the continuous and/or the discontinuous components. These several
components of heat transfer are additive but in general are not independent. For a material with
reasonably small cells or pores, such as concrete, heat transfer due to natural convection within the
pores is small and can either be neglected or can be lumped in with the true conduction component.
Large-scale convection, e.g., due to air and water vapor being driven through the concrete by a
gradient in pore pressure is not explicitly considered in this section.

Since the sensible portion of the specific heat of concrete will not vary greatly with changes in the -
type and quantity of aggregate or even with degree of dehydration, the thermal conductivity and the
thermal diffusivity will be affected in similar amounts by changes in the concrete. For concrete, both
of these thermal transport properties are relatively weak functions of temperature, but they will
change quite significantly as functions of porosity, absorbed moisture content, and extent of
- dehydration. Heating of concrete will result in differential thermal expansion between the cement
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paste (which shrinks as it is heated) and the fine and coarse aggregates. Such expansion can greatly
affect thermal contact resistance at the interfaces between different components and hence
significantly change both thermal conductivity and thermal diffusivity. Pore pressure probably
would not directly affect these properties very much but it will affect the extent of dehydration and
the absorbed moisture content and thus could indirectly cause significant changes in thermal
conductivity and thermal diffusivity.

Thermal conductivity is defined in terms of the ratio of the heat flux to the temperature gradient, in
the absence of any mass flow. In general, there is no practical way to stop mass flow from occurring.
For materials with low permeability and low mass diffusivity, the diffusive mass flow may be small
enough that it should be possible to carry out transient thermal tests to determine thermal
conductivity and/or thermal diffusivity before significant mass transfer can occur. However,
evaporation and subsequent condensation of moisture can transfer large quantities of heat even for
small mass flows so separation of conducted heat from the heat associated with mass transfer can
be very difficult and tricky.

Fora homogeneous material, thermal conductivity is defined as

- _ 4 :
A=-3r (1)

where g is the heat flux and VT is the temperature gradient. For a heterogeneous material, this
definition is extended to

A o= -1 ,
effective ( VT) (72)

where { VT') is the average value of the temperature gradient over a region large in comparison with
the size of the inhomogeneities. Unless the sample is large in comparison with the inhomogeneities,
it is scarcely meaningful to attempt to define an effective thermal conductivity.

In a multi-component material the effective thermal conductivity will depend upon:

1. The thermal conductivity of each component.
2. The proportions of each component.
3. The manner in which the components are distributed; in particular
a. whether or not the component is continuous in the direction of heat flow,
b. whether the component distribution is ordered or random,
c. the size, shape, and orientation of each segment of each component.
4. The nature of the contacts between the different components.
5. The emissive and absorptive properties of the components if there is significant radiative
heat transfer through one or more of the components.

The problem of computing the effective thermal conductivity of a mixture from the thermal
conductivities of the components is mathematically the same as the problem of computing the
electrical conductivity, dielectric constant, or magnetic permeability of a heterogeneous mixture.
There exists a large body of pertinent literature, much of which is covered in review articles [69-76].
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The following discussion covers a few of the available mathematical relations for correlating the
effective thermal conductivity of a mixture with the thermal conductivities of the individual
components.

The simplest model for purposes of analysis is that in which the two components are arrayed in
alternative parallel layers as shown in Figure 49. If the heat flow is parallel to the layers, the
effective thermal conductivity is given by

A.=f|)‘1 +f2A'2 : (73)

where f arnldf2 are the volume fractions of the components having thermal conductivities A, and A,,
respectively; this expression is simply the Bruggeman mixture rule, Eq. (55), withm = 1. If the heat
flow is perpendicular to the component layers,

AA,

A.: 172
LA+ fiA

this expression is the Bruggeman mixture rule with m = -1. Equations (73) and (74) represent the
extreme limits of the thermal conductivity of a two-component mixture. These limits are shown in
Figure 50 for the case A, = 10 A,. Although both Eq. (73) and (74) predict thermal conductivity
values intermediate between the conductivities of the individual components, the conductivity
obtained is very different for the two cases. Thus these limits are of relatively little use except for
laminated materials.

(74)

Heat flow
parallel to
layers

l

Heat flow

perpendicularto ——»
layers

OEOE
OO
O

Figure 49. Two-phase material with phases distributed as parallel slabs.

61



08
Moo Parallel

06

04 r

02 b Series

0.0 1 1 1 L 1 L. L 1 1

0 0.2 0.4 0.6 0.8 1.0
f2

Figure 50. Effective thermal conductivity of a laminated material with heat flow parallel or
perpendicular to laminations.

It is possible to obtain tighter limits for the thermal conductivity of a two-componént mixture by
calculating the apparent effective conductivity by each of two simple methods:

Series Slabs

The material is divided into thin slabs perpendicular to the direction of principal heat flow.
The effective conductivity of each slab is computed by assuming that the two components act
as conductors in parallel. The effective conductivity of the mixture is then computed by
assuming that the slabs act as conductors in series.

Parallel Tubes

The material is divided into thin tubes or rods parallel to the direction of principal heat flow.
The effective conductivity of each tube is computed by assuming-a that the two components
act as conductors in series. The effective conductivity of the mixture is then computed by
assuming that the tubes act as conductors in parallel.

Jackson and Coriell [77] have shown that these two methods provide upper and lower bounds for
the true effective conductivity of a mixture. In order to calculate these bounds it is necessary to
assume some sort of model representing the manner in which the components are deployed. Several
investigators have represented a disperse second component by a cubic array of cubes as shown in
Figure 51. The two methods described above can then be used to calculate limits for the effective
conductivity of the mixture. Since there is some confusion in the literature on these calculations, it
is worthwhile to spell out the steps and assumptions involved. .
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Figure 51. Cross-section of the model in which a disperse second phase is considered to be a cubic
array of cubes. )

Series Slabs

1. As shown in Figure 51, the mixture is divided into slabs (A) containing no disperse second
component and into slabs (B) containing both continuous and disperse components. The
effective conductivity of the B-slabs is computed, using Eq. (73), by assuming the disperse and
continuous components act as conductors in parallel: -

Ag =P A, (1 - PHA,

where P, is the fraction of the total area which contains the disperse component of
conductivity A, and (I - P,) is the fraction of the area which contains the continuous

component of conductivity A
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The effective conductivity of the mixture is computed, using Eq. (74), by taking the A-slabs
and the B-slabs in series:

A'AA'B‘
P, + (1 - P)A,

where A, = A,, A, was given above, and P, is the fraction of the total length containing the
disperse component. Evaluation of this equation yields

A (l_.Pa)+PaA‘d/)'c
A (1 -P,+PP)+P(1-P)AJ (75

Parallet Tubes

1. Inthis approximation, the mixture is divided into parallel "tubes" (A) containing no disperse
second component and "tubes" (B) containing, both components.

2. The effective conductivity of the B-tubes is computed, using Eq. (74), by assuming the
disperse and continuous components to be in series:

A’c)‘d
Pckc + (1 - Pa))‘d

3. The effective conductivity of the mixture is compdted, using Eq. (73), by assuming the A-
tubes and B-tubes to be in parallel:

A=Phy+(1-P)A,

a

Evaluation of this equation yields:

P(1 - P) + (1 - P, +PP)AJL
P, + (1 + P)AJA,

A

o (76)
In the above derivations, it was stated that the model was a cubic array of cubes. In fact, it is not
necessary to be so restrictive. For Eq. (75) to be valid, it is only necessary that the model can be
divided into two types of slabs (perpendicular to the flow of heat)-one containing no disperse
component and one having a fraction, P,, of disperse component which can be distributed in any
manner. For Eq. (76) to be valid, it is only necessary that the model can be divided into-the two
types of "tubes"” (parallel to the flow of heat). Thus Eqgs. (75) and (76) are, in principle, also
applicable to dispersions of, for example, fibers or platelets oriented parallel or perpendicular to the
flow of heat. However, these equations will not necessarily bound the true effective conductivity
unless both are based on the same component deployment.
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For a disperse component in the form of cubes, or in which cubes may be used to approximate an
isometric disperse component, equations (75) and (76) may be recast in terms of the volumetric
fraction of disperse component, which is designated as f. For the model used, it is easily seen that P, f 13
and P, =f 23 with these substitutions, the forms usually seen are obtained:

Series Slabs
A (1 _f:)j3) +f2/3 A‘d/Ac

A (U -fP )y r (B - AN, 77

Parallel Tubes

AP+ (- YA,

)Tc h F (1= FBY A ' (78)

Although one would appear to be, on the face of things, considering a fairly complicated mode] in
deriving Egs. (77) to (78), a little thought reveals that the model reduces to the two simple electrical
networks shown in Figure 51. In the series-slabs model, one effectively assumes that the continuous
component has an infinite thermal conductivity normal to the principal flow of heat; thus this
approach, resulting in Egs. (75) and (77), always overestimates the effective thermal conductivity.
In the parallel-tubes model, one effectively assumes that the continuous component has zero thermal
conductivity normal to the principal flow of heat; thus this approach, resulting in Egs. (76) and (78),
always underestimates the effective thermal conductivity.

Maxwell derived an expression for the conductivity of a two-component dispersion of spherical
particles of conductivity A, imbedded in a medium of conductivity A,. This expression is rigorously
valid for dilute dispersions where the average distance between dispersed particles is much larger
than the particle size. Maxwell's relation can be written in the form:

2= 2f 4 (1 + 2f YA A,
24 f+ (1= f)rA, ) (79)

A
A
The behavior of Eq. (79) for small fis more easily seen by expanding it in the form:

3F(1 - ALY 3f2(1 - A /AP

=1 - — . _ -y fel 0
2+ A, (2 + A, /A)° 80)

Rt

In Figure 52, the predictions of the series-slabs expression (Eq. (73)), the parallel-tubes expression
(Eq. (74)), and the -Maxwell dilute dispersion expression (Eq. (79)) are compared for the case
f = 0.1. For values of A d/k . near 1, all three expressions agree. However, if the thermal
conductivities of the two components differ significantly, the series-slabs and parallel-tubes
expressions disagree with the Maxwell expression, which should be very accurate for f < 0. 1.

To predict the thermal conductivity of a dispersion having less than about 0. 1 volume fraction of
isometric dispersed component imbedded in an isotropic continuous component, one should use the

65



0.7 1 | | .
0.01 0.1 1.0 _ 10 100

Ao/Ac

Figure 52. Computed effective conductivity of a dispersion of 0.1 volume fraction of a material of
conductivity A, in a continuous matrix of material of conductivity A,.

S Series-slabs expression, Eq. (77) -
P Parallel-tubes expression, Eq. (78)
M Maxwell dilute expression, Eq. (79)

Maxwell dilute dispersion expression, Eq. (79) or (80). The expressions obtained from the cubic
array of cubes, Egs. (75) to (79), should not be used for dilute dispersions in media having an
isotropic continuous component. For anisotropic media, the Maxwell expression would have to be
modified. For highly anisotropic media, the implicit assumptions of either infinite or zero lateral
thermal conductivity of the continuous component might be more nearly met so that one of the
series-slabs or the parallel-tubes expressions (Eqgs. (75) to (79)) might be more accurate than in
isotropic materials. For heat conduction in the poorest conducting direction, the series-slabs
expressions, Eqs. (73) and (75), should be more accurate while for heat conduction in the best-
conducting direction, the parallel-tubes expressions, Eqgs. (74) and (76) should be more accurate.

The two expressions (Egs. (77) and (78)) derived from the model of a cubic array of cubes disagree
seriously with one another in the limiting case of small volume fractions of disperse component.
However, for volume fractions of the disperse component approaching unity, Egs. (77) and (78)
converge to a common expression which, quite interestingly, is identical to the Maxwell dilute
dispersion expression, Eq. (74).
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A special case of interest is the effect of porosity on thermal conductivity. If the thermal
conductivity of the continuous material is much greater than the effective conductivity of the pores,
A/}, = 0 and the above expressions reduce to:

Series-Slabs

3
%:_]%w , A’d«A’c s (81)
which for small f reduces to
i:[—f—f5/3+---l«l
}. ’ 4 d c ° (82)
Parallel-Tubes
A
T:I_fm . Ay A, (83)
Maxwell Dilute Dispersion
A 2-2f
nozes e _- ®
which for small f reduces to -
A, 3. 3., |
AR T e ®5)

In Figure 53 the predictions of Egs. (81), (83), and (84) are shown for void volume fractions up to
" 0.1. Over this porosity range the Maxwell equation should be rather accurate if the porosity is in the
form of dispersed, disconnected, isometric pores. For cement paste and porous aggregates, this
generally will not be the case and Eq. (84) should then serve only as an upper limit for the effective
thermal conductivity of a porous material.

For dispersions which are sufficiently dilute for Eq. (79) to be valid, neither the size distribution of
the disperse particles nor the manner in which they are deployed are of consequence. However, these
factors must be considered if the concentration of the dispersed component is increased. Lord
Rayleigh treated the case of uniform spheres arrayed in a cubic lattice distribution. Meredith and
Tobias extended Rayleigh's derivation by an additional term and obtained [70]:

Ao 3
A, 2+ A 1315(1 - A,/A)f'0° (86)
1 - A /A, 413 + A /A + 04091 + A A )f 3
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Figure 53. The effect of porosity on thermal conductivity as computed by:

S Series-slabs expression, Eq. (81)
P Parallel-tubes expression, Eq. (83)
M Maxwell dilute expression, Eq. (84) -

for the conductivity normal to a side of the cube. If the term involving f'** in the denominator of
the right hand side is dropped, this expression reduces to the Maxwell dilute dispersion expression,
Eq. (79). Equation (86) should be more accurate than Eq. (79) for values of f up to n/6 =0.524,
which is the maximum possible value for a cubic array of spheres.

A rigorous solution for the effective conductivity of a concentrated random array of particles of
varying sizes has not been achieved. Several approximations have been developed which are useful
in many cases. Bruggeman (see, e.g., [61,69-70]) developed an expression, -

Ao ()" ; -
Moo\ A) a .

which has proved rather effective in predicting the conductivity of a dispersion containing a wide
range of particle sizes. For A, ~ 0, Eq. (87) reduces to

||




. _AA,— = (1 —f)3/2 , A’d « A‘c , (88)
while forA, -
A 1
— = —, >,
Aoa-pr ©

For a concentrated dispersion containing only a narrow range of particle sizes, the Bruggeman
variable dispersion expression (Eq. (87)) tends to. overestimate the effect of the disperse component
while the Maxwell expression (Eq. (74)) tends to underestimate. Meridith and Tobias [70] suggested
an alternative semiempirical expression that predicts conductivity values intermediate between the
Bruggeman variable dispersion equation and the Maxwell dilute dispersion equation:

. [2(Ad/AC £ 2) $2(A A, - l)f] [(2 - YA, +2) 2@ - 1)f

)tc Z(Ad/Ac + 2) - (A-d/lc - l)f (2 - f)(ldlkc +2) - (Adlkc - l)f (90)
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-Meredith and Tobias [70] contrast the predictions of the various expressions given above. For a
given two-component system, all of these expressions predict two different conductivities, dependent
on which component is assumed to be disperse. Bruggeman (see [61,69]) derived another
approximate expression that should be applicable to mixtures where neither component is necessarily
confinuous:

- A Ay - A

: -0 .
f'A TR Ty ©3)

In Figure 54, the predictions of the Bruggeman mixture equations are compared with those from the
Maxwell dilute dispersion equation. It is seen that for small values of f,, the Bruggeman mixture
equation is in agreement with a dilute dispersion of particles of conductivity A, in a matrix of
conductivity A,, while for values of f, approaching unity the mixture equation predicts a conductivity
due to particles of conductivity A, dispersed in a matrix of conductivity A,.

There have not been enough accurate measurements of the thermal conductivity of well-
characterized concretes to provide adequate experimental confirmation of any of the above
equations. For well-defined systems (such as spheres dispersed in a continuous matrix) which are
in good correspondence to the models used in deriving these equations, measurements of electrical
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Figure 54. Computed effective thermal conductivity of a mixture.

B Bruggeman mixture expression, Eq. (93)
H  Maxwell dilute dispersion expression, Eq. (79), high-conductivity phase continuous
L Maxwell dilute dispersion expression, Eq. (79), low-conductivity phase continuous

conductivity or dielectric constant have shown good agreement with the theoretical predictions of
these equations. Concretes, in general, cannot be readily described in terms of a simple model such
as spheres dispersed in a uniform medium, and hence in many cases the expressions cited above will
indicate qualitatively the effect of an additional component but should not be relied upon for accurate

quantitative predictions.




5. Experimental Techniques for Determination of Thermal Properties

5.1 Mass, Volume, and Density

At room temperature, the mass is easily determined by conventional weighing techniques and the
volume easily computed from the measured dimensions of a specimen of well-defined geometry.
The bulk density of the specimen is then computed from the mass and volume. In this report, the
determination of porosity and of “true” density are not addressed.

The change in mass as a specimen is heated is conventionally determined using thermogravimetry
(TG or TGA), which is a fancy way of saying that the sample is weighed while it is being heated.
There are numerous commercial TGA apparatus available. Typically, a crucible containing the
sample material is suspended, inside a vertical tube furnace, from a wire connected to an electronic
balance above the furnace. The furnace is equipped with a temperature controller that permits
increasing the furnace temperature at a pre-selected constant rate. Provision is made to minimize
convection effects on the weighing process and to measure the sample temperature. Usually the
furnace is purged with air or some other gas, at a very slow rate, to remove gases that evolve from
the test sample. Some TGA apparatus is designed so that the pressure of the gas surrounding the
sample can be controlled over a broad range.

Concrete and its components present a few challenges that homogeneous materials do not. Because
concrete is a mixture, with the large aggregate typically being 1 to 5 cm in mean diameter, it is either
necessary to use a rather large test sample of solid concrete in order to be statistically reliable or else -
it is necessary to grind up a large sample into a powder, blend it thoroughly, and test a small portion
of the powder. Using a large sample of solid concrete presents several difficulties: (1) many TGA =
apparatus cannot handle a large sample, (2) a large sample will not be isothermal and it is therefore
difficult to know what temperature to assign to the test results, and (3) a large sample will retard the
evolution of gas - e.g., released water of hydration — from within the sample. Typically, one would
expect TGA test results on large solid samples to be dependent upon the sample geometry and size,
as well as upon the rate of heating. Using a small powdered sample means that the average
temperature of the sample will be close to the temperature of the crucible and that the gas evolving
from the sample can easily escape. However, mass loss data taken on a small powdered sample
would not be representative of how the concrete would behave under fire conditions.

Rather than carrying out measurements on a solid or powdered sample of concrete, an alternative
approach for determining mass change versus temperature is to measure, separately, the mass change
of each of the components — cement paste, fine aggregate, and coarse aggregate — and compute the
expected mass change for the concrete mixture. Unless fairly large samples can be tested, this latter
approach is probably best, not only for mass change but for specific heat and heats of reaction.

As explained in Section 4.1, the change in volume due to heating is usually computed from data on
the linear thermal expansion of a suitably large sample. Various techniques for measuring thermal
expansion to high temperatures are described in [78-82]. Interferometric techniques, capacitance
cells, and X-ray diffraction are more complex and expensive than necessary for engineering materials
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such as ceramics or concrete. Thermal expansion measurements can be made using optical ‘
techniques, ranging from the use of a cathetometer to measure the change in position of fiducial

marks on the specimen, to the use of more sophisticated laser equipment However, the simplest

technique, and certainly the most commonly used technique, is push rod dilatometry. In this method 1
the relative expansion of the specimen is transmitted out of the furnace using tubes or rods of some

stable material. As described by Kirby [80], there are three variations of push rod dilatometry, with

differential dilatometry being the preferred approach whenever possible. In differential dilatometry,

the thermal expansion of the test specimen and the thermal expansion of a reference specimen, of

nominally the same length, are brought out of the furnace using nominally identical push rods. Since

the push rods hopefully experience the same longitudinal temperature distribution, their thermal

expansions should be very nearly identical. Thus, the relative motion of the room-temperature ends

of the push rods will be due to the relative thermal expansion of the test specimen and the (known)

reference specimen.

Most high-temperature dilatometers use specimens no larger than 5 mm in diameter by 50 mm long.
Considering that the high-strength concrete of interest to NIST in this project will have coarse
aggregate nominally 13 mm in size, thermal expansion specimens of the order of 100 to 200 mm in
length should be used if possible. If no other laboratory can handle such large specimens, it would
not be too difficult to build a dilatometer at NIST that could handle such sizes.

5.2 Enthalpy, Specific Heat, and Heats of Reaction

There are numerous methods for determining specific heat and heats of reaction[83-93]. Most of
the high-temperature techniques that would be suitable for concrete or its constituents are painfully
slow and therefore data acquisition is expensive. An exception is differential scanning calorimetry
(DSC), which is now the most commonly used procedure for measuring specific heat and for
studying reaction kinetics. Most DSC equipment uses very small samples, typically a fraction of a |
gram in the form of powder, and can only handle measurements up to about 600 °C. For a material

such as concrete; it would be very difficult to obtain representative samples of such small size.

There are, however, a few commercial instruments that can accommodate large enough samples to

be representative of concrete and that can make measurements at temperatures up to 1200 °C or

higher. While the sensible heat capacity would not vary significantly with pressure, the reaction

kinetics may be seriously affected by the high pore pressures that may occur in concrete exposed to

fire conditions. Almost all commercial TGA and DSC equipment operates at atmospheric pressure |
or below. If commercial equipment can be found that can measure larger samples under controlled

pressures, the enthalpy and mass loss measurements should be relatively straightforward. An

alternative to using a pressurized system would be to measure on sohd spectmens of sufficient size

that there will be significant internal pore pressures.

5.3 Thermal Conductivity and Thermal Diffusivity

In determining thermal conductivity or thermal diffusivity of concrete, it is important to recognize
and deal with the influence of moisture migration. Traditionally, most thermal conductivity
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measurements are made under steady-state conditions with thermal conductivity being computed
from a geometrical factor, a heat input, and a temperature difference. The apparatus is operated
either under conditions of constant heat input, with the resultant temperature difference being
measured, or under conditions of constant temperature difference, with the resultant required heat
flux being measured. Under such conditions, it may not be possible to measure the thermal
conductivity corresponding to a given uniform moisture content in the specimen since the imposed
temperature gradient can drive the moisture to the cold side of the specimen where it will collect or
. escape, depending upon the experimental configuration. Sometimes the moisture migration is
sufficiently slow that it appears as if steady-state conditions have been achieved but the data may not
yield appropriate thermal conductivity values.

For moist materials, it often is preferable to determine the apparent thermal conductivity or apparent
thermal diffusivity under transient or periodic conditions so that data can be acquired without the
moisture being driven away. Considerable care and understanding are required to ensure that the
technique selected will yield property values that are appropriate for the end-use application.
Analysis and interpretation of the results obtained from transient or periodic tests requires caution
and an understanding of the limitations of the technique selected. For example, the differential
equation that describes conductive heat transfer in an isotropic material of thermal conductivity A,
density p, and specific heat C is V-(AVT) = pC(07/0¢), where T is temperature and ¢ is time. If the
thermal conductivity is independent of position and of temperature, it may be factored out on the left-
hand side, yielding VT = (1/x)(37/3f), where k = MpC is the thermal diffusivity. - Thermal
diffusivity is a questionable parameter if the thermal conductivity is not constant or if there are terms
in the differential equation representing other forms of heat transfer, such as radiation or, in the
present context, heat transfer associated with moisture migration. Even if an apparent thermal
diffusivity is defined for a given test method, analysis would be required to determine whether or -
not it would be appropriate for use in predicting heat transfer under field use conditions. In general,
it is better to use the appropriate analysis of the experimental data to obtain the volumetric specific
heat and the apparent thermal conductivity. ’

The first concern in most techniques for measuring thermal conductivity is to force the heat flow to
be unidirectional. Since, under steady-state conditions, heat flow is proportional to a geometric
factor, a thermal conductivity, and a temperature difference, the direction of heat flow must be
controlled by controlling one or more of these variables. The experimenter's freedom in adjusting
these parameters is constrained, sometimes severely, by the often-conflicting requirements of being
able to accurately measure total heat flow, geometry, and temperature differences. Very practical
considerations, such as available specimen size, frequently constitute severe constraints on apparatus
design.

It is not possible to directly measure the heat flow in a specimen; one must, rather, measure the heat
flow into a specimen or out of a specimen. This necessitates that not only must transverse heat losses
or gains from or to the specimen be prevented or accounted for but, further, there must be no
unaccounted-for losses or gains between the specimen and the location at which the heat flow is
measured. The most common method of measuring heat flow into a thermal conductivity specimen
is to measure the electrical power dissipated in a heater at the hotter end of the specimen. In other
"absolute” methods, the heat flow out of a specimen is sometimes measured by a "flow calorimeter,"
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with which one observes the temperature rise and flow rate in a circulating liquid of known heat
capacity, or by a "boil-off calorimeter,” with which one observes the boil-off rate of a fluid of known
heat of vaporization. In some types of apparatus, the heat flow is determined from the temperature
difference or gradient in another material of hopefully known thermal conductivity that hopefully
has the same heat flow; a special case of this type of apparatus would be one using a heat flow meter
that is calibrated using one or more specimens of known thermal conductivity. This investigator’s
bottom line on comparative versus absolute methods is that one should not use comparative methods,
including heat flow meter apparatus, unless there are absolute methods available that enable accurate
testing of calibration specimens of the same size, and under the same environmental conditions, as
are required in the comparison apparatus. '

It is not possible to directly measure the temperature gradient in a specimen; one must, rather,
measure the temperature difference between two or more locations and then compute the average
temperature gradient. Consider a specimen held between a heat source and a heat sink. If the total
thermal resistance of the specimen is large compared with the thermal contact resistances between
the source and the specimen and between the specimen and the sink, then the temperature drop
across the specimen can be taken as equal to the temperature of the source minus the temperature
of the sink and it is not necessary to install temperature sensors in the specimen. However, if the
specimen has a low thermal resistance such that thermal contact resistances are not negligible, it is
necessary either to correct for these contact resistances or, what is usually done, to install
temperature sensors in the specimen.

Measurement techniques, both steady-state and non-steady-state, for determination of thermal
conductivity have been extensively reviewed [94,86,87]; for high-temperature measurements, the
state-of-the-art has not changed significantly since these reviews were completed. Many of the test
methods used for thermal conductivity and thermal diffusivity are described in the proceedings of
the International Thermal Conductivity Conference, dating back to 1961.

5.3.1 Steady-State Methods

Most thermal conductivity measurements are made under steady-state conditions, which typically
take some hours to achieve. For example, the NIST high-temperature guarded hot plate typically
takes 4 to 6 hours to reach steady state. By that time, most of the moisture would be driven out of
the specimen, so that the thermal conductivity values achieved would essentially correspond to a dry
state.

The vast majority of the various techniques for steady-state measurement of thermal conductivity
can be categorized under the headings given below (Types 1 through 7 utilize longitudinal heat
flow).

Type 1. Absolute axial heat flow in a rod
This type of apparatus usually use a specimen whose length is very long compared to its diameter,

with the specimen held coaxially in a guard cylinder whose inside diameter is typically two to four
times the specimen diameter, the space between the specimen and the guard being filled with thermal
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insulation. Such apparatus is mainly intended for good thermal conductors, such as metals or high
density, high purity ceramics. For materials such as concrete that have quite low thermal
conductivity, it would be very difficult to provide adequate guarding, particularly at high
temperatures where the thermal conductivity of available insulations is not much lower than that of
concretes. In addition, the time to reach thermal equilibrium increases approximately as the square
of the specimen length so that long specimens should not be used when it is desired to attain
equilibrium before moisture is driven off.

Type 2. Comparative cut-bar apparatus

This type of apparatus typically uses a specimen whose length is comparable (within a factor of, say,
2) with its diameter. The specimen is placed between two rods of known thermal conductivity and
the thermal conductivity of the specimen computed from the ratio of the temperature gradients in the
known and unknown specimens. As for Type 1 equipmient, a coaxial guard and thermal insulation
are used to control heat gains or losses. This design avoids the problems of providing the specimen
with an attached heater and heat sink. Depending upon the thermal resistance of the specimen, ~
thermocouples may be installed in it or the temperature difference across the unknown specimen may
be computed by extrapolation of temperatures measured in the known specimens. For low-thermal-
conductivity materials, adequate guarding is difficult. For the thermal conductivity range of
~ concrete, there are not suitable reference materials over the temperature range of interest.

Type 3. Absolute cut-bar apparatus

This type of apparatus can accommodate specimens of similar geometry to those that are used in
comparative cut-bar apparatus. However, the apparatus is “absolute,” in that the heat flow is
determined by measuring the input power to an electrical heater. The only apparatus of this type of
which the principal investigator is aware is the one he designed and built at NBS in the early 1960s.
By use of sophisticated mathematical analysis and careful experimental procedures, good data were
acquired at temperatures up to 1200 °C. In order to make accurate measurements on a material with
as low a thermal conductivity as that of concrete, a fairly large (e.g., 10 cm) specimen diameter
would be required.

Type 4. Guarded hot plate apparatus

This type of apparatus, intended for use on specimens having relatively low thermal conductivity,
utilizes a circular or square specimen whose diameter or edge length is typically an order of
magnitude larger than the thickness of the specimen. A guarded hot plate apparatus consists of a
heated metering plate, which may be square or circular, separated by a narrow insulating gap from
a surrounding coplanar guard plate. Typically, similar specimens are placed on either side of the hot
plate; the outside surfaces of the specimen are held between constant temperature cold plates. In
operation, the electrical power input to the guard plate is adjusted, usually automatically, so that a
multiple-junction differential thermocouple spanning the guard gap has zero output, indicating that
there is no temperature difference across the guard gap. Thus the electrically generated heat input
to the metering plate flows perpendicularly from both sides of the plate through the specimens to the
cold plates. Guarded hot plate apparatus are typically quite reliable at moderate temperatures but
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the agreement among different laboratories is not very good at elevated temperatures. The current
high-temperature guarded hot plate apparatus at NIST can only be used to about 450 °C. NIST plans
to design and build guarded hot plate apparatus for use to about 1200 °C, but that project will require
several years. The only commercial high-temperature guarded hot plate apparatus that have been
available in recent years are the Holometrix Model GHP-200, which accommodates circular
specimens up to 20 cm in diameter, and the Holometrix Model GHP-300, for specimens up to 30 cm
square. With the higher-temperature heaters from Holometrix, both models are advertised for use
at temperatures up to 650 °C. Anter Laboratories plans to manufacture guarded hot plate apparatus
based on the design of equipment developed at the National Physical Laboratory (United Kingdom).
All such guarded hot plate apparatus requires a long time to reach equilibrium, thus precluding the
possibility of obtaining valid thermal conductivity data before chemical reactions, such as loss of
water of hydration, take place.

Type 5. Unguarded hot plate apparatus

This type of apparatus is similar to a guarded hot plate apparatus but the hot plate is made so thin
and to have such a low lateral thermal conductance that is effectively self-guarding so that no
separate guard is required. The hot plate for such an apparatus has a low thermal capacity so that
it can have a fast thermal response, facilitating a rapid approach to thermal equilibrium. The absence
of a guard simplifies the design and the operation of this type of apparatus, as well as allows more
rapid operation. As will be discussed below under transient methods, an unguarded hot plate
apparatus can be operated in either steady-state or transient mode.

Type 6. Guarded flat plate calorimeter

This type of apparatus typically uses a specimen in the form of a flat slab whose thickness is much
less than its lateral dimensions. Rather than measure the electrical input to a heat on the hot side of
the specimen, a calorimeter is used to measure the heat flow from a central region on the colder side
of the specimen. Either a flow calorimeter or a boil-off calorimeter can be used. Since the heat
capacities and heats of vaporization of pure fluids are well known, such calorimeters can, at least in
principle, be quite accurate. The standardized flow calorimeter apparatus is known to have
significant errors for specimens having low thermal conductivity. A disadvantage of either type of
guarded flat plate calorimeter is that the colder side of the specimen remains at a temperature not too
much greater than that of the calorimetric fluid so that for high hot-side temperatures there is a very
large temperature difference across the specimen, making it more difficult to obtain accurate curves
of thermal conductivity versus temperature.

Type 7. Heat flow meter apparatus

This type of apparatus also uses a slab-shaped specimen, held between a hot plate and a cold plate.
A heat flow meter, which typically consists of a thin sheet of poorly conducting material with
provision to measure a signal that is proportional to a temperature difference through the meter, is
placed on one or both sides of the specimen. The apparatus is calibrated using specimens of known
thermal conductance. Such apparatus is the workhouse of the building insulation industry since it
can take data quite rapidly (typically it is operated with the hot and cold plates at fixed temperatures)
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and is easy to operate. There do not appear to be any commercial heat flow meters of adequate
sensitivity that can cover the temperature range of interest for this project. More critically, there are
no suitable reference standards that could be used to calibrate a high-temperature heat flow meter
apparatus.

Type 8. Radial heat flow apparatus

This type of apparatus typically uses a specimen in the form of a right circular cylinder, with heat
flow radially outward from a heater located in a hole along the axis of the specimen. For solid
specimens, it is customary to have temperature sensors located at different radii within the specimen,
usually at several angular positions. The apparatus may have end heaters to provide guarding or the
specimen may be long enough that it is self-guarding. Such equipment has been used quite
successfully on materials ranging from powders to solid ceramics to metals and at temperatures well
in excess of what is needed for the present project. Instrumenting the specimens typically is time
consuming and the apparatus requires a long time to reach thermal equilibrium.

5.3.2 Transient Methods

Thermal diffusivity, which is a measure of the speed of propagation of heat into a material during
changes of temperature with time, is arguably easier to measure than thermal conductivity since it
does not require a power or heat flow measurement and since it does not require waiting for thermal
equilibrium (steady-state) to occur. For materials and conditions where the only form of energy
‘ transport is via heat conduction, under conditions where the thermal conductivity can be assumed
to be constant, and when the density and specific heat are very well known from other measurements,
it is reasonable to measure thermal diffusivity and compute thermal conductivity values. For the
present project, it is essential that thermal conductivity, not thermal diffusivity, be measured.
Referring back to earlier parts of this report, it is easy to see (p. 5) that Eq. (2) follows from Eq. (1)
if the thermal conductivity is constant. However, when there are other modes of energy transfer,
thermal diffusivity is not a viable concept. For example, in the energy conservation equation (p. 15,
Eq. (53)) for the Ahmed model; all of the material properties are complicated functions of
temperature (and possibly of time and pore pressure) so that one cannot combine thermal
conductivity and volumetric specific heat as a single property, such as thermal diffusivity. The
models that might be used to predict simultaneous heat and mass transfer in porous media require

thermal conductivity, not thermal diffusivity as a material property. Accordingly, thermal diffusivity
measurements are not further considered in this report.

With one notable exception, there have been relatively few investigations that used transient
techniques to obtain thermal conductivity directly (as opposed to measuring thermal diffusivity and
computing thermal conductivity). There is a very extensive body of literature on hot-wire or probe
methods of measuring thermal conductivity. These techniques have been used extensively for
measurements on liquids, where it is important to complete a measurement before significant
convection can occur, and for soils and rocks, where it is desired to complete a measurement before
there is significant moisture migration. We will also refer to the “transient strip method,” which is

effectiveli a variant of the hot-wire method. There have been some studies concerned with thermal
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conductivity measurements using one-dimensional transient heat flow through slabs of material; a
variant of this approach is considered to be the most viable one for the present project and therefore
such techniques are examined in some detail. Note that transient methods of measuring thermal
conductivity do require measurement of power or heat flow, which is not the case for thermal
diffusivity measurements.

Hot-Wire or Probe Methods

In the so-called hot-wire method, a heater wire is embedded in a specimen, or sandwiched between
two slabs. When the heater is turned on, its temperature-time history, or that of a nearby temperature
sensor, can be used to compute thermal transport properties. The values thus obtained correspond
to a small region of the specimen close to the heater wire and again there are serious questions as to
whether or not that small region is representative of a concrete sample with large aggregates.
Normally, one would want to have an effective specimen thickness, or effective probing depth, that
is roughly an order of magnitude larger than the largest aggregate.

The hot-wire technique and the variant known as or the probe method, both of which are sometimes
called the line-heat-source method, were reviewed in 1969 by Pratt [95] and, briefly, by Danielson
and Sidles [96]. At that time, the hot-wire method had been used mainly for fluids or for loose-fill
or blanket-type insulating material. During the period since these reviews were completed, there has
been rather extensive development, particularly in Europe, of the hot-wire method for use on
refractory materials, including firebrick. These developments have been reviewed by Davis [97].
Line heat source techniques have, over the past two decades, become the method of choice for most
determinations of the thermal conductivity of liquids. The probe method is a variant of the hot-wire
technique in which a heater and temperature sensor are packaged in a rigid probe, or needle, that can
be inserted into the specimen material. Recently Wechsler {98] reviewed probe methods for use on
solids and insulating materials. Flynn has provided a recent extensive bibliography [99] of these
methods, which includes abstracts for almost 300 relevant papers and reports. In the early 1980s,
another group at NIST carried out an investigation of hot wire techniques for measuring the thermal
conductivity of refractory materials at high temperatures [100].

Because of the extensive use of this technique on moist materials, and because of its possible
applicability to the present project, a comprehensive discussion of the theoretical basis of this
method is included in Appendix A. This discussion includes consideration of the effects of contact
resistance between the probe and the specimen and the influence of the finite thermal capacity of the
probe on the temperature-versus-time curves that are used to determine thermal conductivity.

There are several variations of the hot-wire method. Sometimes a thermocouple is used to measure
the temperature rise of the heater wire with, typically, the thermocouple measuring junction being
welded to the heater wire and the thermocouple leads going off perpendicularly to the heater wire.
With regard to the present project, this approach has two major disadvantages. First, for a specimen
with a fairly low thermal conductivity, the thermocouple leads may carry heat away from the
junction, resulting in erroneous temperature measurement. Second, for an inhomogeneous material
such as concrete, the temperature along the heater wire may vary with position and the use of a
thermocouple at a single location provides very little averaging of that temperature distribution. A

78




better approach is to use the heater wire as a resistance thermometer to measure its own temperature,
thus providing averaging over the region between the potential taps. A probe also may have either
one or more discrete temperature sensors or may use the heater as a resistance thermometer. For
radial heat flow in cylindrical coordinates, which is the goal with line-heat-source methods,
measurement of the temperature-versus-time history of the heat source can provide, at least for
homogeneous specimens, accurate data for thermal conductivity but can provide only very limited
accuracy for specific heat or for thermal diffusivity. Better accuracy can be obtained for these two
properties if the temperature is measured at a known radius from the axis of the heater, either instead
of or in addition to the temperature at the axis. Thus, a separate temperature sensor (thermocouple
or resistance thermometer), installed at a measured radius from the heater, is sometimes used instead
of, or perhaps in addition to, the sensor used to measure the heater temperature.

When the hot-wire technique is used on solid specimens, it is customary to sandwich the heater and
temperature sensors between two slabs of the specimen material, with one of them being grooved
to accommodate the wire(s). Usually, the heater is turned on and assumed to provide constant power
for the duration of the test. It is necessary for the specimens to be large enough that they can be
assumed to behave as an infinite body during the duration of the measurements.

\

Transient Strip and Transient Patch Methods

Gustafsson [101-103] and his colleagues have developed a variant of the hot-wire technique that uses
a narrow strip (typically a few millimeters wide) of pure metal_as both a heater and a resistance
thermometer. Their “transient hot-strip method” has been used with a strip of foil sandwiched
between two specimens or by vapor deposition of a heater directly onto the specimen, the latter
approach resulting in an extremely thin heater. The authors argue [101] that: “The fraction of the
heat that is ‘hindered’ by the air-filled or oil-filled slots, created at the edges of the strip, when
pressing it between the two plane test pieces, is consequently negligible. To achieve a similarly
favourable geometrical configuration for the transient hot-wire method would be extremely difficult,
or impossible. This fact actually limits the hot-wire method to fluids or to such solids that can be
_cast satisfactorily around the wire.”

Brydsten and Bickstrom [104]
developed atechnique wherein they
deposited two metal strips on the
specimen, with one strip serving as 2w, H
a heater and the other strip serving |
as a resistance thermometer, as 2w,
shown in Figure 55.

)

!

FTAB

58

The operational procedures for

. ; Heater Thermometer
these two transient hot-strip .
techniques are essentially the same
as those for the transient hot-wire Figure 55. Pattern of copper and nickel strips used by

or probe methods. Brydsten and Bickstrom [104]. The strip on the left is
- the heater, and the strip on the right is the thermometer.

79




Gustaffsson and his colleagues [105-106] also have developed a technique, which they call the
“transient plane source technique,” in which the heater is a circular or rectangular patch that
resembles a resistance strain gage. Since the heater does not cover the entire area of the specimen,
as is the case for the methods described below, it seems more appropriate to refer to this technique
as a transient patch method. Operationally, this technique is similar to the transient hot-wire and
transient hot-strip methods.

Transient Plane Source Methods

In this report, the term “transient plane source methods” is used to designate transient methods in
which the heater(s) is(are) nominally the same size, laterally, as the specimens and heat is
constrained, by edge insulation or guarding, to flow in one direction, say, parallel to the z-axis, in
Cartesian coordinates. Some of the possible boundary conditions for transient plane source methods
are shown in Figure 56 [107]. Only the techniques in which the heat input is measured will provide
values for thermal conductivity. The techniques with temperature boundary conditions can only
provide thermal diffusivity values. :

Vernotte [108] suggested that the adiabatic boundary condition required for the boundary conditions
shown in Figure 56(a) could be achieved by using mirror images, as shown in Figure 57, where the

four slabs in the center of the stack are the specimen material and the ebonite slabs are intended to -

provide thermal insulation. His assumption was that half of the power provided to each hieater would
flow toward the center of the stack, resulting in the desired temperature-time history at the mid-plane
of the stack.

Constant heat input - Constant heat input

l l l l l J l l Measure temperature
, Measure temperature . /rise on this face

rise on this face
Z Perfect insulatorz Constant temperature
%//////////////////// ///

(a). (b)
Constant temperature Constant temperature ~ Measure temperature
Measure temperature _~— change at a suitable
" rise on this face — | pontin block
//// gy
Perfect insulator / Constant temper

///////////////////////// % perature

() (d)

Figure 56. Possible boundary conditions for transient plane source methods for determination of
thermal conductivity or thermal diffusivity [107].
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Figure 57. Experimental arrangement suggested by Vernotte [108,107].

Vemotte did not report having made any experimental measurements. When Clarke and Kingston
[107,109] implemented the method suggested by Vernotte, they found that, for tests on good
insulators, the assumption that half of the heat input flows toward the interface where temperatures
are measured was not satisfied. They added additional slabs of specimen material, as shown in
Figure 58 in order to provide “a further mirror image.” Their heater consisted of a strip of foil
interleaved through the stack as shown in Figure 58. In order to minimize the effects of the heat

‘ generated in the loops on the heater strip, they provided a “guard pile” of specimen material on either
side of the “main pile.” Basically this same technique was later used by several other investigators
[110-113). Bastian [113] carried out an extensive set of calculations to ascertain the effects of,
among other things, the finite heat capacity of the heaters and thermal contact resistance between the
heaters and the specimens.

SRR

Thermal insulation
/é Thermocouples
L7 3 _

D

Heater

L':-' ,
=Guard pile ‘Guard pile 73

Thermal insulation

Figure 58. Experimental arrangement used by Clarke and Kingston {107,109].
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For the present project, the use of such a thick stack of specimens is not appropriate since it would .
take so long to bring such a thick mass to a uniform temperature that any chemical reactions, such
as loss of water of hydration, would have been completed long before the thermal conductivity test
could even begin.

Before discussing other transient techniques, it is useful to make reference to the thin-heater thermal
conductivity apparatus developed by Hager [1 14-120]. While this apparatus is normally allowed to
achieve steady-state conditions, the construction of the hot plate is similar to the design that is
proposed for the present project, and the Hager apparatus could be operated in a transient mode.

Figure 59 shows the apparatus used by Harmathy [121] to determine the thermal conductivity of
concrete and other building materials to high temperatures under transient conditions. The
arrangement of the various pieces of specimen material are shown in more clearly in Figure 60. The
entire assembly was wrapped in a 1/2-inch layer of ceramic fiber insulation and placed in a furnace |
so as to minimize heat losses. For high-temperature tests, Harmathy used palladium foil as the |
heater. Normally, direct current was used to energize this heater. However, Harmathy states: |
For materials which are regarded as electrical insulators at room temperature, there !
are generally no experimental problems up to about 700°C. Above this temperature |
serious difficulties may arise, which are associated partly with a gradual increase in
the electrical conductivity of such materials, and partly with a slow charge build up
on the metal foil and thermocouple wires following the switching on of the foil
heating. This last phenomenon is caused mainly by space-charge polarization,
and is less serious when alternating current is used for foil heating. [emphasis ‘ |
added] '

=4
- b=80to 100 mm
c=2b

1 = measuring piece : | i
2 = top piece

3 = bottom piece

4 = palladium foil

5 = Inconel clamps

6 = Alumel lead wire for foil heating
7 = thermocouple wires

8 = Fiberfrax cover

9 = over-all Fiberfax wrapping

X = thermocouple junctions

Figure 59. Isometric view 0! experimental setup used !y !armathy I 1!1 ‘ . ‘
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Thermocouple

/ junction
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® ‘ ] L/ Heater
Measuring piece Vi

Bottom piece

Figure 60. Specimen assembly used by Harmathy [121].

Harmathy used step-function heating, i.e., he turned on the heater and let it remain on until the
desired temperature-time history had been recorded. The experiment had to be kept short enough
for his assumption that the specimens were effectively of infinite thickness to be met. His
mathematical analysis required that the power to the heater be constant, which is not really true for
constant-current input to a heater made from a pure metal that has a significant increase in resistance
with increasing temperature. His analysis also did not account for the finite heat capacity of the
heater, or for contact resistance between the heater and the specimen pieces or between the “top
piece” and the “measuring piece.” Other investigators who have used Harmathy’s method include
[122-125]. The experimental setup used by Plummer, et al. [126], to measure the thermal diffusivity
of ceramics to high temperatures was quite similar to that used by Harmathy although these
investigators did not measure the power to the heater and thus could not obtain thermal conductivity.

The most popular method of measuring thermal diffusivity of homogeneous materials is the pulse
method, in which the front side of a specimen is irradiated by a short pulse from a laser or a flash
lamp and the temperature-versus-time history on the back side is recorded. In such tests it is difficult
to measure accurately the energy input by the pulse so that thermal conductivity cannot be obtained
directly. A few investigators have used a thin electrical heater to generate a short pulse of energy
and measured the energy input so that thermal conductivity could be computed. Dzhavadov [127]
used the experimental setup shown in Figure 61, in which three slabs of specimen material, of equal
thickness, were sandwiched between two plates that were maintained at constant temperature. The
heater at the lower interface was energized for a duration of the order of 0.1 s and the resultant
temperature pulse at the upper interface was recorded. From these data the thermal conductivity,
specific heat, and thermal diffusivity were computed.

The experimental technique used by Giedd and Onn [128] more closely resembles the classical pulse
method in that only one slab of specimen material was used. The heater was a thin film of graphite
sprayed onto one side of the specimen. A thermocouple was attached to the back side of the




specimen. A very short pulse was used. The thermal diffusivity was computed from the half rise-
time on the back surface and the specific heat was computed from the overall temperature rise of the
specimen after it reached thermal equilibrium.

To

A

- — - T = — = = = = <«— Temperature gage

) T,
Figure 61. Specimen geometry used by Dzhavadov [127].

In a fairly recent book, Kubiéar [129] describes, and references, the rather extensive work that has
been carried out at the Institute of Physics of the Slovak Academy of Science, in Slovakia, using
electrical pulse methods to determine thermal conductivity, specific heat, and thermal diffusivity.
The general experimental approach used at that laboratory is shown in Figure 62. The thermal
properties of the specimen are computed from the energy input to the heater, the maximum
temperature reached, and the time at which that maximum occurred. These investigators generally

“used specimens of cylindrical geometry. Kubi¢dr summarizes the procedures that have been

developed to deal with the effects of heat loss from the convex surface of the specimens, the finite
heat capacity of the heater, and thermal contact resistances between the specimen pieces.

Planar source Thermometer
. . Temperature response
Current pulse T4
\ / A
] L] | I — Tm
L p(__; >
i time
Sample

Figure 62. Experimental layout of the pulse method used by Kubi¢4r and colleagues [129].

Piorkowska and Galeski [130-131] describe a transient technique for determining thermal conduc-
tivity in which the experimental layout is similar to that of a guarded hot plate apparatus. However,
the operational procedure is rather unique. In effect, the “cold plates” are programmed such that
their temperature increases linearly with time. Shortly, depending upon the specimen thickness, after
this programmed ramp is initiated, the temperature drop across the specimens approaches a quasi-
steady-state value. These investigators carried out two runs on the same specimens, with different
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power inputs to the heater but with the cold plates increasing at the same rate. By subtracting the
measured temperature differences for these two runs, the transient terms cancel out and the thermal
conductivity can be obtained, even though true steady-state conditions are never achieved. The
subtraction of the two temperature-difference histories also eliminates the influence of heat
production or absorption associated with phase transformations. These authors provide extensive
mathematical analysis of their method, including allowing the thermal conductivity of the specimen
to be temperature dependent.

Some of the analysis procedures used for the above transient plane-source techniques are
summarized in Appendix B.




6. Availability of Apparatus and Testing Services

The NIST Building and Fire Research Laboratory does not have in-house capability for carrying out
the required thermal property measurements over the temperature range of concern (room
temperature to 1200 °C). The NIST Ceramics Division, in the Materials Science and Engineering
Laboratory (MSEL), has the capability to carry out measurements of specific heat, heats of reaction,
and thermal expansion to temperatures higher than 1200 °C. However, their equipment uses rather
small samples. The DTA or DSC measurements would be made on powdered samples of the order
of a gram or so. The dilatometer uses a specimen nominally 5 mm in diameter by 25 mm long. The
Ceramics Division has no capability to measure thermal conductivity or thermal diffusivity above
room temperature. The NIST Metallurgy Division, in MSEL, can measure thermal diffusivity of
small specimens only at temperatures above 900 °C.

In order to locate laboratories, outside of NIST, that could provide some or all of the needed
measurements the following request was faxed to vendors of thermal property measurement
equipment:

The NIST Building and Fire Research Laboratory is working on a project concerning
the response of concrete to fire conditions. My responsibilities include determining
what thermal property measurements need to be made and locating laboratories
where these measurements can be done reliably.

The materials of interest are normal-strength and high-strength Portland cement
concrete, with quartz sand as the fine aggregate and (nominally) 1/2-inch limestone
as the coarse aggregate. We are primarily interested in the effective overall thermal
properties of the mixture of cement paste, fine aggregate, and coarse aggregate. Thus
for properties, such as thermal conductivity and thermal expansion, that depend upon
the sizes and deployment of the various phases, the test samples need to be large
compared to the size of the coarse aggregate. For properties such as heat capacity,
heats of reaction, and mass loss, that only depend upon the mass fraction of the
various components, either the test samples need to be large compared to the
aggregate size or else it would be necessary to grind and blend rather large pieces of
concrete and then take smaller representative samples from the resultant powder.
Ideally, we would like to obtain data from room temperature to 1200 C but are
interested in laboratories that could obtain data to temperatures above 800 C.

We have not yet determined how many tests will be required for each type of
measurement. However, there will be at least four types of concrete and it probably
will be appropriate to make measurements at several heating rates. Thus we
anticipate that approximately 10 to 12 tests for each property will be required. The
thermal properties of interest include:

Heat capacity and heats of reaction (probably DSC measurements)

Mass loss versus temperature (TGA)
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Thermal expansion

Thermal conductivity (direct measurements, not from thermal diffusivity)

Thermal diffusivity (?)
At this time, NIST does not wish to buy the instruments to carry out such
measurements, but prefers to contract to have the measurements made elsewhere. If
you only sell thermal measurement instrumentation and do not provide testing
services, please let me know of laboratories that can provide such measurement
services, either using your instrumentation or other types of equipment. It also would
be helpful if you could indicate which models of your instrumentation would be most
appropriate for which types of measurement.
If you do provide testing services, please let me know what types of measurements
you can provide, along with the temperature range, estimated accuracy, and required
sample size and geometry for each type of measurement. Also, please provide an
estimate of the costs of such measurements.

A similar request was faxed to numerous laboratories, but with the next-to-last paragraph omitted.

As of the date of this report, the following vendors and laboratories have been contacted (for foreign
vendors, the city of their U.S. subsidiary is given):

Anter Corporation (Pittsburgh, PA)

Ball Aerospace Systems (Boulder, CO) =~

Cahn Instrument_s’ (Madison, WI}

Colorado School of Mines (Golden, CO)

Concurrent Technologies Corporation (Johnstown, PA)
Coors Analytical Company (Golden, CO)

duPont Fibers'Analytical Services (Wilmington, DE)
Geoscience Ltd. (San Diego, CA)

Hauser Labora}ories (Boulder, CO)

Harrop Industries, Inc. (Columbus, OH)

Hazen Research, Inc. (Golden, CO)
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Holometrix, Inc. (Bedford, MA)

Industrial Science & Technology Network, Inc. (York, PA)
Iowa State University (Ames, [A)

Itertek Testing Services (Richardson, TX)

Leach & Gamer Technology (North Attleboro, MA)
Linseis Inc. (Princeton Junction, NJ)

Arthur D. Little, Inc. (Cambridge, MA)

Lockheed Martin (Oﬁando, FL)

Louisiana Productivity Center (Lafayette, LA)

The M&P Lab (Schenectady, NY)

Massachusetts Materials Research (Boylston, MA)
MATECH Associates (Scranton, PA)

Materials Research & Engineering, Inc. (Boulder, CO)
Mettler Toledo Inc. (Hightstown, NJ)

National Physical Laboratory (Teddington, Middlesex, United Kingdom)
Netzsch Instruments, Inc. (Paoli, PA) |
Northrop (Rolling Meadows, IL)

Oak Ridge National Laboratory (Oak Ridge, TN)

Orton Ceramic Foundation (Westerville, OH)

Owens Corning Fiberglas Corporation (Granville, OH)
Polymer Solutions Inc. (Blacksburg, VA)

Precision Measurements and Instruments Corporation (Philomath, OR)

Research Triangle Institute (Research Triangle Park, NC)




SETARAM (Grand Prairie, TX)

Shimadzu (Columbia, MD)

Showa Denko America (New York, NY)

TA Instruments (New Castle, DE)

Texas Research Institute (Austin, TX)

Tg Technologies, Inc. (Freehold, NJ)

Theta Industries (Port Washington, NY)

TPRL, Inc. (West Lafayette, IN)

Tulane University (New Orleans, LA)

Ulvac Technologies; Inc. (Methuen, MA)

University of Illinois (Champaign, IL)
As replies from these organizations have come in, there have been numerous suggestions of other
laboratories that might be able to carry out some of the measurements. Thus, it is anticipated that
there will be further additions to the above list.
While it is too early to select particular laboratories to carry out the needed measurements, it is clear
that there will be multiple laboratories with the capability to measure specific heat, heats of reaction,
mass loss, and thermal expansion. A few laboratories can measure thermal conductivity (cut-bar
method) or thermal diffusivity (flash method) on specimens that are too small to be representative
of concrete. Thus far, only one laboratory has indicated that they can measure thermal conductivity

using a guarded hot plate apparatus. As discussed earlier in this report, a guarded hot plate apparatus
is too slow to allow measurements to be made before chemical reactions go to completion.




7. Design of New Apparatus for High-Temperature
Thermal Conductivity Measurements

The cross section of the proposed test setup is shown in Figure 63 — it consists of a thin-foil heater
sandwiched between two similar specimens, which are in turn sandwiched between two “cold
plates.” The specimens will be nominally 200 mm square with thicknesses in the range of 10 to
perhaps 50 mm. The cold plates will simply be square, thin sheets of corrosion-resistance metal,
such as nichrome or inconel; further analysis may indicate that it would be desirable to provide a
guard gap in these cold plates in order to reduce lateral heat flow. NIST has purchased a high-
temperature furnace for this project — the outside surfaces of the two cold plates will be exposed to
the air in the furnace. The edges of the stack, shown in Figure 63, will be insulated with ceramic
fiber insulation. _

An expanded view of the thin-foil heater is shown in Figure 64 (not to scale). The heater will consist
of a sheet of 0.025 mm platinum foil, folded to make a long, thin U. The interior of the U will be
filled by a sheet of ceramic paper, with slots cut into it to accept potential leads to measure the
voltage drop across the central portion of the heater. The two arms of the U will be attached to nickel
busbars to provide the electrical current for the heater. The platinum heater will also act as a
resistance thermometer to read its own temperature. In addition, the space within the U will be
provided with Type N thermocouples to provide an independent check on the heater temperature.
Several Type N thermocouples will also be attached to each of the two cold plates to provide their
temperature. '

The type of heaters used, e.g., by Harmathy [121] and by Plummer, et al., are not folded back on
themselves as is proposed here. Rather, the current leads for those heaters are at opposite ends of
a flat strip heater. That design would be satisfactory if the heater were to be heated by direct current.
However, it is proposed that the heater for the NIST apparatus be powered by alternating current,
both to minimize the space-charge effects which Harmathy encountered (see the quotation on p.82
of this report) and to enable the use of an integrating digital voltmeter, with excellent ac common
mode rejection, to read thermocouple voltages without serious errors due to leakage currents from
the heater. With a single-pass heater, such as those used by Harmathy and by Plummer, there would
be large inductances in the current loop and in the potential tap loop; such inductances could cause
serious measurement errors unless very sophisticated equipment were used to measure the relative
phases of the current and voltage signals. The folded heater design that is proposed will have
minimal inductance so that the power to the heater is simply the product of the root-mean-square
voltage drop across the central portion of the heater times the root-mean-square current through the
heater, and the resistance of the heater will be simply the quotient of these two quantities.

Figure 65 shows how the thin-foil heater will be supported. To the right of these drawing can be
seen two pieces of nickel angle stock that act as legs to support the right-hand-side of the twin
busbars. At the left end of the busbars, they are electrically separated from each other by a thin
ceramic washer through which a ceramic pin is inserted to provide a means of supporting that end
of the busbars.
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Figure 63. Cross section of proposed apparatus for high-temperature thermal conductivity
measurements.
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Figure 65. Elevation view of the foil heater showing the support structure that also serves as current
‘ leads. The free end of the busbar is supported from the support frame shown in the next figure.
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Figure 66 is a conceptual view of the (nichrome or inconel) support frame from which the foil heater,
specimens, and cold plates are suspended. The upper drawing is a plan view showing support rails,
at each side, from which the components of the specimen assembly are hung. These support rails
are held up by four legs, made of angle stock, as shown in the lower elevation view. Halfway up the
rear legs a load screw plate is attached. The other load screw is supported from an angled arm
attached to a fulcrum. The arrangement for the load screws can better be seen in Figure 67, which
shows how a compressive load is applied to the specimen stack (for clarity, the support frame has
been omitted in this drawing). Figure 67 represents the case where the weight that provides the
compressive load is located inside the furnace. If possible, it would be preferable not too have the
weight inside the furnace since it takes up a lot of space, provides a large thermal load for the
furnace, and makes it difficult to change the applied force. A far preferable arrangement would be
as shown in Figure 68, where the loading force is provided by a weight below the furnace, thus
permitting the placement of two identical apparatus inside the furnace. The furnace that has been
ordered by NIST is a bottom loading furnace and it may not be practical to have the weights located
below the furnace. Figure 69 shows an arrangement whereby the weights can be located above the
furnace with a pulley and cable (not shown) to reverse the direction of the force provided by each

weight.

The intent is to run the tests in a manner analogous to that used by Piorkowska and Galeski [130-
131], as described above on pp. 84-85. Since the changes to the specimens due to chemical reactions
will be irreversible, it will not be possible to run tests on the same specimens at two different power
levels. Rather, it is planned to run two tests simultaneously on two similar pairs of specimens, one
test at a low power (just enough to enable obtaining accurate data for the heater resistance) and one
test at a power large enough to cause a temperature drop of, say, 20 to 40 K across the specimens.
The calculation procedure used by Piorkowska and Galeski is summarized in Appendix B.

With this apparatus, it also would be possible to carry out runs using Harmathy’s method, which is
described briefly on pp. 82-83, using his calculation procedure, which is summarized in Appendix B.
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Figure 66. The support frame from which the foil heater, specimens, and cold plates are suspended.
The fulcrum position would vary depending upon how the loading force is applied.

95




Test Assembly

Load
Screw

Fulcrum
Ve \\
/N
NG
/ AN NN
// \\

]

Weight
/ AN
7 AN Load
// \\
7 AN\ Screw
Vg A
,// \\\
/ /N AN
/s AN
Ve BN
// \\
//\\ N

Furnace Wall

Figure 67. Elevation view of the apparatus if the loading force is provided by a weight inside the
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Figure 68. Elevation view of the apparatus if the loading force is provided by a weight below the
furnace. '
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Figure 69. Elevation view of the apparatus if the loading force is provided by a weight and pulley
system above the furnace.
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‘ Appendix A. Analysis Procedures for Transient Hot-Wire or Probe
Techniques for Thermal Conductivity Measurement

Transient techniques for thermal conductivity measurement have been utilized with planar heat
sources, point or spherical heat sources, and cylindrical heat sources, In this appendix, attention is
confined to measurement systems utilizing a cylindrical geometry. For most of the analyses
discussed below, an infinitely long heat source is assumed. The end effects due to a finite source
length are briefly discussed.

A.1 Ideal Line Heat Source

The simplest analysis involves an ideal line heat source (i.¢., a source of vanishing diameter) that is
turned on at zero time and thereafter produces a constant heat output. Apparatus used for
determining the thermal conductivity of liquids and gases usually approximates this ideal line heat
source quite closely, the heater wire, which also serves as a resistance thermometer, typically being
about 5 to 25 ym in diameter. Thin wire heaters also are frequently used for measuring the thermal
conductivity of thermal insulation, including refractory materials. For in-situ measurements of, for
example, soil thermal properties, a larger, more rugged probe is needed and it is necessary to account
for the finite size and thermal capacity of the probe, as well as for thermal contact resistance between
the probe and the surrounding medium. It is useful, however, to consider the analysis for an ideal
line heat source since that solution serves as a limiting form of the solution for a probe as its
’ diameter decreases and contact resistance becomes smaller. '

In some implementations of the line heat source method, the temperature of the heater wire, or
‘slender probe, is measured. In other implementations, the temperature is measured in the
surrounding medium at some knowh radius from the axis of the heater or probe. )

Following Carslaw and J aege}— [A1, pp. 261-262], we suppose heat to be released at the continuous
rate Q per unit time per unit length along the z-axis. If the heat supply begins at the time ¢ =0, when
the medium is isothermal at a temperature T = 0, the temperature at a distance r from the z-axis is

given by
R
rt) = —=—E | —| . 1
) 4mA 1[4xt] M
where
e :
E,() = f —dx )

is the exponential integral, A is thermal conductivity, and x is thermal diffusivity.. For small values
of x, corresponding to small values of the radius r or large values of the time ¢, Eq. (2) reduces to
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where y = 0.577216... is Euler’s constant. For values of x sufficiently small that x is negligible
compared with {n x, the temperature is given simply by

_ Q . 13Kt
T(r,t) = m("y ln'—z-] . (4)

’
For measurements at a fixed value of r,

Ta) = FQA(A +Int) (5)

where A is a constant whose value need not be known if only thermal conductivity is needed. Thus
the thermal conductivity can be computed from the strength of the heat source and the slope of a plot
of temperature versus the logarithm of time. Note that in using Eq. (5) to obtain thermal
conductivity, it is not necessary to specify the radius at which the temperature is measured, provided
the value of 4xt// is large enough for Eqs. (4) and (5) to be valid. If it is desired to use Eq. (4) to
compute thermal diffusivity values, it is necessary to know accurately the radius of the heater wire
or probe. As pointed out, e.g., by Nieto de Castro [A2-A3], with the very thin probes used for
measurements on fluids, and the very short times that are used in order to avoid convection effects,
it generally is not possible to obtain thermal diffusivity (or specific heat) values with anywhere near
the accuracy that is possible for thermal conductivity values.

For many investigations it is assumed that the line heat source probe is very thin and also very
conductive in the radial direction so that the temperature across the probe can be considered to be
constant at any given time. Under such conditions the temperature of the probe itself can be used -
to determine the thermal conductivity, provided the heated section of the probe is also sufficiently
long, and of sufficiently low thermal conductance, that all of the power input to the portion of the
probe where the temperature is measured can be assumed to flow radially into the surrounding
medium whose thermal conductivity is to be determined.

Some investigators have used a two-wire or two-probe method in which the temperature is measured
by a sensor located at some distance away from the line heat source. Under such conditions the
value of 4x#/r” is usually not large enough for Eq. (5) to be valid so that the thermal conductivity
needs to computed using Eq. (1).

A.2 Finite-Diameter Probe

Jaeger [A4; 2, pp. 344-345] has derived a solution for a finite-diameter probe, made of a perfect
conductor , with finite thermal contact resistance between the probe and the surrounding medium.
As above, the medium is assumed initially to be isothermal at T = 0 when the probe is energized at
the constant rate Q per unit time per unit length. The temperature of the probe is given by




T(t) = %G(Bv o, T) ’ (6)

where

2 7rq - -
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and J, and Y, are the Bessel functions of the first and second kind, respectively, of order I. The
dimensionless parameters P, o, and T are defined as

A 2nbipC Kt
T o4 = —mm— T = == N
b bh S b? ©)

where the properties of the medium are thermal conductivity, A [W/m-K], density, p [kg/m®], specific
heat, C [J/kg'K], and thermal diffusivity, x [m?*/s]; the probe is of radius & [m]; § [J/mK] is the
thermal capacity per unit length of the probe; and A [W/m?-K] is the heat transfer coefficient between
the probe and the surrounding medium. The dimensionless parameter { is the ratio of the thermal -
contact resistance, 1/A, at the probe-medium interface to the thermal resistance, b/A, of a layer of the
medium of thickness b. The dimensionless parameter « is twice the ratio of the thermal capacity of
a cylinder of the medium material of radius b to the thermal capacity of an equal-length of the probe.
(Note that the probe could actually be a hollow cylinder, rather than a solid cylinder, with § being
the thermal capacity of the actual probe material present.) The parameter t is the usual
dimensionless time that is used in transient heat conduction problems, obtained by multiplying the
actual time by the ratio of the thermal diffusivity to the square of a characteristic dimension, in this
case the radius of the probe (this parameter T is often referred to as the Fourier number).

The integration shown in Eq. (7) cannot be carried out in closed form so it must be done numerically.
For small values of t, Jaeger [A4] shows that

o o '2 .
GB,o,t) = —|T - —T" + "
(B, 7) 21:[ 28 ] (10)
when the heat transfer coefficient 4 is finite so that § >0, and
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when A is infinite (perfect contact) so that = 0. For large values of t, Jaeger [A4] shows that

-0 o -2
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G(B,a,t)=—L 28 - v +ln41:-4‘3 (-y +Indt) +---1 . (12)
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For values of t sufficiently large that the last two terms, involving t, can be neglected, Eq. (12)
reduces to

. : .
= — - + 4 v .
G(B, o, 1) [2[5 Yy +Indt ] (13)

If the probe has a vanishingly small thermal capacity, so that B ~ 0, Eq. (13) reduces to Eq. (4), the
expression for an ideal line source. Two features of Eq. (13) are worthy of note. First, for long
enough times, the thermal capacity of the probe is no longer a factor. Second, for long enough times,
the effect of thermal contact resistance becomes independent of time so that one can compute
thermal conductivity from a plot of temperature versus the logarithm of time without having to know
_either the thermal contact resistance or the thermal capacity of the probe. For a line heat source or
a very slender probe such as those used for laboratory measurements on loose-fill materials, it is
relatively easy to work in the region where Eq. (13) is valid. However, a probe for in-situ
measurements of the thermal properties of soils must be rugged enough, and thus large enough in
diameter, to be inserted 1 or 2 meters into the ground. Since t is inversely proportional to the square
of the radius of the probe, increasing the probe diameter by, say, an order of magnitude in order to
achieve adequate strength, reduces the values of t by two orders of magnitude. Thus, as is discussed
in more detail below, for the probes to be developed for this project, it is necessary to use
expressions that are more accurate than Eq. (13) for the values of t that are of concern.

It also is of interest to examine the behavior of Eq. (7) in the limit when & ~ . This limit
corresponds to the case where the probe is of finite diameter but has negligible thermal capacity.
Such a probe could be approx1mated by a very thin-walled hollow tube. As shown by Jaeger [A4],
forp=0and a - =,

“[1 - exp(-tu?)]du
G(0,»,1) = 5 14
- f W) + Yi @) (4

For finite values of thermal contact resistance (i.e., § > 0),




o0 =£ + Ooo .
G(B, =, 1) > G(0,»,1) ; (15)

it is seen that § only shows up with respect to the constant temperature drop between the probe and
the medium. Thus , for determinations of thermal conductivity, it is not necessary to know or to
determine the thermal contact resistance. Equation (14) is the same as the solution for an infinite
region with constant heat flux at r = a [Al, p. 338].

Blackwell [A5] derived, with very different notation, the equivalent solution to Eé. (6)-(9). In his
short-time approximate solution, he included one more term that is given in Eq. (10); in our notation
itis

G(p,a,T) = & T - __a__fz + 8a 2 ... . (16)
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Blackwell’s long-time approximation, with appropriate changes in notation agrees with Eq. (12),
above. Blackwell [AS] also considered the problem of a hollow cylindrical probe, having a finite
thermal conductivity, with heat supplied at the outer surface of the probe and the temperature
measured at the inner surface. He obtained large-time and short-time solutions that agreed with Eqs.
(12) and (16), above but with the inclusion of correction terms that account for the temperature
difference between the inner and outer radii of the probe. As pointed out by Blackwell [A5] and by
Wechsler [A6], the corrections in Blackwell’s equations are quite small for well-designed probes.
Furthermore, in the long-time solution given by Blackwell the correction term for finite probe
thermal conductivity varies as ™' so that, for times long enough that Eq. (13) is valid, it drops out.

De Vries and Peck [A7] derived a long-time solution for a cylindrical probe, of finite thermal
conductivity, with an ideal line heat source at its axis. With appropriate change of variables, their
solution is identical to Eq. (12), with the addition of a term (- 1/a) ( A/Ap) 17!, where A, is the
thermal conductivity of the probe material, inside the square brackets. For a homogeneous probe,
this term reduces to (-1/2) (x/ , )-t°!, where K, is the thermal diffusivity of the probe material.
As with Blackwell's solution, the correction term for finite probe conductivity is not needed for
times long enough that Eq. (13) can be used. '

Christoffel and Calhaem [A8] give solutions, analogous to those of Carslaw [A4], for a perfectly
conducting probe with no contact resistance, a perfectly conducting probe with contact resistance,
and a probe having a finite thermal conductivity but no contact resistance. Although these authors
do not indicate where the heat source is, their solution for a probe having a finite thermal
conductivity appears to correspond to a probe heated at its outer surface. Their correction for finite
probe conductivity is similar to that of Blackwell, whose solution is for a probe with heat supplied
at its outer surface.
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Bruijn, et al. [A9] used a “modified Jaeger model,” which was a homogeneous solid cylindrical
probe having the same thermal capacity per unit length as the real probe and an effective thermal
contact resistance consisting of the contact resistance between the outer surface of the probe and the
surrounding medium and an internal thermal resistance computed between the position of the
temperature sensor and the outer radius of the probe. This internal resistance was computed for an
idealized probe, with the heater at the axis, surrounded by a hollow cylinder of electrically insulating
material (in which the temperature sensor was placed), and an outer metal cylinder. The internal
resistance was assumed to be that computed for steady-state radial heat flow in the idealized probe,
on the basis that the time constant of the probe is so short compared to the duration of a test that a
steady-state temperature profile would be established in the probe.

Bruijn, et al., also give equations for a “four-regions model,” consisting of coaxial cylinders: heating
wire, insulating material, tube, and medium to be measured. These equations were left in terms of
the Laplace-transformed temperatures and therefore are not suitable for use in data analysis.

Lin and Love [A10] give analytical solutions, similar to those of Jeager [A4] and of Blackwell [AS5],
for a system consisting of a probe, a well casing, and a surrounding medium. The probe and the well
casing are assumed to have infinite radial thermal conductivity. They investigate the cases with and
without thermal contact resistance at the interfaces and obtain integral solutions, large-time
approximate solutions, and small-time approximate solutions. While their results are valuable, the
extra complexity of three regions, rather than two, is not needed for the present project.

Bastian and Grosjean [A11] provide analytical solutions for probe consisting of a hollow pipe, open
at the ends, with the unique feature that the material being tested in situated both outside and inside
the probe.

All of the above theory was based on the assumption that the probe was infinite in length. In a
separate paper, Blackwell [A12] examined the errors due to axial heat flow in a finite-length probe
and provided guidelines for selecting a suitably long probe to avoid significant errors. Kierkus, et
al.,[A13] have examined end effects in conjunction with a line heat source method for fluids.

As indicated previously, most investigators have used a simple large-time solution, such as Eq. (5)
or (13), while a few investigators have used a somewhat more involved expression, such as Eq. (12).
Very few workers have used an integral expression, such as Egs. (6)-(9), that is valid over the entire
time range.

In conjunction with the Thermal Property Analyzer (TPA) developed for EPRI by workers at Ontario
Hydro [A14], a program was written that used a non-linear least squares fit to Blackwell’s model
[AS5] to obtain thermal diffusivity and thermal contact resistance from the temperature versus time
data, experimentally determined probe parameters (“effective probe radius” and probe thermal
capacity), soil thermal conductivity, and probe power. It is not evident why these investigators
elected to compute the thermal conductivity, separately, from the slope of the temperature-versus-
time curve, rather than to have the computer program determine thermal conductivity as well. It
appears that they computed thermal conductivity from the large-time data, where thermal diffusivity
(or heat capacity) of the soil and contact resistance would cause relatively little effect, and then

A-6




computed the thermal diffusivity and contact resistance using small-time data. Tt would be preferable
to have the computer use the entire temperature-time history and obtain self-consistent values for
thermal conductivity, thermal diffusivity/heat capacity, and contact resistance. With the
microprocessors that were available two decades ago, these investigators had to use a simpler
approach for the software built into the TPA. They only used the non-linear curve fit program with
a mainframe computer.

At about the same time, investigators at Sandia National Laboratories developed equipment and data
analysis procedures [A15-A19] for using a probe method to determine the thermal conductivity of
powders at high temperatures. These workers used Jaeger’s analysis [A4], namely our Egs. (6)-(9),
(11), and (12), as well as finite element or finite difference techniques, to assist in designing their
probes. For data analysis, they used a non-linear least squares fit, or parameter estimation technique,
based on Jaeger’s analysis. There is a significant gap between the range of validity of the small-time
solution, Eq. (11), and that of the large-time solution, Eq. (12). There is an intermediate range of
t where neither solution even comes close to providing accurate results. The Sandia workers used
the full integral solution, our Eqgs. (6)-(9), for small and intermediate values of time and Eq. (12) for
large times. They carried out a numerical study to determine what values of t, for a given §§ and a,
to use for the transition from one solution to the other, so as to obtain good continuity in temperature
and its derivative with respect to time. (Discontinuity in either quantity, and particularly in the
derivative, can wreck havoc with a non-linear least squares fit.) Koski [A17] indicated that the
integral equation, our Eq. (7) proved difficult to integrate in a simple, rapid manner, particularly for
larger values of t, which is the reason they used the approximate solution for larger times.

A.3. Numerical Result_s

A FORTRAN program was written to compute values of G(f3, a, ), using Egs. (6)-(9), (14), and.
(15). Figure Al shows G plotted versus t with a as a parameter for B =0, i.e., no contact resistance.
Considering first the ideal-probe with no thermal capacity, i.e., & ~ o, it is seen that, in this semi-log
plot, the probe temperature curves rather slowly at small and medium times and asymptotically
approaches a straight-line for values of t greater than about 100, in accordance with Egs. (5) and
(13). Figure A1 includes curves corresponding to o = <, 100, 50, 20, 10, §, 2, 1, 0.5, 0.2, and 0.1
Although the curves for the larger values cannot be distinguished, Figure A2 shows that as the
thermal capacity of the probe approaches and then exceeds the thermal capacity of an equivalent
volume of the surrounding medium (e.g., soil), a significant time delay is introduced at earlier times.
When the contact resistance is zero, as in this case, or relatively small, the time lag due to a probe
having a thermal capacity approximately equal to that of the medium (i.e., § =2) actually results in
the curve of temperature versus the logarithm of time approaching a straight line more rapidly than
in the case where the probe has a very small thermal capacity. When the thermal capacity of the
probe greatly exceeds that of an equivalent volume of the medium, the probe temperature lags behind
until values of t of the order of 1000 are attained. Inspection of Fig. Al shows that if data over a
rather limited range of temperatures, say T going from 10 to 100, were used, it would be easy to be
fooled into thinking the “straight-line region” had been reached but the slope thereby used to
compute thermal conductivity could be significantly in error.




Figure A2 shows the same curves as those in Fig. 1, but plotted with a different vertical axis in order
to facilitate comparison with the next four figures. Figure A3 shows how the curves change when
contact resistance is present, in this case corresponding to § = 1 (i.e., the contact resistance is equal
to the resistance of a plane layer of the surrounding medium having a thickness equal to the radius
of the probe). For the case of a very light probe, with & - o, the contact resistance simply displaces
the temperature-time curve upward, as shown by Eq. (15). For probes having large thermal capacity,
the probe temperature cannot “jump” in response to the contact resistance so the temperature of such
probes initially increases slowly and then accelerates to “catch up” with the curve for probes having
very low thermal capacity. A potentially serious consequence of this behavior is that the curves of
temperature versus the logarithm of time can have deceptively linear regions that are much steeper
than the true final slope, thus exacerbating the potential error in thermal conductivity. Figures A4,
AS, and A6 show the computed temperature-time curves for larger contact resistances, with = 2,
3, and 4, respectively. The effects discussed above in this paragraph are exaggerated further as
contact resistance increases.

The results shown in these figures clearly illustrate that great caution must be exercised in attempting
to use the large-time solutions, such as Eq. (12) or Eq. (13), to determine thermal conductivity. This
caution is required because the thermal capacity of the probe and the thermal contact resistance
between the probe and the surrounding medium can seriously distort the shape of the temperature-
time curve and result in serious measurement errors. The results in these figures also show that, for
a given probe, the temperature-time curve is sensitive to the thermal capacity of the medium during
the small and medium times but not at long times. Thus, if the heat capacity or the thermal
diffusivity of the soil is desired, it is necessary to use information from the early part of the curve;

these properties cannot be obtained from large-time data only. Finally, these curves and the above .

discussion demonstrate the importance of using the complete curve of temperature versus the
logarithm of time if it is desired to obtain consistent, accurate values for thermal conductivity,
thermal diffusivity, heat capacity, and thermal contact resistance.
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Appendix B. Analysis Procedures for Transient Plane-Source
Techniques for Thermal Conductivity Measurement

The literature concerning analysis procedures for transient plane-source techniques for thermal
conductivity measurement is much less extensive than is the case for transient hot-wire or probe
techniques. In particular, there is less information available concerning the effects of the heat
capacity of the heater and the effects of contact resistance. Accordingly, as part of the development
of a suitable apparatus for use at NIST, appropriate mathematical models need to be developed and
programmed.

In this appendix, some of the mathematical models from the literature are briefly summarized. The
references cited in this appendix are those from Section 8.

Gustafsson’s Transient Strip Method [101-103]

* Consider a thin strip heater of width 2d, sandwiched between two slabs of material having density
p, specific heat C, thermal conductivity A, and thermal diffusivity x = A/pC. The assembly is
initially isothermal and at time ¢ = 0, the heater is energized with a constant electrical current,
resulting in a power input Q per unit length. To first order, the voltage drop V across the heater of
resistance R varies as

=1+ %Q-g(m/d"‘) , )

=<

where V, is the voltage drop at ¢ = 0 across the heater of resistance Ry, & = (1/R)) dR/dT is the
temperature dependence of the heater resistance, and g( ) is a mathematical function that is given by
Gustafsson. When d is very small, Eq. (1) reduces, for reasonable values of ¢, to an expression
equivalent to that given on p. A-2 for an ideal line heat source. The thermal conductivity can be
obtained but it is not possible to obtain an accurate value for either the thermal diffusivity or the
volumetric specific heat (pC). When d is very large, Eq. (1) reduces, again for reasonable values of
£, to the expression for an infinitely large plane heat source; the quantity known as the “effusivity,”
ApC = A%/x, can be obtained but it is not possible to obtain the individual thermophysical
properties. A bit more needs to be said about “reasonable values of +” If d is very small,
information about volumetric specific heat or thermal diffusivity could only be obtained for times
that are so short that the thermal wave has barely begun to penetrate the test medium and further, so
short that it would be difficult to make accurate measurements of the variation in the voltage drop
across the heater. If d is very large, information about individual thermophysical properties could
only be obtained for times that are so long that the assumptions of an infinitely large medium with
negligible heat losses would not be valid. Gustafsson argues that if d is chosen so that, for
reasonable times, the maximum argument of g( ) is approximately unity, it is possible to obtain
reliable values for pC, A, and x from a single experiment.

As mentioned above, Eq. (1) is a first-order expression. Gustafsson [103] also has derived a second-
order expression for the time dependence of the voltage drop across the heater.
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Brydsten and Bickstrom Hot Strip Method [ 104]

As described on p. 79, Brydsten and Béckstrom used one strip as a heater and a second strip as a
thermometer. Their first-order mathematical analysis results in an expression analogous to Eq. (1)
of this appendix, but with a different form for g(). The use of a separate thermiometer should make
it possible to obtain reliable values for pC, A, and k from a single experiment with less restriction
on the width of the heater strip than is the case for Gustafsson’s method; however, it would be
necessary to carry out computations to confirm this supposition.

Gustafsson’s Transient Plane Source Method [105-106]

As briefly described on p. 80, this technique uses a rectangular or circular patch heater, resembling
a resistance strain gage, that also serves as a thermometer. Again the functional form of the first-
order expression for the voltage drop across the heater is similar to Eq. (1) of this appendix, with a
different form for g( ), depending upon the heater geometry.

Vemotte's Method [107-113]

There are several computational techniques presented in these papers. The technique originally used
by Clarke and Kingston [107] is similar to that described below for Harmathy’s method. Since it
is not planned to use Vernotte’s method for this prOJect the various computational techniques are
not summarized here.

Harmathy’s Method [121-125]

As described on pp. 82-83, Harmathy [121] used a heater that had essentially the same lateral
dimensions as the specimen pieces so that, in contrast to Gustafsson’s and Brydsten and Biackstrém’s
methods, he obtained essentially one-dimensional heat flow. Neglecting the heat capacity of the
heater and neglecting thermal contact resistance, Harmathy used a standard formula for the
temperature rise, T, at position z in an infinite solid with constant heat flux in the z = 0 plane,

l 1
T=£§-(K—;]-2-ierfc—1—[z—2]2 , @)

where P/2 is the heat flux into one specimen, of the pair, and ierfc( ) is the integrated complimentary
error function. If the temperature rise at the heater were to be measured, Eq. (2) would reduce to -

TZB.[Eﬁ)%;p-( ’ ]% , 3
AlT nApC

and, as discussed following Eq. (1), it is only possible to determine the effusivity and not any of the
normally defined thermophysical properties. This problem does not arise, however, if the
temperature is measured at a sufficiently large distance from the location of the heater. Harmathy
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let z = ¢, the thickness of the “measuring piece,” as shown in Figures 59 and 60 of this report, wrote
two equations of the form of Eq. (2), one at time ¢ and the other at time 2¢, and formed the ratio

1 ez
V2 ierfc = | —

Q21 _ 2\ 2kt
(1) 22 ' )
ierfc —| —1?2
2\ kt

He computed this function and compared it to the experimental data in order to obtain k and then
inserted that value of k into Eq. (2) to compute A. With modern computers, it would probably be
simpler to use non-linear parameter estimation techniques.

Pulse Methods [127-129]

For an instantaneous planar heat pulse in an infinite body, the resultant temperature at a distance ¢
from the heat source is given by [129]

4xt

2 : _
T = d XP(‘Q—], (5).

————— e
2pCymkt

where H is the energy per unit area provided by the heater. This function has the form shown on the
right-hand-side of Figure 62, on p. 84. The maximum temperature T,, occurs at the time #,, when
x¢/0? =1/2, and thus  can be computed from

K= : 6)

Substitutingx¢/4? =1/2 into Eq. (5), the value of the maximum temperature is given by

H
Ty = —— 7
y2me tpC

so that the volumetric heat capacity can be computed from

1 H _H
o = 024207 ®)

‘/z-n:e-QTm' on

pC =

The thermal conductivity is then computed from A = xpC.




If the pulse length is not short compared to ¢, it is necessary to use a more complicated expression,
than Eq.(5), that properly accounts for the pulse shape and duration. Kubicér [129] addresses this
issue as well as the effects of the heat capacity of the heater, thermal contact resistances, and heat
losses from the edge of the specimen.

Dzhavadov [127] obtains expressions analogous to those above. However, his specimens were not
treated as infinite bodies (see Figure 61, on p. 84 of this report) and the pulse width was not
negligible.

Giedd and Onn [128] used thin specimens and assumed that there was no heat loss from these
specimens. Thus their theoretical temperature-time histories do not go through a maximum but
rather asymptotically approach a constant value. They compute thermal diffusivity from the time
required for the backside temperature to reach half of its final value. Specific heat is computed from
the overall rise in temperature of the specimen when it reaches its final isothermal equilibrium value.

Piorkowska and Galeski’s Continuous Ramp Method [130-131]

Since it is proposed to use a variant of this method for the high-strength concrete project, it is
worthwhile to provide some detail as to the analysis procedure used by Piorkowska and Galeski.
Consider a pair of specimens, each of thickness ¢, with a thin heater between them at z = 0. The
heater is assumed to have negligible heat capacity and there is assumed to be no thermal contact
resistance between the heater and the specimens. At the beginning of a test, it is assumed that the
outside surfaces of the specimens, z = 0 and z = 2{ are at a temperature 7 = 0 and that the heater has
been providing a constant heat flux P for a sufficiently long time that steady-state conditions have
been achieved. Thus the initial conditions are

7(z,0) = % for 0 < z < ¢
©))
and  T(z,0) = P(_zéx‘i) for 0 < z < 20

At time ¢ = O, the outer surfaces of the specimens are programmed to change in temperature
according to :

70,0 = TQ2¢,0 = vt (10)

where v is the constant rate of change of temperature with time. As shown by Piorkowska and
Galeski, the resultant temperature distribution within the lower specimen, 0 < z < ¢, will be

Teu) = 12';; N e an

with a similar expression for the other specimen, except that the leading term is replaced by the
second line of Eq. (9). The function F(x,?) is given by
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2 =
Feun = 1603 | Sin((2n+1)nz)
kmln-0 (2n +1)3

Evaluating Eq. (11) at z = 0 and z = {, the temperature difference across each of the samples is

2 2 .= _1\n
AT() - Py vl 16w 3 -1 exp
24 2k K13 n-0 (2n + 1)3

£ 11272
_@n+1)?n m) 3

4¢?

Note that only the first term in this equation involves the power to the heater. Thus if two tests are
run with the same value for v but different values for P, say P, and P,, and the corresponding values
of the temperature difference across the specimen, AT, and AT,, are subtracted from each other, the
second and third terms cancel leaving simply

(P, - Pt
AT (5) - AT,(®) = — = a constant . (14)

Thus the thermal conductivity can be computed from

(R, - P -
2(AT,() - AT,0)] - 15

Piorkowska and Galeski also show that Egs. (14) and (15) are valid when the thermal conductivity
and thermal diffusivity are functions of temperature.

Although Piorkowska and Galeski do not discuss the determination of thermal diffusivity, it also is
straightforward to compute. The simplest case would be to consider Eq. (13) at times long enough
that the transient third term has died out enough to be negligible. The thermal diffusivity is then
given by

ve?

2(ﬂ - AT(t)] (16)
2A

K =

where the value of A computed from Eq. (15) can be substituted. However, for a test with no power
to the heater, x is given simply by

- ve?

T 2ATW 17

where AT(¢) is simply the amount that the temperature at the heater lags the temperature at the two
outer surfaces of the specimens when they are heated according to T = vt.
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Lightweight insulating concrete
@ for floors and roof decks

By R. W. STEIGER, DESIGNER, AND
M. K. Hurp, CONSULTANT
FARMINGTON, MICHIGAN
e

he cost of energy production and the consequences

of its indiscriminate use impel us to thoughts of
conservation and the construction technologies that
make it possible. Just as the human head loses a dis-
proportionate amount of heat when not properly insu-
lated with a covering, so a building can manifest a dis-
proportionately high level of thermal transfer through
its roofto the outside atmosphere if it lacks adequate in-
sulation. Designers, builders and owners today as nev-
er before must become aware of the energy-saving po-
tential of lightweight concrete used as insulating fill for
floors and roofs.

This article is restricted primarily to the thermal insu-
lation qualities of lightweight concretes, although many
of these concretes serve capably for other insulation
purposes. The insulating lightweight concretes may be
considered according to composition in three groups:

I—Concretes made with expanded perlite or ver-
miculite aggregate or expanded polystyrene pellets.

Oven-dry weight ranges from 15 to 60 pounds per
cubic foot.

II—Cellular concretes made by incorporating air
voids in a cement paste or cement-sand mortar,
through use of either preformed or formed-in-place
foam. These concretes weigh from 15 to 90 pounds
per cubic foot.

III—Concretes made with aggregates prepared by
calcining, sintering, or expanding such products as
slag, clay, fly ash, shale or slate; also made with ag-
gregates processed from natural materials such as
scoria, pumice, or tuff. Concretes in this group
range in weight from 45 to 90 pounds per cubic foot.

Data are given here for Groups I and II, because gener-
ally the most effective thermal insulation is found in the
lower density ranges of these groups. However, attractive
combinations of insulating and strength properties may
be achieved with Group III concretes, and the reader is
alerted to these possibilities (see box).

Design considerations
Looking at the broad spectrum of lightweight con-

cretes now available (Figure 1), we find an almost infinite
variety of mixes and a wide range of densities. It is diffi-

Figure 1. The fun spectrum of lightweight concretes. Low density mixes discussed in this article (shadod band at Ien) offer

best insulating properties. Chart adapted from ACI 213 report "Guide for Structural Lightwoight Aggregate Concrcte,"
‘ Journal of the American Concrete Institute, August 1967, pages 433-469.
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Figuro 2. Approximate relationship between oven-dry unit
weight and thermal conductivity of lightweight insulating
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cult to draw a sharp line between structural and non-
structural capabilities, or to say at just what density a
given type of concrete ceases to provide effective insula-
tion. Generally, the heavier concretes in the group have
higher strength and are less effective as insulation. The
lightest concretes provide the best insulation—k-values
from 0.4 to 0.7 Btu inch per hour square foot degree F—
but very little strength. The designer must consider not
only the insulating value of the concrete material, but al-
so how it combines with other flooring or roofing mate-
rials and what the thermal transmittance (U-value) of
the total system is. Trade and technical literature refer-
enced at the end of this article provides much useful de-
tail, and only general properties are mentioned here.
Thermal conductivity—This must be determined by
laboratory test (ASTM C 1771) for each concrete mix de-
sign. As a general guide when test data are not available,
the k-values (thermal conductivities) for oven-dry con-
cretes shown in Figure 2 may be used. Moisture in the
concrete affects thermal conductivity. There is generally

T Standard Test Method for Seady-State Thermal Trans-
mission Properties by Means of the Guarded Hot Piate.

a 5 percent increase in thermal conductivity for each
percent increase in unit weight due to free moisture.

Compressive strength—As shown in Figure 3, com-
pressive strength increases with increasing unit weight.
Design requirements depend primarily on the installa-
tion. A compressive strength of 100 psi or even less may
be quite acceptable for insulating underground steam
lines; however, roof and floor fill requires enough early
strength to withstand the traffic of workmen. Strengths
of 100 to 200 psi are usually adequate, although up to 500
psi is sometimes specified.

Drying shrinkage—Shrinkage is not usually critical
for low density fill or insulating concretes, although ex-
cessive shrinkage can cause curling. Moist cured cellular
concretes made without aggregates do have high shrink-
age.

Resistance to freezing and thawing—Lightweight insu-
lating concrete is usually covered by roofing material
such as hot mopped asphalt or pitch, and therefore not
exposed directly to the elements. As for normal weight
concretes, resistance to damage by freezing and thawing
depends on the entrained air content of the mix.

Expansion joints: to use or not to use?- Follow the ag-
gregate producers’ recommendations. Some recom-
mend insertion of a 1-inch expansion joint at the junc-
ture of all roof projections and the concrete. Transverse
expansion joints are used at a maximum spacing of 100
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feet in any direction to allow for a thermal expansion of
1 inch per 100 lineal feet. A joint material that will com-
press to one-half its thickness under a stress of 25 psi is
generally used. With other aggregates, expansion joints
may not be necessary because the initial shrinkage of
the concrete is greater than any combination of thermal,
moisture or freezing expansion that will occur in a roof
deck.

Construction practices

Whether low density concrete is used as a floor fill or
part of a roof deck, the form which supports it generally
becomes a permanent part of the in-place construction.
Typical forming or support systems include:

» Corrugated, galvanized sheet metal, appropriately
vented and designed to carry the roof load.

« Insulating acoustical form board supported on flanges
of steel subpurlins, with woven wire mesh reinforce-
ment draped over the subpurlins to lie in the lower
part of the concrete.

¢ Lath and mesh systems, where the concrete is placed
on either paper backed wire mesh or a ribbed, ex-
panded metal lath.

« Structural precast concrete or wood floors or roofs,
where concrete serves as either leveling or insulating
fill.

All of these systems require adequate venting in accor-
dance with the recommendations of manufacturers and
the National Roofing Contractors Association.

Mixing, placing and finishing—Proper consistency
and uniform distribution of materials are necessary to
achieve the required unit weight and can only be ac-
complished by mechanical means. Excessive mixing and
handling can break down aggregate particles and should
be avoided. Insulating concretes should be placed im-
mediately after mixing by qualified technicians. Con-
ventional placement methods can be used, but pump-
ing is ideal and customarily used due to the normal
consistency of lightweight insulating concrete.

Low density concrete should not be placed during rain
or snow, nor should it be placed on a deck or form where
standing water, snow or ice are present.

Workability—Insulating concretes have excellent
workability because of their high air content. Appear-
ance of the mix may be the most reliable indication of
consistency. Slumps of 5 to 7 inches are usually quite sat-
isfactory, and the mixtures are highly plastic and homo-
geneous.

Bleeding and segregation problems will not ordinari-
ly be present. These mixtures can usually be placed sim-
ply by pouring and screeding, without further consoli-
dation. This is particularly true with the cellular
concretes which can be handled as liquids.

Curing and weather conditions—The surface of fresh-
ly smoothed low density concrete should be prevented
from drying for not less than 3 days. If temperatures are

above 40°F during the first 24 hours after placing, stan-
dard curing practices may be used. When temperatures
during the first 24 hours are predicted to be from 30 to
40°F high-early-strength cement and heated mixing wa-
ter are recommended. Low density concrete should not
be placed during freezing weather unless special cold
weather procedures are followed.

Periite concrete

Perlite, derived from the French word perle, resembles
tiny clusters of pearls when viewed under the micro-
scope. Perlite is a type of lava mined in large open pits
in the western United States, and then crushed to sand
sized particles for shipment to processing plants in 32
states. A small amount of water is locked inside the tiny
particles and when heated to between 1500 and 2000° F
the particles “pop” or expand, just like popcorn. The
crude rock expands to about ten times its original vol-
ume.

Expanded perlite weighs only 7 1/2 to 10 pounds per
cubic foot, approximately one-twelfth as much as sand.
During the popping process, it changes to almost pure
white from gray or black. The tiny perlite particles are
composed of many minute glass-sealed dead air cells.
The thermal conductivity of expanded perlite itself is
0.34 Btu inch per hour square foot degree F when grad-
ed for use as a concrete aggregate, which explains its ex-
cellent insulating value.

Perlite insulating concrete consists of a mixture of ex-
panded perlite, portland cement, water and an air-en-
training agent. The dry concrete weighs from 20 to 50
pounds per cubic foot, depending on the mix design se-
lected. Perlite concrete can be placed monolithically on
flat, uneven, curved or sloping surfaces. On flat roofs, the
thickness of perlite concrete can be varied to provide
specified drainage slopes.

The designer must select the strength and insulating
value that he considers most appropriate to his project.
The physical properties of perlite concrete are controlled
by its dry density which is the principal factor inits spec-
ification. An ideal balance between reduced dead load,
adequate compression and indentation strengths and
good insulating value can be achieved with a density of
24 to 28 pounds per cubic foot. Greater densities can be
specified if higher strengths or better nail holding ca-
pacity are more important than insulating value. For in-
sulated floor slabs on grade, a density of 20 to 24 pounds
per cubic foot is recommended.

Perlite roofs may have polystyrene insulation board
sandwiched between layers of perlite concrete and sup-
ported on ametal deck. This system is capable of achiev-
ing U-values as low as 0.04 Btu per hour square foot de-
gree F with a 2-hour fire rating.

Perlite concrete should meet the specified physical
properties at the point of placement. It should be de-
posited and screeded in a continuous operation until the
placing of a panel or section is completed. The 1-inch



expansion joints mentioned earlier should be installed
through the full depth of the concrete around the
perimeter of the roof deck and at the juncture of all roof
projections (skylights, penthouses, ventilators, parapet
walls) and perlite concrete.

The built-up roofing should be applied as soon as the
perlite insulating concrete can carry construction traffic
and is dry enough to develop adhesion with hot asphalt
or pitch. Normally the perlite concrete should be per-
mitted to cure at least three days.

For greater strength and corresponding higher densi-
ty, blends of perlite and medium weight aggregates may
be used. However, due to varying characteristics of nat-
urally occurring aggregates in different parts of the
country, the local perlite aggregate manufacturer should
be consulted before specifying blends.

Vermiculite concrete

Vermiculite is a soft, laminated, mica-like material in
its raw form. It is found in twelve states and mined com-
mercially in seven. Vermiculite is a mineral that has few
uses in its natural state but when heated and exfoliated
becomes a lightweight aggregate of great value for fill
and insulating concrete. The crude vermiculite is
crushed, cleaned, dried and sized, and the resulting con-
centrate is shipped to processing centers, where it is
heated in furnaces at temperatures of 1800 to 2000°F.
Water molecules trapped in the flakes of vermiculite ore
turn to steam and force the micaceous plates of the ma-
terial to expand or exfoliate in an accordion-like fashion.
Each individual granule is expanded to 10 to 15 times its
original size. Air spaces thus formed convert the vermi-
culite into an aggregate that provides excellent insulat-
ing properties. Usually light brown or golden in color,
the expanded product weighs from 6 to 10 pounds per
cubic foot.

The components of vermiculite insulating concrete
are expanded vermiculite aggregate, air-entraining ad-
mixture, portland cement, and water, all mixed and ap-

plied according to precise procedures. The ratio of ce-
ment to aggregate determines the density, strength and
insulating value of the finished concrete. As used in the
average roof deck, the ratio ranges from 1:4 to 1:8 by vol-
ume.

The resulting concrete mixture is usually pumped to
the roof site and screeded into place over the structural
base. Vermiculite concrete is installed in thicknesses of 2
inches and greater, depending on design needs and
strength requirements. It weighs from 20 to 40 pounds
per cubic foot, with compressive strengths from 90 to
500 psi.

Vermiculite roof deck assemblies have been devel-
oped using a slotted or perforated corrugated metal
deck. These positive vented decks offer up to 3 percent
open area in the steel form at no penalty or loss in struc-
tural performance. The openings help to speed up ven-
tilating and drying of the insulating concrete. Insulation
values are therefore quickly reached. In the event of sub-
sequent roofing membrane leaks, the point of leakage is
easily located on the underside of the metal decking.

Vermiculite concrete roof insulation, like perlite, can
also be cast around a layer of polystyrene insulation
board. A slotted opening pattern in the polystyrene per-
mits vertical vapor flow through the board, in order to
promote faster, more complete drying and venting of the
concrete. The slots also ensure the positive locking and
keying of the polystyrene board to the vermiculite con-
crete to enhance the shear strength of the insulation
sandwich and provide a strong, composite roof insula-
tion system. This system provides insulation with a U-
value of 0.10 Btu per hour square foot degree F or less
and a 1 1/2-hour fire rating.

Vermiculite lightweight concrete is best mixed and
placed by experienced, licensed contractors. Current
technology now permits contractors to pour quality
decks in marginal weather, down to 32°F and even lower
in certain cases.

Expandod polystyrene bead concrete

Expanded polystyrene, processed to a nominal densi-
ty of 1 pound per cubic foot, serves as a stable, nonab-
sorptive aggregate in lightweight insulating concrete.
Polystyrene, unlike perlite and vermiculite aggregate raw
materials which are found in nature, is a polymer of
styrene which is created by an involved chemical
process from a liquid unsaturated hydrocarbon. The
polystyrene is foamed to produce a lightweight aggre-
gate. The polystyrene can be pre-expanded or supplied
in an unexpanded form and foamed on the site by appli-
cation of steam. During this process it expands to ap-
proximately 50 times its original size. Each closed cell ag-
gregate particle contains prepackaged air and is

* Standard Method of Fire Tests of Building Construc-

tion and Materials




spherical in shape.

Typically, polystyrene bead lightweight insulating
concrete consists of Type I or Type II portland cement,
polystyrene aggregate expanded to a nominal density of
1 pound per cubic foot, air-entraining agent and water.

To enhance specific physical properties for a given ap-
plication, additional mix components such as sand,
limestone or pozzolans may be used. Depending upon
the conditions of application, tensile stresses may be
met by using mesh reinforcement, special bead aggre-
gate coatings or a combination of the two.

Insulating rooffill of polystyrene bead concrete usual-
ly has a dry density of 26 to 30 pounds per cubic foot.
Densities are available from 25 to 60 pounds per cubic
foot. Fire resistance, verified by small scale ASTM E 119*
fire tests conducted by the Portland Cement Associa-
tion on 46-pound-per-cubic-foot-density concrete, re-
sulted in the following ratings: 2 1/2-inch slab, 2 hours;
5-inch slab, 6 hours; 7-inch slab, 11 hours.

Polystyrene beads tend to resist absorption of water
and are not readily wetted by water. Accordingly, cement
paste or mortar does not adhere very well to them. Fur-
thermore, their extremely low density makes them tend
to segregate by floating out of the mix. To overcome this,
the manufacturers have developed a number of bond-
improving additives. Epoxy resin or an aqueous disper-
sion of polyvinyl propionate are recommended.

Shrinkage and swelling strains are high compared to
dense concretes, and allowance must be made for this in
the design. Polystyrene bead concrete has good worka-
bility, is quite pumpable, and requires minimum vibra-
tion in placement. Frost resistance is enhanced by en-
trained air, ranging from 5 to 10 percent of the matrix by
volume.

As with all special types of concrete a technical con-
sultant specializing in polystyrene lightweight concrete
should be contacted for detailed recommendations cov-
ering formulations and mixing/placing techniques for
your application.

Cellular concrete

Cellular insulating lightweight concrete owes its dis-
tinctive properties to a multitude of macroscopic, dis-
crete air cells uniformly distributed throughout the mix.
These cells may account for up to 80 percent of the total
volume. Weight of the concrete may range from 12 to 90
pounds per cubic foot. Density and strength can be con-
trolled to meet specific design requirements by varying
the amount of air.

Numerous proprietary methods and agents are used
to produce cellular concrete but essentially they can be
considered in two groups, those using a preformed foam
and those using formed-in-place foam. Formed-in-
place foam is generated by special high speed mixing of
water, foaming agent, cement and aggregates (if any) to
allow foam to form in the mixer. Initially large air bub-
bles are reduced to a reasonably uniform size as mixing

. proceeds.

By the other method, a uniform preformed aqueous
foam is blended with a portland cement and water slur-
ry using only enough water to ensure proper hydration
of the cement and facilitate the placing operation. The
portland cement used may be Type I, II, III or portland
blast-furnace slag cement, Type IS. The foam itself is
made by blending a foam concentrate, water and com-
pressed air in predetermined proportions in a foam gen-
erator calibrated for discharge rate. The concrete mix is
blended in a mortar mixer or in a specially designed con-
tinuous blender. Each bubble of air in the foam is sur-
rounded by a tough protein membrane which ensures
stability during mixing and handling. However, since
this membrane will eventually break down it is recom-
mended that mixing and placing be completed within
one hour. Use of high-early-strength cement (Type III)
further ensures rapid setting and stability of cellular con-
crete, although good results are also obtained with reg-
ular portland cement (Type I) plus 2 percent calcium
chloride, by weight of cement, as an accelerator.

As with other lightweight insulating concrete, the
strength and thermal conductivity depend on density.
The material can be made so light (down to 12 pounds
per cubic foot) that its strength is only sufficient for it to
retain its shape during handling. Thermal conductivities
range from 0.51 Btu inch per hour square foot degree F
for a density of 20 pounds per cubic foot to 2.3 Btu inch
per hour square foot degree F for a density of 90 pounds
per cubic foot.

Cellular concrete is totally incombustible (8 inches of
concrete represents a fire rating of about 8 hours); yet it
can be worked much like wood. Where prolonged work-
ing is likely, long-life tools are advised. These and other
properties enhance the attractiveness of cellular con-
cretes for floor and roof deck fill and insulation.

For more information

Obviously, subtle differences exist between the vari-
ous lightweight insulating concretes available, which
may recommend one type over another to satisfy some
specific design objective. Costs and availability in the
local market must also be considered.

Each type of insulating concrete, if mixed properly
with high quality materials and placed and finished
properly, will do an excellent job. Further research and
study may reveal just the right characteristic that suits
your need. A list of references for further information is
given below.
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for other government agencies when the work relates to and supplements the basic program of the
Bureau or when the Bureau’s unique competence is required. The scope of activities is suggested
by the listing of divisions and sections on the inside of the back cover.

Publications

The results of the Bureau’s research are published either in the Bureau’s own series of publica-
tions or in the journals of professional and scientific societies. The Bureau itself publishes three
periodicals available from the Government Printing Office: The Journal of Research, published in
four separate sections, presents complete scientific and technical papers; the Technical News
Bulletin presents summary and preliminary reports on work in progress; and Basic Radio Propaga-
tion Predictions provides data for determining the best frequencies to use for radio communications
throughout the world. There are also five series of nonperiodical publications: Monographs,
Applied Mathematics Series, Handbooks, Miscellaneous Publications, and Technical Notes.
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in Qutside Journals 1950 to 1959) ($2.25); available from the Superintendent of Documents,
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Fire Tests of Precast Cellular Concrete Floors and Roofs

J. V. Ryan and E. W. Bender

given,

The results of an investigation of lightweight, precast cellular concrete planks are
Fire tests were made of two floor and five roof specimens made up of these planks.

Variables included density of the cellular concrete, thickness and span of the planks, rein-

forcement, and cover for the latter.
included in one floor specimen.

A steel beam encased in blocks of cellular concrete was
The flexural strengths of 14 individual planks were de-
termined. The investigation showed fire endurances u
under load and up to 4 hr for other slabs not loaded.

to 2 hr for 6-in. thick slabs tested
stimates were made of the probable

results to be expected for slabs of thicknesses other than those actually tested. :

1. Introduction

The framework and foundations of a building
represent a large part of the total cost in multi-
story construction. They must carry both the
live loads imposed by occupancy and the dead
load of the finished building. Significant econo-
mies can be achieved in the cost of buildings by
reducing the loads to be carried, and thereby per-
mitting less expensive framework and foundation.
Since reduction in allowable live load limits the
usefulness of the building, research has been aimed
at reducing the dead weight of building elements
and materials. :

Research aimed at the reduction of the dead
weight of concrete structures led to development
of lightweight aggregates as substitutes for dense
natural aggregates, and to development of cell-
forming processes for producing cellular concretes.
The cell-forming processes included the use of
aluminum powder and other gas-forming agents,
the addition of preformed foam into the mixer,
the addition of chemicals that form and retain
air bubbles produced during mixing, and the use
of excess water. Although known as ‘“‘gas con-
crete,” ‘““foam concrete,” or ‘““acrated concrete,”’
according to the particular process employed, all
are included in the more general term “cellular
concretes’ [1].*

Cellular concretes have been developed that
have densities as low as 20 lb/ft}, are sawable,
and workable with general carpentry tools. Such
cellular concretes are being manufactured com-
mercially and used to produce prefabricated blocks
and panels for floor, roof, and wall assemblies.

The economies achieved through the use of
cellular concretes are not limited to those associ-
ated with dead-weight reduction. Because of
their cellular structure, thev have significantly
lower thermal conductivities than conventional
dense concretes. Therefore, the use of cellular
concretes often permits the elimination of addi-
tional insulating materials that would otherwise
be necessary.

A research program was carried out on floor
and roof slabs assembled from precast planks of a
gas-formed cellular concrete to determine the fire
endurances of representative specimens and the
effects thercon of variables such as amount of
cover for the reinforeing bars, overall thickness,
amount and distribution of reinforcement, and
density of the concrete. Five standard fire-
endurance tests of roof assemblies and two of
floor assemblics were conducted in a large floor
furnace. Each specimen consisted of several
planks grouted together. A steel I-beam, pro-
tected by cellular concrete blocks, was tested in
conjunction with one of the floor specimens.

2. Test Specimens '

2.1. General Description

The floor and roof panel specimens were made
up of planks of cellular concrete specially cast in
the necessary lengths for this study by a manu-
facturer. Thev were representative of com-
mercially produced planks used in floor and roof
construction. The mix constituents and ratios
used in their production were not revealed.
However, the particular cellular concrete is
understood to be of the gas-formed type.

*Figures in brackets indicate the literature references on page 11,

The planks were 18 in. wide and had a length
of either 13 ft 5 in. (to span the short dimension
of the furnace opening), or 17 {t 11 in. (to span
the long dimension of the furnace opening).
They were supplied in thicknesses of 5, 6, and
8 in., representative of the range of normal pro-
duction. The nominal density of the planks for
floor use was 44 1b/ft3, and that of the roof planks
was 31 1b/ft>. The measured densities ranged
from 42.6 to 46.5 1b/ft? for the floor planks, and
from 35.8 to 42.2 Ib/{t? for the roof planks.

For four of the seven standard tests, the
specimen panels were made up of twelve 6-in.
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FiGure 1. Arrangemeni_of planks within the furnace opening. N

The individual plank numbers are as used in section 8, appendix,

planks laid across the furnace. Three specimens
of this group were roof panels and differed either
in the reinforcement design of the planks or in the
load applied during the test; the fourth was a
floor panel. One other roof panel was made up
of nine 8-in. planks laid along the length of the
furnace opening. For the remaining two full-
scale tests (one floor and one roof), four planks of
each of the three thicknesses supplied, 5, 6, and
8 in., were laid across the furnace opening, with
the 6-in. section in the eenter. Figure 1 shows
the different assemblies.

After an exploratory test in a small furnace to
determine the feasibility of the procedure, a
structural steel I-beam protected by cellular con-
crete blocks was tested along with the floor panel
of graduated thickness. The beam was a 10-in.
I-beam weighing 25.4 Ib/ft, of 17 {t 7% in. length
to span the long dimension of the furnace. The
floor panel (with planks crosswise of the furnace)
rested on the top of the beam. The sides and
bottom, or soffit, of the beam were encased in
precast blocks to provide a cellular concrete
cover of 2% in. on the bottom and 1'% in. on the
sides.

Flexural strength tests were made on several
;individual planks, which had not been exposed to

re.
2.2, Reinforcement and Cover

The term coeer refers to the thickness of con-
crete between a steel reinforcing bar and the

nearest surface of the reinforeed concrete assembly,

or to the thickness of protective material encasing

a8 structural steel member. The cover of greatest

interest in connection with reinforced concrete

flexural members is that between the bottom

;ionsile reinforcement and the surface exposed to
re.

The reinforcement in the specimens consisted
of nominally round, hot-rolled, plain steel bars,
in various patterns or combinations of number
and size. The basic pattern of reinforcement
consisted of longitudinal bars at two levels (one
in the tensile zone and onc in the compressive
zone), plus crossbars, anchor bars, and spacers.
The crossbars maintained the spacing between
longitudinal bars at a single level and positioned
them in the form. The anchor bars provided
anchorage for the ends of the lower level, or
tension bars. The spacers, which were formed
of sheet metal, maintained the spacing between
levels as determined by the overall thickness
and cover. The longitudinal reinforcing bars
were located and spaced so that those of the
upper level had the same cover from the top
surface as did those of the lower level from the
bottom surface. The amount of cover was
varied among the specimens. The variations
Ii'it.hin the basic pattern of reinforcement are
llustrated in figure 2 and the cover for each
specimen is given in table 1.




TaBLE 1. Summary of specimen details and results

Concrete
Computed
Thick- Clear Rein- Applied tensile Time to Limiting
Type ness span force- Density load steel initial condition
ment Cover stress end point
Nominal | Measured
¥
in. Jt in. . in. W/fts hjfts Wifer Wfin.2
357 6 13 5 Ay 34 31 35.8 74 17, 8C0 Loud failure.
B b134 74 37,300
311 6 13 5 Ay 34 31 35.8 56 14, 300 Load failure..
379 6 13 5 cA, 34 31 42.2 56 14, 900 Max surl. temp,
380 8 17 4 E 34 31 36 70 16, 109 Ignite waste.
358 5 13 35 B 134 31 36 None  |ecocccemcans Ignite waste.
6 13 A By 134 31 36 None Max surf. temp.
R 13 5 B, 114 31 36 NONC.  fiviinnnmrmms|wmssgumminsi] vomaess o e man s o
372 | FloOr e ccccaanca 6 13 5 A2 34 44 4.5 7 Mux surfl. temp.
873 | FlOOT. eo e 5 13 5 D 134 44 46.5 None ficiicicosiss Max surf, temp.
6 13 5 B3 134 44 45.4 None
8 13 5 C 134 44 42,0 None
373 | I-Beam.___._...._.__ a8 17 | d 1;%& ............ 36.7 €17, 700 Load failure.
2%

s See figure 2 for dctails of reinforcement,

b Following the test, the cover in three planks was found to have been

14 in., ratber than the intended 34 in.

e Contained shear reinforcement; see text for deseription.
‘d Thickness of side and soffit blocks used to protect steel beam,
e Load equally divided among four application points.
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In the planksused for one of the 6-in. roof panels
(test No. 379), shear reinforcement was provided
in addition to the reinforcement already described.
The shear reinforcement consisted of %-in.-diam
rod bent in a multiple-y shape, each Vy section

Ficure 2.

NOMINAL DIAMETERS OF BARS IN INCHES

Reinforcement details.

thus forimed being about 4}¢ in. deep and 5% in.
long. A continuous length of this shear reinforce-
ment was placed along each side of the assembly of
reinforcement bars and wire tied to the upper and
lower bars nearest each side of the plank. The
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ties were single strands of 0.027-in. wire and varied
as to spacing, some being 5% in. and others 10% in.
apart. In these planks the sheet metal spacing

clips were supplemented by %-in. diam steel rods
welded to the upper and lower bars nearest the
sides of the plank, 3 in. from their ends.

2.3. Construction of Specimens

In making up the test panels in the furnace, the
planks were placed in contact with one another,
and a grout consisting of 3 parts portland cement
to 1 part sand, by weight, was poured between the
panel and the furnace restraining frame and into
the groove formed along each joint between planks
b{ a kerl % in. wide by 1% in. deep along one edge
of each plank. The kerfs and adjoining edges of
the planks were wet down immediately before
pouring the grout, and periodically for a week or
ten days thereafter, to prevent unduly rapid
drying of the grout, and thereby to improve the
bond. An clectric heater was placed in the fur-
nace, and for the week immediately preceding each
test a temperature of 125 to 150 °F was main-
tained in an attempt to remove excess moisture
from the assembly.

The steel I-beamn, tested in conjunction with the
floor panel of graduated thickness, was placed
along the longitudinal center line of the furnace
and attached at both ends to steel plates by means

i

Frcure 3. Steel beam partly encased.

of standard AISC B2 connectors [2]. These
plates, in turn, were bolted to the furnace frame
m such a way that the beam was supported,
restrained against rotation of the ends, but could
expand longitudinally. The beam was encased in
precast blocks of cellular concrete, after the floor
planks were in place. The soffit blocks (9 in.
wide, 17%, in. long, and 2% in. thick) were
attached to the beam by means of formed wire
clips. Transverse wires of the clips were driven
into the ends of the blocks, holding them in good
to fair contact with the beam. The soffit blocks
extended about 2% in. beyond the beam flange on
each side. The joints between blocks were filled
with mortar consisting of 1 part lime, 1 part
portland cement, and 5 parts crushed cellular
concrete by volume. A bed of this mortar was
placed on the upper surface of the soffit blocks, and
the side blocks (9 in. wide, 18 in. long, and 1%,
in. thick) were 1pla(:ed thereon. The vertical
ioints between blocks and the spaces between
slocks and floor planks were filled with mortar.
The joints were wetted before the application of
the mortar and periodically thereafter for the
next 10 days to prevent excessively rapid drying.
Throughout the following week, an electric heater
was kept in the furnace chamber and temperatures
in the range of 125 to 150 °F were maintained in
an attempt to remove some of the excess moisture.
Figure 3 shows the beam partly encased.

3. Test Method and Equipment

The tests were conducted in accordance wi'th
the accepted standard test methods (ASTM desig-

nation K119) [3]. Not all the tests were stopped

when the initial end-point criterion was reached,
but some were continued in order to obtain more
information about the behavior of the specimen.




This practice deviated from the standard test
method, under which tests are stopped when the
initial end point is reached and the specimens are
subjected to the hose-stream and the double-
reloading tests! Inasmuch as the results would
not have been indicative of the true performance
of the specimens, because of their extended fire
exposure, neither the hose-stream nor the double-
reloading test was performed on any of the speci-
mens. The fire-endurance limits were determined
by the initial end point and are therefore in accord-
ance with the standard test method, even though
the fire exposure was continued.

The specimens were tested in the furnaces at
the National Bureau of Standards designed for
the purpose of testing floor and roof specimens.
The small furnace, used for the exploratory test,
took specimens 2 ft by 2 ft in size, while the large
furnace, used for the standard tests, was con-
structed in such a manner as to accommodate a
specimen 18 ft long by 13}4 ft wide. Both fur-
naces were box-shaped, open at the top, so that
the bottom face of the specimen was exposed to
the flames.

To measure the temperature in the chamber of
the large floor furnace, twelve thermocouples, en-
cased in porcelain insulators and enclosed in iron
pipes sealed at one end, were placed in the furnace
so that the junctions of the thermocouples were
approximately 1 ft below the exposed surface of
the specimen. In the small furnace, four thermo-
couples were used. They were of the same type
and were placed in the same munner as those in
the large furnace. The furnace fires were con-
trolled to approximate as nearly as feasible the tem-
peratures set forth in the standard test method.
which include 1,000 °F at 5 min, 1,300 °F at 10
min, 1,550 °F at 30 min, 1,700 °F at 1 hr, 1,850 °F
at 2 hr, 2,000 °F at 4 hr, and 2,300 °F at 8 hr and
longer.

The fire-exposure severity, which is defined as
the ratio of the area under the curve of average
furnace temperature to the area under the stand-
ard time temperature curve, is required to be
between 90 and 110 percent for tests of 1 hr or
less, between 92.5 and 107.5 percent for tests over
1 hr but net over 2 hr, and between 95 and 105
percent for tests longer than 2 hr.

In order to obtain temperature data on the
unexposed surfaces of the specimens, a total of
12 chroinel-alumel thermocouples whose junctions
were in contact with the unexposed surface of the
specimen were used in each test. Thev were
distributed over the surface in a syinmetrical
pattern, with junctions and short lengths of the
thermocouple wire coiled under standard felted
asbestos pads 6 in. square by 0.4 in. thick.

Temperatures of the reinforcing bars in the
specimens were measured by means of chromel-
alumel thermocouples tied to the bars of some
planks, at the time of fabrication. There were 5

1 Both these supplementary tests have been deleted from the Standard
E119 since the study reported herein was started.

‘to produce a steel stress of 20,000 lb/in.?

thermocouples on the lower bars, and 3 on the
upper bars, of each of the selected planks. Planks
with thermocouples were located in positions 3,
6, and 9 (see fig. 1) of specimens 357, 371, and 372;
positions 3, 5, and 7 of specimen 380; and positions
3,4,5, 7,9 and 10 of specimens 358 and 373.
No planks with thermocouples were provided for
specimen 379.

The temperatures on the I-beams in the ex-
ploratory and full-scale tests were measured by
chromel-alumel thermocouples which had their
junctions peened in small holes drilled into the
beams. Twenty-four thermocouples were used on
the beam in the full-scale test. (373). The thermo-
couples were located in four groups of six, the
groups being spaced 42 to 43 in. on centers. Two
of the thermocouples of each group on the beam
were placed on the bottom of the top flange, one
on each side of the web, and two on the top of the
lower flange.

The recommendations of the manufacturer who
produced the cellular concrete plunks were fol-
lowed in loading the specimens. The superim-
posed loads were applied by means of hyvdraulic
jacks and were distributed evenly over the speci-
mens. The manufacturer indicated that the
“normal” loads were bused on a design tensile
stress of 18,000 Ib/in.2 in the lower reinforcing
steel. However, some specimens were tested at
loads other than normal, to provide an indication
of the effect of extent of loading on fire endurance.
Values of the stresses in the lower reinforeing bars,
as computed on the basis of simple beam theory,
are given in table 1.

The four-point load applied to the steel I-beam
was transmitted through four planks of the
graduated floor specimen,.thereby partially loading
the latter. No other external load was applied to
either of the graduated specimens.

The beam was loaded with a live load intended
The
deflections were measured by a system of wires
attached to the specimen and passed over pullevs
to a scale, where riders on the wires indicated the
amount of change from the initial level.

3.1. Moisture-Content Determinations

Samples were taken from the specimens’in the
furnace a day before each test in the study,
except the first, and from extra planks. The
samples were evlindrical cores, eut from the full
thickness of the individual slabs. Thex were
taken from near the corners of the specimens in
the furnace. The holes were filled with the
mixture used to grout the planks together.

Moisture determinations were made by dryving -
specimens at 105 °C (221 °F). The specimens
were the exlindrical cores in some cases, and thin
wafers cut from the cores in others. Some were
from planks as received, others as tested (after
heating of the furnace chamber) and others from



planks stored at 50 percent relative humidity.
Some of the specimens were conditioned in various
ways, after removal from the planks, others were
not. One group of wafer speciniens were placed in
50 percent relative humidity after having been
dried ut 105 °C in order to permit measurement
of the moisture regain. The results of these
neasurciments are summarized in table 2.

1t is doubtful that the moisture contents for
the fire-test specimens can be related to the
ohserved fire endurances, or to behavior in the
fire tests. The moisture-content specimens were
tnken from near the edges of the fire-test speci-
mens.  Their moisture contents may therefore
show somewhat higher values than those of planks
nearer the center of the exposed area.

TaBLE 2. Mozisture content dala determined by oven-drying,
at 105 °C for 24 to 72 hr, cores removed from planks
healed after assembly into fire test spectmens

Duration of
Toest Age heating in speeimens content by
furnace weight

. mos Days o
358 218 H . 1 5.4
371 744 10 ! 4 8.1
472 8 8 : 2 1.9
373 ! 4 6 . 2 2.2
370 i 115 H : 2 ! 14.6
380 10 ! 6 ! 2 ! 2.5

Additional tests with cores, and thin wafers from cores, indicated equilib-
rium moisture content of about 2 pereent when stored at 50 percent relative
humidity, hoth for specimens as received and oven-dried., It required
"iml': more than 30 days for equilibrium to be reached throughout a 6-in.
plank.

4. End-Point Criteria

The previously mentioned standard test meth-
ods state that the endurance of a specimen is the
earliest time when any one of the following end-
point criteria is reached or observed:

(n) The specimen shull no longer sustain its
design load;

(b) The average temperature on the unexposed
surface rises 250 °F above the initial temperature;

(¢) The maximum one-point temperature on the
unexposed surface rises 325 °F above the initial
femperature; :

(d) Cracks or openings shall develop in such a.

manner as to allow the passage of flames or gases
hot enough to ignite cotton waste.

Although not included in the test methods as
eriterin for failure, the following data are con-
sidered to be of general interest and are tabulated,
in part, in this report.

(e) The times at which steel structural members
or reinforcement attained an average temperature
of 1,000 °F at any appropriate level or section.

(f) The times at which steel structural members
or reinforcement attained a temperature of
1,200 °F at any one point.

It should be noted here that while criteria
(b), (¢), and (d) are quite specific in defining
failure, (a) is not, and it is sometimes difficult to
judge when load failure occurs.

5. Results and Discussion

However, an objective method of determining
this end point has been developed which defines a
critical deflection and a critieal rate of deflection.
The method has been shown to give results
reasonably consistent with those determined by
an experienced operator in charge of test [4].
The critieal deflection is defined ns D= L12%/800d,
and the critical rate of deflection as R=L?%/150d
per hour, where L is the span, or length of the
specimen between supports, and d is the depth ?
of the specimen, The tine when both of these
critical values has been reached is reported in
this study as the time of load failure.

The principal results of the tests made in the
large furnace are given in table 1. and representa-
tive time-temperature and time-deflection curves
are shown in figures 4 and 5. The observations
of the behaviors of the individual specimens,
made during the tests, are summarized in the test
logs in the appendix. The results of flexural
strength tests on individual planks are summarized
in table 3. '

= “Depth” is determined by the type of construction: for reinforced con-
crete slabs it is measured from the top of the slab to the bottom of the main
reinforcement. This differs from ‘‘effective depth,”” which is measured to
the centroid of tension reinforcement and which was used to compute the
steel stresses given in tabie 1.

TABLE 3. Results of flexural tests

Individual planks placed on supparts at 12 [t spacing and subjected to load
at eenter only, The Iailures of the 13 {1 5 in. planks were judged due to
vielding of the steel; those of the 17 ft 11 in. planks to shear In the conerete.

[ .
" Nomiinal o ' Deflection
Thickness| Length >}t‘u“r‘r£ . | density of I'l‘:)St\; mﬁf; at max.
! pattern ®! “conerete | load
in. | ftiin, : ! ifes I in.

[ | 13:5 B | 31 358 2440 1.83

6 T 13:5 A l 44 372 4275 1.90

8 to13:5 B ! 41 358 1900 1.72

5] 135 c | = 373 4590 1.40

s } 17:11 E | 31 380 5790 41,30
! :

a See figure 2.

b Number of test in which other similar planks were cxposed to fire.
< Mean of 2 to 5 specimens. '

d Sudden failure, deflection reading not possible for 4 ont of 5.

Of the five panels tested under load, the per-
tormances of two were limited by load failure,
two by unexposed surface temperature rise, and
one by ignition of cotton waste over a crack. The
onlyv criterion applicable to a beam tested under
foad 1s load failure; this was reached on the one
I-beam tested. The two panels assembled of 5-,
6-, and 8-in. planks were not subject to the limit-
ing condition of load failure; other limiting con-
ditions were reached on the 5-in. section of each
specimen and on the 6-in. section of one. For
these two specimens, the attainment of the defined

Number of | Mean moisture .
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FiGURE 4. Time-temperature and time-deflection curves for 6-in. roof (371) and floor (372) specimens.

criteria was secondary in importance to the devel-
opment of information on the effect of thickness.
Although the ignition of cotton waste occurred in
one of.these tests, it is not considered useful data
for comparisons.

During the test (373) of the floor without load,
flaines issued from the exposed surface of one of the
5-in. planks, possibly from burning of plastic tape
used with the thermocouples. This was an excep-
tion to the general behavior observed in this study.
The temperatures of the reinforcing bars in one of
the 5-in. planks in this speciinen rose much more
rapidly than those for the other, presumably due
to the flaming. Since the flaming was not repre-
sentuative, and in fact cannot be definitely ex-
plained, the data from this plank have heen
disregarded.

5.1. Plank Thickness and Cover

Each of the two graduated specimens, tests 358
and 373, provides a basis for comparisons of per-
formance of planks of different thickness. Except
for the 8-in. roof planks in test 358, all planks had
the same cover. Within each test, all the indi-
vidual planks were of the same nominal density
There were differences in the number and size of
reinforcing bars, but only those resulting from

design on the basis of spun, thickness, and other
variables.

Among the roof planks: (358), the limiting
temperature rises on the unexposed surface were
reached on the 5-in. planks at 3 hr 39 min for the
average and 3 hr 37 min for the maximum, and
at 4 hr 10 min and 4 hr 7 min respectively on the
6-in. plunks, bul were not reached on the 8-in.
planks., Temperatures of 1,000 °F average and
1,200 °F maximum respectively were reached on
the lower level reinforcing bars at 2 hr 9 min and
2 hr 14 min respectively for the 5-in. planks, and
2 hr 6 min and 2 hr 17 min for the 6-in. planks.
The data for temperatures of the reinforcing bars
in the 8-in. planks were not applicable in eval-
uation of the effect of thickness because the
amount of cover used differed from that for the
5- and 6-in. planks.

In order to avoid complete collapse of the I-
beam, test 373 was stopped immediately after the
3 hr 50 min data readings, although no limiting
condition applicable to floor slabs had been at-
tained. It was estimated by extraploation of the
data obtained that the lumiting maximum tem-
perature rise would have been reached on the 5-in.
planks at 4 hr 20 min. Temperatures of 1,000 °F
average and 1,200 °F maximum were reached at
2 hr 50 min and 3 hr 6 min respectively on the
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Ficvre 5. Time-temperature and time-deflection curves for steel beam and floor slab made up of 5-, 6-, and 8-inch thick
. planks. :
The loud was concentrated on planks directly over the beam and was removed when tlie Intter failed.

lower-level reinforcing bars of the 5-in. planks,
and at 3 hr 12 min and 3 hr 40 min for the 6-in.
planks. It was estimated that the 1,000 °F
average would have been reached at 3 hr 52 min
for the 8-in. planks; the 1,200 °F muaximum was
not reached.

Thesteel temperatures chosen are generally asso-
cinted with loss of steel strenghth such that lead
failure 1s unminent for reinforced concrete struc-
tural clements designed with a safety facior
of two for the reinforcing bars. Since neither of
the two graduated specimens were subjected to
loads appropriate to the plank designs, the times
at which the reinforcing bar temperatures reached
1,000 °F average and 1,200 °F maximum may
differ appreeiably from those that would have
been observed in tests of similar planks loaded in
accordance with accepted design practices. Under
such load the development of cracks and the
sloughing or spalling of concrete cover may differ
from and lead to ecarliecr and more rapid steel-
temperature rise than would be observed under
comparatively light load. However, the times
observed in these tests should be valid indica-
tions of the relative performances to be expected
for the various thicknesses. '

The effect of cover was not easy to evaluate
because all specimens with %-in. cover were tested
under load and all those with 1%-in. cover were
tested without load. However, it was discovered
after test 357 that three planks with 1%-in. cover
had been supplied inadvertently along with the
nine planks with the intended %-in. cover. More-
over, the former had only half as much reinforce-
ment as the latter. Therefore, another test, 371,
was conducted cssentially duplicating the earlier
specimen except that all planks had %-in. cover
and the applied load was reduced by 25 percent.
Despite the reduced load in the Iatter test, the
specimen failed under load at 53 min, compared
with 57 min in the earlier test. Therefore the
greater cover gave appreciably longer fire endur-
ance to the assembly,

Thie method of varving cover by changing the
effective depth of the reinforcing bars would
change the allowable load, the steel stress, or
require a change in the amount of reinforcing
steel. Ordinarily all of these would be held
constunt and change of cover would be accom-
plished by change of overall thickness. The
unusual procedure in this study resulted in the




effect. of cover variation’s not being masked by
the effect of thickness.

5.2. Reinforcement

Longitudinal reinforcing bars having nominal
diameters of Y%, ¥, and ¥ in. were used in the
specimens. Shear reinforcement was also used
in one specimen. For the most part, the number
and size of reinforcing bars incorporated in the
test specimens were such as to satisfy design
criteria related to span, load, and stress in the
steel. In general, the number and size of bars
were the same among planks having the same
thickness, span, concrete density, and cover for
the bars. However, there was an cxception to
this general rule, as can be seen from comparison
of reinforcement in specimens 372 and 379.
The spans, thickness, concrete density, number of
reinforcing bars, and cover were equal (within
practical limits) for these specimens, but the
former had ¥-in. lower level and 3%e-in. upper-
level bars, whereas the latter had ¥ein. lower
and ¥-in. upper bars plus full-length shear rein-
forcement. The specimen in test 372 wuas sub-
jected to an applied load equal to 1} that applied
in test 379. The initial limiting criterion in each
test was unexposed surface temperature rise, that
i test 372 having been reached at 1 hr 40 min
and that in test 379 at 1 hr 30 min.

The deflection data would be more indicative of
the cffect of variation of the reiuforcement thun
would be the surface-temperature data. Unfor-
tunately, these tests were not continued to load
failure. The available deflection data do indicate
that load failure, for the specimen in test 372,
would have been about 40 min later than that for
- the specimen in test 379. From this, it appears
that the {s-in. increase in bar diameter was much
more effective than the addition of shear reinforce-
ment.

5.3. Concrete Density

The nominal density of the cellular concrete
specified for floors was 44 Ib/ft3, whereas that for
roofs was 31 lb/ft’. 'The actual densities of the
concretes as received were obtained from {full-
sized planks, with correction for the weight and
volume of the reinforcement, or from cores re-
moved from plauks; these were within +2.5 1b/f¢®
of the nominal densities for the floor planks and
were about 5 lb/ft® high for the roof planks, with
one exception (test 379). In this specimen the

average density of the cellular concrete, based on-

the total Wei§ht of two extra planks, was found to
be 42.2 lb/ft3 although they were marked as roof
planks. Even after correction for moisture con-
tent, the densities of the roof planks were in the
range of 33 to 37 lb/ft3.-

The specimens of tests 371 and 379 were very
similar, differing only as to concrete density, and
the presence of shear reinforcement in the latter.
Each was subjected to the samme applied load.
Each was limited by temperature rise on the

(density 42.2 Ib/ft?).

unexposed surface, reached at 1 hr in test 371
(density 35.8 1b/ft?) and at 1 hr 30 min in test 379
The times at which 1,000
°F average and 1,200 °F maximum temperatures
were reached on the lower level reinforcing bars
were 59 min and 1 hr 4 min, respectively, in the
former test, and over 1 hr 30 min in the latter.
Similar comparisons of the effect of concrete
density may be made from the unexposed surface
temperature data of the 5-in. planks in tests 358
and 373 as well as from the temperature data for
the reinforcing bars of the 5-in. and 6-in. planks
of the same tests.

These data indicate that, within the ranges of
density and other variables covered in this study,
the cellular concrete will provide increased resist-
ance to heat penetration at higher densities.

Such behavior agrees with that to be expected
if the thermal diffusivity of the concrete decreased
as the density increased. Thermal diffusivity «is
defined as a=k/pe, where k is thermal conductiv-
ity, pis density, and ¢ is specific heat. Since the
cellulur concretes of various densities may be pre-
sumed not to vary greatly as to chemical compo-
sition, the values of specific heat should be reason-
ably constant. Although the values of thermal
conductivity tend to increase with density, appar-
ently the net effect for the cellular concrete in the

articular range of densities investigated is one of
ower diffusivity for that of high density than for
that of low density. This is 11 agreement with
previously published data [5]. However, thesame
data indicate that this trend is reversed at densi-
ties of about 60 1b/ft3 and that diffusivity increases
with increased density above that level.

5.4. Estimates of Fire Endurance

Data from standard fire tests are often used as
the bhasis for estimates of the probable fire endur-
ances of similar constructions not actually tested.
The usefulness of such estimates is dependent on
the amount of test data available on similar con-
structions, the sinplicity of the basic construction,
and the degree of sumilarity between the construc-
tions actually tested and those for which estimates
are nade. Another important factor is the basis
for the method employed in making the estimates.

A method has been developed on the basis of
many vears of experience in tests of solid, essen-
tially homogeneous walls [6]. It relates fire en-
durance to the 5/3 power of the thickness. Since
the cellular concrete floors and roofs approximated
homogeneity veryv closely, it was believed that a
similar relationship might hold for them, although
probably with the thickness raised to a different
power than that for walls. A plot of the data
confirmed this assumption. Data for load failure,
unexposed surface temperature limiting rise, and
1,000 °F average and 1,200 °F maximum temper-
atures on the lower-evel reinforcement were
plotted and lines faired through the points. The
exponents for the various lines were 1n the range
0.64 to 0.80.



Spocimens were tested at 5-, 6-, and 8-in. thick-
nesses. The lines developed from the data plots
were extended from 3 to 10 in., representing extrap-
olution over 2 in. of thickness at each end. The
titnes at which the aforementioned load and tem-
perature conditions might be expected were picked
off the lines and are given in table 4. This table
gives only the vulues from the lines; henee the
values at 5, 6, and 8 in. do not agree in all cases
with those given in table 1, the actual values for
the particular speeimens tested. The data from
table 4 were analyzed to determine which failure
criterion would be reached first; the resulting esti-
mated fire endurances ure given in table 5. Al-
though fire endurance ordinarily is stated to the
nearest. minute, the estimates obtained from table
4 were rounded off to the nearest 5 min up to 2
hr and to the nearest 10 min for longer times.
This was done because the uncertainties in the
estimates in table 5, due to the combined effects
of uncertainty in each data point, in fairing the
lines through the data, and in rounding off the
figures, are dependent on the extent of extrapola-
tion and the time.  An estimte of about 6 hr for
i 10-in. nonloaded roof slab is probably within 30
miu ol the true value whereas for a 10-in. loaded
roof slub the estimate of 1 hr 30 min is probably
within 10 min. For 3-in. slabs, the uncertainty
would be about 10 min in 2 hr and 5 min in 30
nin.

The times at which the high temperatures of
the reinforeing bars were reached were not con-
sidered in developing table 5, since the reinforce-
ment temperature is not a defined limiting con-
dition in the standard test method [3]. Since no
spectimens with 1%-in. "cover were tested under
load, load-failure. estimates were not made for
them in table 4. However, the tabulated ecsti-
mates for 1,000 °F average and 1,200 °F maximum
nay be taken as rough indications of when such
failure might occur, provided that the specimens
were loaded to develop the design stress in the
stoel.

The ignition of cotton waste on the unexposced
surface is an applicable end point, and occurred
twice in the study reported herein. It alwavs
occurs at a loeal failure, such as a crack or spall.
Such local failures often indicate a point pot
representative of the overall specimen; therefore
they are difficult to predict. Consequently, no
attempt was made to estimate times for this
failure in drawing up tables 4 and 5.

TaBLE 4. Estimaled tinies to various condilions

The estimates were obtained from lines faired through data in the range of 5
to 8 in. and extrapolated at both ends.

Unexposed surf. ‘

TLower reinf.

Overall temperature rise Load har temperature
thickness fuilure
| 250 avg 325 max | 1,000 avg ’ 1,200 max
Ruofs, loaded. 4§ in. cover
i i

in, . hr:min hr : min hr : min hr : min hr : min
3 | 0:50 0:42 0:36 0:36 137
4 H 1:01 0:52 0:44 0:H4 0:45
5 I:11 1:00 0:51 0:51 0:52
i 1.0 1:08 0:58 0:58 0:59
7 1:29 1:16 1:04 1:04 1:05
8 1:37 1:23 1:10 1:10 1:11
9 1:45 1:30 1:16 1:16 1:17
10 1:53 1:36 1:22 1:22 1:22

Roofs, nonloaded, 134 in. cover

3 2:35 2:33 1:27 1:30
4 3:08 3:06 1:45 1:50
5 3:39 3:397 2:02 2:09
6 4:08 4:06 2:18 2:26
7 4:35 4:33 2:33 2:43
8 6:01 4:58 2:47 2:59
9 5:26 5:23 3:01 3:15
10 5:50 5:47 3:14 3:30

Tasre 5. Estimated fire endurances of cellular concrete roofs
These were derived from table 4, rounding off as deseribed in the text.

Loaded ! Nonloaded 2
Thickness H .
Time Limiting eriterion ‘Time Limiting 3.
5 | eriterion
in, h:m ‘ hom
3 0:35 Load_ ... ..__. 2:30 ST
4 0:45 Loud 3:10 ST
5 0:50 Load 3:40 ST
6 1:00 Load._ ... ... 4:10 ST
7 1:05 V Loud o 4:30 325
8 1:10 y Load. ... 5:00 sT
9 1:15 l Load_ .. .._..._ 5:20 325
10 1:20 ! Load. ..o ... .. 5:50 sT
H

1 With 34-in. cover, reinforcement appropriate for spon, and load based on
design stress of 15,000 1b/in.2 for roofs.

2 With 134-in. cover, reinforcement at least G0 percent of that design live
load of 56 Ib/ft 2. :

3 Limiting conditions: Load=load {ailure, 250 =average surface temperature
rise, 325=muxitmnum surfacc temperature rise; ST=both 250 and 325 degree
temperature rises at same Lime,

Practical considerations made it. obvious that
estimates on nonloaded floors were of no value,
and might be misleading. Only one floor specimen
was tested under load and this was not deemed an
andequate basis for estimates. Therefore, tables
4 and 5 were confined to estimates on roofs.

6. Conclusions

The results of the tests clearly indicate that
cellular concrete slabs, made up of precast planks
similar to those employed in this study, can be
designed to provide fire endurances of 1 to 2 hr
and probably up to 4 hr. ’

The use of greater cover for the reinforcing bars,
in the range of 3 to 1} in., even without increasing
the total thickness will result in longer fire en-
durance. In practice, this fact must be balanced
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against the cffect on the load-carrying capacity
under normal conditions. Iu normal practice,
a slab is designed to have a particular load-
carrying capacity. Once a combination of per-
cent reinforcenient and effective depth have been
determined to satisfy this requirement, they would
be held constant and increased cover would be
achieved by increased overall thickness. Such
procedure would lead to longer fire endurance




corresponding to the increased cover and overall
thickness.

Within the density range of 35 to 50 1b/ft?, slabs
made of higher density concrete will provide
longer fire endurance than will those of lower
density, both in terms of heat transfer through
the slab and in terms of continued structural
stability.

Although slabs of greater thickness may be
expected to provide longer fire endurance than
those of lesser thickness on the same span, no

simple conclusion can be drawn from this study
for the case of greater thickness made necessary
by the provision of longer span members having
load-carrying capacities equal to those of shorter
spans.

The use of reinforcing bars of larger diameter
and consequently of greater ratio of rcinforce-
ment results in longer fire endurance than the
combination of smaller bars plus shear reinforce-
ment employed in this study.
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8. Appendix

Information presented here includes the more
important observations from the test logs, state-
ments of the various end points, and the times at
which they were reached. These times have been
corrected for deviation, if any, of the furnace time-
temperature curves from that defined in ASTMI
E 119 [3]. The correction formula is given in
the same standard. Representative plots of time-
temperature and deflection data, plus tabulation
of end-point and other data, have been given in
the body of this report. ,

The planks were numbered from the south end
of the furnace in all but Test -380. In that test
they were numbered from the west. This was
done to facilitate the recording of observations
and has been carried over in the following sum-
maries of the test logs.

Roof Test 357—At 11 min, furnace and specimen lumi-
nous; 17 min, light smoke issued from joints between slabs;
41 min, diagonal cracks iun unexposed surface across
four corners of specimen running across two or three
planks, alsoplanks1, 4,10, 11, 12 were cracked longitudinally ;
48 min, cracks much wider, heavy smoke from crack in
plank 10; 53% min, deflection about 7.7 in. and was
increasing at the rate of 67 in./hr, causing loading pressure
to fall off rapidly; 55 min, planks 7-10 broke 3 ft from
west end, but reinforecement prevented complete collapse;
load off; 1 hr, gas off.

The initial limiting condition in this tcst was load
failure; it occurred at 57 min (corrected) when the deflec-
tion and rate of deflection became excessive, The limiting
temperatures were not reached on the unexposed surface;
but 1,200 °F maximum was reached on the reinforcing
bars at 54 min and 1,000 °F average at 56 min.

Roof Test 371—At 9 min, fine crack.across southwest
corner of plank 2, slight separation between filler grout
and furnace along south and east sides; 21 min, transverse
cracks at west end of plank 1 and east end of planks 7, 8,
9, 10, longitudinal crack in center of plank 12, all in unex-

. posed surface; 39 min, crack in plank 12 extended full

length of plank, sides of crack in west cnd of plank 2
offset 3% in.; 51 min, two parallel cracks 8 in. apart
extended almost full length of specimen about 3 to 4 ft
from east side, heavy smoke rose from cracks; 57 min,
planks buckled along transverse cracks which extended
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through to exposed surface; 1 hr 8 min, pressure in loading
system unstable, partial collapse of specimen, load off,
gas off. :

The initial limiting condition in this test was load
failure at 53 min.  The maximum one-point rise of 325 °F
on the unexposed surface occurred at 1 hr, and, by 1 hr
5 min, it was 700 °F. At 59 min, the 1,000 °F avg.
on the lower reinforeing bars was reached. At the end
of the test it appeared that all of the planks except 1, 2,
11, 12 were broken 3 to 4 ft from the cast end.

Roof Test 379—At 37 min, planks 1 and 12 cracked
diagonally 3 ft from ecach end and longitudinally near
center, all cracks in uncxposed surface; 58 min, planks
2, 10, 11 had short fine cracks at ends; 1 hr 11 min,
planks 1 and 12 had fine but moderately long cracks,
plank 2 had fine cracks 3 ft from west end; 1 hr 22 min,
joints between planks 3 and 4, 4 and 5, and 9 and 10
cracked, smoke was seeping out, plank 3 cracked longi-
tudinally, and considerable amount of smoke issued forth:

"1 hr 31 min, maximum deflection 9.4 in., load off, gas off.

The initial limiting condition in this test was the max-
imum one-point temperature rise of 325 °F on the un-
exposed surface. This oceurred at 1 hr 29 min near the
crack in plank 3. By 1 hr 31 min, it was obvious that
load failure was imminent. At this time, the maximum
temperature on the uncexposed surface was 650 °F.  Cot-
ton waste was placed over the crack in plank 3 at 1 hr
2434 min. This waste did not ignite immediately, How-
ever, observations after the test showed that it had been
charred to'a great extent, :

Roof Test 880—At 33 min, a few cracks 1 to 3 ft long
in joints and across planks near edge of unexposed sur-
face, plank 4 cracked longitudinally 8% to 9 ft long; 52
min, 15-ft-long erack in plank 4. Plank 8 had erack 10 -
ft long, plank 2 had crack 3 ft long in south end, maxi-
mum deflection 6.0 in.; 58 min, deflection 7.5 in.; 1 hr
12 min, sides of erack in plank 8 offset 4 in., joint between
planks 8 and 9 offset 6 in.,, planks 2 through 6 bowed
up at about 3 ft from south end, plank 9 cracked across
exposed surface at center span; maximum deflection 11.4
in.; 1 hr 13 min, cotton waste placed over crack in plank
8 and ignited; 1 hr 16 min, load off, maximum deflection
exceeded 12 in.; 1 hr 17 min, gas off. - o

The initial limiting condition in this test was the igpi-
tion of cotton waste over the crack in plank 8 at 1 hr
13 min. The 1,200 °F maximum temperature on the
reinforcing bars was reached at 1 hr 11 min; the 1,000
°F average temperatur¢ was rcached at 1.hr 10 min.
Load failure was imminent at 1 hr 16 min, at which time



the center span came into contact with the furnace struc-
ture 1 ft below the initial level of the specimen.

Roof Test 358, planks §, 6, and 8 in. thick—At 12 min,
wisps of smoke issued from joint between planks 2 and 3;
52 min, separation hetween planks and furnace, ends of
planks raised % in.; 1 hr 7 min, cracks at east end of planks
3, 4, and 8, and at west end of plank 4; 1 hr 15 min, 6-in.
planks (5-8) bowed up 3 in. at ends, 5- and 6-in. planks
visibly dished; 1 hr 49 min, all planks had dished appear-
ance, plank 4 had }4-in.-wide transverse crack near east end;
planks 2, 3, 4, and 8 had finc transverse cracks near east
end, planks 2, 3, 4, 9, 10 and 12 had fine transverse cracks
at west end, all cracks in unexposed surface; 2 hr 12 min,
longitudinal crack 2 ft long in west end of plank 4, plank
10 raised 1'% in. at west end, plank 12 broken 3 tv 4 ft
from west end; 2 hr 29 min, plank 5 raised 134 in. at west
end, glow of furnace visible through crack in end of plank
10, 2 hr 55 min; transverse cracks in exposed surfaces of
three planks 3 ft from east end, also several short cracks
in planks 3 and 4; 3 hr 13 min, plank 4 cracked so that
cotton rag ignited after few seconds, planks 3 and 4
sagged at each side of center; 3 hr 15 min, several pieces
of concrete 1- to 4-in. diam fell from plank 4; 3 hr 40 min,
flames passing through joint between planks 4 and §,
plank 4 offset 3 to 4 in. below plank 5 at centerspan; 3 hr
40 min, furnace glow visible from crack in plank 3 at 2 to
3 in. from east end; 3 hr 45 min, gas off.

After the specimen had cooled, examination showed that
the exposed surface of the 5-in. planks had vitrified to a
depth of 2 in., the 6-in. planks to a depth of ¥ in., and the
8-in. planks only on a thin surface layer. The 1,000 °F
average oceurred on the reinforeing bars of the 5-in. plank
at 2 hr 9 min, the 6-in. plank at 2 hr 6 min, and the 8-in.
plank at 2 hr 83 min. The 1,200 °F maximum occurred
in the 5-in. planks at 2 hr 14 min, in the 6-in. planks at
2 hr 17 min and in the 8-in. planks at 3 hr 4 min. The
maximum one-point rise of 325 °I' on the unexposed sur-
face was reached on the 5-in. planks at 3 hr 37 min and
the average rise of 250 °F was reached at 3 hr 39 min.
These limits were not reached on the 6-in. planks nor on
the 8-in. planks. A cotton rag was ignited over a erack
through a 5-in. plank at 3 hr 13 min, and, at 3 hr 40 min,
flames were passing through the joint between planks 5
and 6. However, the times to limiting conditions resulting
from cracking should not be taken as representative of nor
compared with those observed in the tests of specimens of
uniform thickness under design load.

Floor Test 372—At 25 min, crack along joint between
planks 1 and 2; 37 min, plank 1 cracked along south side
where supported by furnace frame, 55 min; blister of about
6 in. diam formed; 1 hr 8 min, plank 3 had 7-in. crack
along center, maximum deflection (at south quarter
point) 5.0 in.; 1 hr 21 min, sides of crack in plank 3 offset
Liin.; 1 hr 39 min, maximum deflection 7.5 in.; 1 hr 59 min,
maximum deflection exceeded 10 in. and was increasing
very rapidly; 2 hr 414 min, load off; 2 hr 12 min, gas off.

The initial limiting condition in this test occurred at 1
hr 40 min when the maximum allowable one-point tem-
perature rise of 325 °F on the unexposed surface was
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reached. Load failure was reached at 2 hr 2 min. The
average temperature on the reinforcing bars reached
1,000 °F at 1 hr 24 min, and the maximum temperature
reached 1,200 °F at 1 hr 28 min.

Test 373—Floor planks 5 in., 6 in., and 8 in. thick.
Note: the observatious for the steel I-beam in this test are
given separately. At 7 min, smoke issued from joints be-
tween planks 8 and 9 and between 9 and 10; 14 min, flames
(possibly from encasing material of thermocouples) issued
into furnace from southeast corner, continuing wuntil
after 40 min; 1 hr, cracks }{s in. wide between specimen
and furnace frame along east and west edges; 1 hr 15 min,
short cracks in extreme west ends of planks 3 and 4 on
unexposed surface; 2 hrs, two diagonal cracks across
center of plank 12, 8-in. planks raised )4 to 1 in. at each
end; 2 hr 23 min, long crack in middle of plank 11, diagonal
cracks in southeast and southwest corners extending across
planks 1 through 4; 3 hr 8 min, 8-in. planks raised 1 to
1} in., 6-in. planks raised % in., separations between
planks and furnace increased, some joints between planks
cracked; 3 hr 44 min, considerable smoke issued from joint
between planks 2 and 3; 3 hr 50 min, gas off.

The 1,000 °F average on the lower reinforcing bars was
reached at 2 hr 50 min for the 5-in. planks and at 3 hr 12
min for the 6-in. planks. The maximum of 1,200 °F was
reached at 3 hr 6 min for the 3-in, planks and at 3 hr 40 min
for the 6-in. planks. Neither of these temperatures were
reached in the 8-in. planks, but it was estimated that 1,000
°F average would have been reached at 3 hr 52 min.
Again, this test was not intended to represent a single
sample of construction and was not uniformly loaded.
Consequently, there were no definite criteria which could
be used to determine the limiting conditions of the speci-
meu.

Test 373—S8tecl I-beam encased in blocks. At 37 min,
horizontal and vertieal hairline cracks in several joints
bhetween blocks, vertical eracks across 2 blocks near center
of cast faee; 1 hr, more eracks in joints, vertical eracks
across block in west face; 1 hr 41 min, one soffit block
cracked through and was sagging; 2 hr 11 min, third soffit
block from south cracked and was sagging in 3-in. deep V,
side block on west face above this dropped about 1 in.,
2 hr 15 min, cracked soffit. block and three blocks from
each side fell; 2 hr 22 min, load off; 2 hr 23 min, soffit and
side blocks from half of beam fullen, 2 hr 26 min, separation
of 12 to 1 in. between beam and floor planks; 2 hr 51 min,
only beam protection still in place were blocks in south
114 ft and blocks in north 2 to 3 ft, test continued to obtain
data on floor planks.

The limiting condition was load failure at 2 hr 22 min.
The average temperature of 1,000 °F on the beam was
first reached on one section of the heam at 2 hr 1 min.
The maximum one-point temperature of 1,200 °F was
reached at 2 hr 9 min. By 2 hr 30 min, the average tem-
peratures of all 4 sections of the beam were well above
1,000 °F; the highest section average was over 2,000 °F.
The temperature of the steel does not constitute a limiting
factor in tests of heams carrving design loads.
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