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Numeric simulation of near-surface moisture migration
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Abstract. A methodology is presented for computing stresses in structural concrete members exposed
to fire. Coupled heat and moisture migration simulations are used to establish temperature, pore pressure
and liquid-saturation state variables within near-surface zones of heated concrete members. Particular
attention is placed on the use of coupled heat and multiphase fluid flow simulations to study phenomena
such as moisture-clogging. Once the state variables are determined, a procedure for combining the effect:
of thermal dilation, mechanical loads, pore pressure, and boundary conditions is proposed and demonstratec
Combined stresses are computed for varying displacement boundary conditions using data obtained from
coupled heat and moisture flow simulations. These stresses are then compared to stresses computed frol
thermal analyses in which moisture effects are omitted. The results demonstrate that moisture migration
has a significant influence on the development of thermal stresses.
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1. Introduction

Assessing the performance of concrete members exposed to fire by applying analytical methods
requires that consideration be given to the combined effects of temperature, moisture migration, and
mechanical effects (e.g., loads dmlindary conditions) (Gawimt al 1999). This is particularly true
in cases involving the simulation of near-surface phenomena such as moisture clogging (Harmathy
1964, Chung and Consolazio 2003) and thermally induced explosive spalling. In these situations,
the presence and migration of moisture in rapidly heated surface zones affect the development of
temperature gradients (and therefore thermal stresses) and the development of internal pore
pressures. Furthermore, numerical simulation of thermally induced moisture migration also requires
consideration of phase-transition (liquid pore water transitioninge@nsiat elevated temperatures)
and simultaneous multiphase fluid flow through the porous concrete skeleton.

The methodology proposed here accounts for temperature, moisture migration, and mechanical
effects in a manner that permits the determination of combined stress states in rapidly heated
concrete, and, moreover, facilitates the study of moisture migration phenomena (e.g., clogging) using
numerical simulation. Stresses computed using the proposed methodology might later be merged
with appropriate models of material failure to predict the onset and progression of failure (e.g.,
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spalling). Detailed treatment of this subsequent step, however, is beyond the scope of the presen
paper. Emphasisehne is placed instead on identifying and evaluating, through numeric simulation,
the phenomena that most significantly influence stress development in near-surface zones of heate
concrete members, including an evaluation of boundaryitmmetffects. Simulations are also used

to quantify differences in temperature gradients and moisture migration in ordinary pétynaabi
very-low permeability concrete members exposed to fire.

Quantifying the stress state within a heated concrete member requires both the determination of
time-varying state variables (temperature, pore-pressure) within the system and an appropriate
combination of thermal, pressure, and mechanical effects. In this paper, the first requirement is
addressed by integrating multiphase constitutive fluid flow laws developed specifically for
cementitious materials into an existing coupled heat and moisture flow simulation code. The second
requirement is satisfied by merging state variable data obtained from the coupled heat and moisture
flow simulations with finite element analyses so that thermally induced stresses and boundary
condition effects can be studied.

2. Analysis of coupled heat and moisture flow in concrete

A key theme in this paper is that coupled heat and moisture flow analysis techniques should be
used when quantifying thermodynamic state variables in concrete elements exposed to fire. When a
concrete member is exposed to a sudden elevated temperature, heat flows across the membe
surface and raises the temperature of both the porous concrete skeleton and the internal pore
moisture. Temperature gradients within the near-surface zones can be quite severe and depend bof
on the rate of heating as well as on moisture related factors such as initial saturation level and
material permeability. Vaporization of pore istore at elevated teremtures (i.e., phase-trétisn
from liquid to steam) consumes heat energy that would otherwise raise the temperature of the solid
skeleton, and thus serves a beneficial role. However, the vaporization process also generates
significant internal pore pressures that drive multiphase moisture migration within the near-surface
zones. Such migration can lead to phenomena such as clog formation and abrupt changes in relativi
permeability to gas phase flow. The net effect that moisture has on temperature development can
only be adequately evaluated through coupled heat and moisture flow analysis in which multi-mode
heat transport, multiphase moisture flow, and moisture phase-trarsi@oncluded.

2.1. Governing equations of mass- and energy-balance

The balance laws used in this study treat concrete as a multiphase continuum in a manner
analogous to that which would be used for a simple continuum. Global balances apply to the
multiphase mixture as a whole via a volume averaging process (Lewis and Schrefler 1998). Balance
equations form the framework for constructing the mathematical formulations of the governing field
equations at the macroscopic level. The mass balance law foltiphase mixture, which isd¢ated
as a collection of overlapping continua called phases, is given by:

%?+pdivv=0 (1)

where p represents the volume-averaged mass density and eachphgdeg (s=solid skeleton,
I=liquid, and g=gas) occupies a fraction of the overall mixture volume defined by a volume
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fraction n,(x, t) such thato = § n,0,, with a mean velocityx,t). In these expressions

represents a spatial position aneepresents a temporal position (i.e., a point in time). The first term
in Eqg. (1) accounts for the accumulation of mass concentration in the fluid phases while the second
term models mass transfer of the fluid phases with the mean macroscopic flow velocity.

The governing equation describing the macroscopic energy balance is given by:

p%ltE+DEq—a:Dv—ph=0 (2)
where the terms have the following physical interpretatig1E/dt} is the rate of change of
internal energy;[J[y is the rate of heat flowy :[v represents heating caused by compression
and dissipative momentum transfer (e.g., elastic deformation); —ghd represents heating by
external supplies. However, based on the Helmholtz free energy and the Fourier laws of heat
conduction, a coupled heat conduction equation that describes the energy balanceste can be
explicitly expressed at the macroscopic level (Hsu 1986) as follows (see Chung 2003 for further
details):
oT _ .

pC”E = JOkOT)+Q+ (B: &)T 3)
where C, represents a volume-averaged specific heat at constant pre$sisethe absolute
temperature of a representative element volume (REV) (Lewis and Schrefler 1998) of cdncrete;
represents a volume-averaged thermal conducti@tyrepresents heat flow into the REV; and
(B:&)T represents a volume-averaged thermo-elastic coupling factor. In Eq. (3), a strictly reversible
energy balance is assumed between thermal-energy and associated mechanical strain energy.

In regard specifically to the mass- and energy-balance framework equations described above, the
following assumptions are made here : 1) the concrete material can be characterized as a continuun
via a volume averaging process such that all physical quantities (e.g., mechanical deformation,
temperature) mustofiow continuous functions; 2) teramture changes due to mechanical
deformation are assumed to be negligible (i.e., within the scope of conducting the heat and moisture
flow analyses in this study, the quant{{: &)T in Eq. (3) is neglected).

2.2. Numerical analysis of coupled heat and moisture flow

Solution of the mass- and energy-balance equations outlined above ispbsivedh here by
making enhancements to, and use of, the TOUGH2 heat and mass transport simulation code (Prues
1991). TOUGH2 employs the integral finite difference method to simulate coupled transport of
water, air and heat through porous media. Although the code was originally developed for use in
solving geotkrmal analysis problems, the authors of the present paper have modified it for use in
analyzing the behavior of ceméittus materials subjected to rapid and severe heating. In a previous
study (Consolazioet al 1998), modifications were made to TOUGH2 to enable the analysis of
radiant boundary heating conditions. Experimental data collected from radiant heating tests conducted or
saturated mortar samples were then used to successfully validate the code modifications.

In the present study, further code enhancements have been made both to the TOUGH2 code an
in the determination of appropriate flow parameters for simulating thermally drivétipmse
moisture flow in heated concrete. These areas of improvement relate to gtieutea fluid flow
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laws used by TOUGH2 and are discussed in the following section. First, however, we briefly
discuss the governing equations that are solved by TOUGHZ2 to determine primary state variables:
temperature, pressure, and saturation. In this description, we consider the system components wate
dry air, and heat (denoted k1, 2, and 3 respectively) as being transported through or stored in
the system domait with surface are@U . The mass- and energy-balance equations can then be
expressed in integral form as:

d. uWqo_ e W o —
G MVde-§ F¥mdr-[ q¥da =0 (4)

a b c

where parta represents the rate of change of mass accumulation for fluid components ywater:
air: y=2) or the rate of change of heat accumulation for the multiphase continuumyth@&ptpart-
b represents the mass flux of fluid componemts X or y=2) or the heat fluxy=3) intoU through
surface are@U ; and partrepresents the external supply.

The water componenyE1l) may be present in one of two phadesliQuid andg=gas) while the
dry air component =2) only exists in the gas phase. Partially saturated moisture conditions may
also be described from a strictly phase-oriented (as opposed to component-oriented) point of view in
which we refer to overall phases where r7=| indicates the liquid watery&1, =) and =g
indicates a mixture of water vapoy£1, rr=qg) and dry air y=2, r=g). For additional details, the
reader is referred to Pruess (1991). Of interest here is the mass flux of the liquid phHse (
written as:

F = -k, K.ﬁxf“(ﬂp.—p.gﬂz) (5)

and the mass flux of the gas phage=¢; a mixture of water vapor and dry air), written as :
Fg = koK gE%H—Sfu—‘l(DP — p,90z) — p,TD, grad(X{?) (6)

where k., is the relative permeability of the porous medium to flow of fluid phas&, is the
intrinsic permeability to phaser; u, is the dynamic viscosity of phase [J/P, is the pressure
gradient for phaser; 71 is the tortuosity factorDy is the effective dispersion-diffusion coefficient;
and X\ represents the mass fraction of comporneint phaserr. Within Egs. (5) and (6), the
“phase-interference” relative permeability terrkg and kg and the slip-flow constanls have
particular importance in the simulation of concrete exposed to firesti@give flow laws focusing
on these parameters are therefore discussed next.

2.3. Constitutive laws for moisture flow

In rapidly heated concrete, the primary mode of moisture flow is pressure-driven flow. Heat enters
the concrete member by way of surface flux (e.g., surface radiation or convection), and
subsequently begins elevating the tenapure of the near-surface concrete through thermal
conduction. Under severe heating caiodis, internal temgratures will increase sufficiently to cause
the pore moisture to vaporize and generate steam. Continued heating elevates the fluid temperatur
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and pressure, resulting in the evolution of pressure gradients that drive the flow of both gas and
liquid phases. Of particular relevance in modeling this type of moisture flow are: 1) boundary heat
flux; 2) conductive and convective heat transport within the porous medium; 3) phase-transition
(vaporization and condensation) of pore moisture; 4) permeability of concrete to gas (air-steam
mixture) flow; and 5) fluid phase interference (relative permeability). Item 1 was addressed in a
previous study (Consolaziet al. 1998); items 2 and 3 are computational features included in the

TOUGH2 code; items 3 and 4 relate to constitutive modeling of fluid flow and are addressed next.

2.3.1. Gas phase slip-flow

Pressure driven transport conditions involving gases (e.g., an air-steam mixture) flowing through
cementitious materials do not generally obey Darcy’s law for laminar fluid flow (McVay and Rish
1995, Klinkenberg 1941). Rather, use of an alternative flow model that accounts for gas slippage, or
the so-called “Klinkenberg effect”, is preferable. In this study, Klinkenberg’s model is used to
compute flow rates of the gas phase (i.e., the air-steam mixture). In this model, the pieynoéabi
a porous medium to gas flow is assumed to be pressure dependent. If in Eqg. (6), we recognize tha
for strongly pressure driven gas flow, the gravitational and dispersion-diffusion terms can be
neglected, and if we further temporarily consider only single phase gas flow kywth and no
phase interference due to the presence of a liquid phase), then Eq. (6) becomes:

b
Fy = KL+ ggﬁa(gpg) (7)
g g

In this expression, the intrinsic gas permeabilky and the slip-flow constanbs are both
charactestics of the porous medium under consideration. The &P, guantifies the extent to
which flow through the porous medium deviates from laminar flovb {f P is small relative to
unity, then the flow is approximately laminar and obeys Darcy’s lavagif P, is large, then gas
slippage is significant and the flow rate will depend not only on the pressure gratgnt but also

on the flow pressur®y. It is worth noting that a term of the forb/P, does not appear in Eq.
(5) because slip-flow is a dominant phenomenon only in gas phase flow.

Slip-flow effects are generally substantial in materials having low pdifities (Klinkenberg
1941). Therefore, simulation of steam flow through heated porous materials such as concrete
requires that the slip-flow contributiorerm by/P, be taken into account. Furthermore, an
appropriate value obs must also be selected for each material considered. Previous studies (e.g.,
Bamforth 1987) have proposed models that relate slip-flow consgatot intrinsic gas permeability
Ky for cemetitious materials. For thecemenitious materials conseted here,bs; values are
determined using the model described by Chung (2003) :

_ (~0.581757 IfKg) — 19.1213
bs = € (8)

where Kq has units of rhand b has in units of atmosphes. This expression was developed for
near surface moisture flow based on permeability test dathshpedd by Whiting (1988) and
Klinkenberg (1941) and based on relationships between intrinsic gas permeability and intrinsic
liquid permeabity for concrete published by Dhir (1989). Emphaserehis placed not on the
development of Eq. (8) but rather on evaluating the influence of slip-flow in concrete exposed to
fire. For additional details regarding the process used to develop Eg. (8), see Chung (2003).
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2.3.2. Phase interference

Phase-transitions (vaporization acahdensation) and internal pressure development within heated
concrete result in the simultaneous flow of multiple fluid phases. Permeability parameters Kuch as
in Eq. (5) andKy(1+ (bs;/Pg)) in Eq. (6) represent the permeability of a material to either single
phase liquid flow, or single phase gas flow, respectively, but do not account for the relative phase
interference that occurs when multiple phases flow simultaneously. Interference effects are instead
accounted for by making use of relative permeability functigns= fn(S) kapg fn(S) that
modify—based on the current liquid saturation leSeat a particular location in the domdin-the
appropriate permedhy parameters, thus yielding saturation-dependent effective peritieakibr
each phase. Fluid phase mass flux rates are then computed using effective perméghi|ities anc
kioKq WhereO<k,; <1 andd<kgy<1 . In this study, the following relative permégfunctions
have been employed:

ko(S) = 107 -10's 9)

Ki(S) = kig(1-9) (10)

where A=0.05-22.51; n is the concrete postdy; and § is the degree of liquid saturation
(0<S<1). Egs. (9) and (10) were previously developed by the authors (Consolazio and Chung
1998) for use in modeling multiphase moisture flow through concrete. These relationships have also
been shown to compare well with the work of other researchers (Jacobs 1998).

2.4. Numerical study of coupled heat and moisture flow

In cementitious materials, even a modest amount of liquid pore moisture can dramatically reduce
the permeaibty of the material to gas phase flow thus altering moisture migration, pore pressure
development, and heat transport (Harmathy 1964, Consoleizial 1998, Jacobs 1998). In this
section, coupled heat and moisture flow simulations are conducted using TOUGH2 and the
constitutive relationships described above to evaluate the effect of moisture migration and slip-flow.
A circular concrete column subjected to an “all-around” (axisymmetric) fire serves as the example
structural element. Determination of temperature, liquid saturation, and pressure within the near-
surface zones of the column is accomplished using the one-dimensional (1D) TOUGH2 model
illustrated in Fig. 1. Surface heat flux due to the fire and moisture flow from the column to the
surrounding atmosphere are modeled using numerical procedures previously described (Consolazio
et al 1998) and therefore are not detailed here.

In order to evaluate the influence that fluid flow properties have on coupled thermal behavior, two
different concrete mixtures are considered here. Material properties for both mixtures were obtained
from the literature (Whiting 1988, Burg and Ost 1994) and are listed in Table 1. Slip-flow corstants
for the two mixtures have been determined using Eq. (8). Fire-exposure simulation cases discussed herei
are listed in Table 2. Uniform initial conditions are assumed in each simulation: a uniform pressure of 1
atm (0.1013 MPa); a uniform temperature of 20 C; and a uniform distribution of liquid saturation.

2.4.1. Simulation of moisture clog formation

Case A represents an ordinary permeability concrete subjected to the ASTM E119 (ASTM 1995)
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Table 1 Concrete material properties
. Concrete | : Concrete |l :
Material property Symbol - Ordinary permeability)  (Very-low permeability)
Intrinsic gas permeability Kq 2.24E-17 nt 6.34E-19 n?
Intrinsic liquid permeability K 8.49E-19 nt 4.82E-21 n?t
Slip-flow constant o 2.44 MPa 19.2 MPa
Porosity n 13.3% 8.2%
Dry conductivity Ky 1.7 W/m-C 2.0 W/m-C
Wet conductivity Kuet 2.9 W/m-C 2.6 W/m-C
Emissivity £ 0.8 0.88

Specific heat o 921.1 J/kg-C 921.1 J/kg-C
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Table 2 Fire exposure conditions simulated

. Initial liquid
Case Concrete Slip-flow saturation Comments
A I Included S=04 Baseline concrete | case (r.h.=68%)
B Il Included S=0.5 Baseline concrete Il case (r.h.=68%)
C ] Excluded S=0.5 Concrete Il without slip-flow
D Il N/A S=0.0 Concrete Il without moisture effects

fire heating curve. Initial liquid saturation in the materiaBis0.4, a typical equilibrium moisture
content for this type of material in an environment having a relative humidity of r.h.=60-65%
(Baroghel-Bouny and Chaussadent 1996). Results obtained by simulating coupled heat and moisture
flow for this case are presented in Fig. 2. The plots illustrate the time-varying evolution of
temperature, liquid saturation, and pore pressure within the 80 mm depth of concrete closest to the
heated surface of the column. Each line running parallel to the “distance from heated surface” axis
in Fig. 2 represents the system state a particular instant of time.

At time t=0 sec., temperature, pressure, and liquid saturation are uniform throughout the entire 80
mm depth. A short time later, the heated surface dries to a completely desaturated state and the
liquid saturation abruptly drops frol§=0.4 to §=0.0. As heating continues, liquid pore moisture
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Fig. 2 Evolution of state variables in heated concrete
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near the surface increases in temperature, undergoes a phase-transition to steam, and then continu
to increase in temperature and pressure. The increase in internal pore pressures gives rise t
pressure gradients inside the material. As Fig. 2 illustrates, pore pressure maximizes at the interface
between the desaturated and saturated zones. Gas-phase moisture, migrating along the desaturat
pressure gradient, escapes from the concrete into the atmosphere. In contrast, moisture moving ir
the opposite direction condenses in the lower temperature interior zone and adds to the liquid pore
water already present at that location.

As this process continues, the degree of liquid saturatiotinces to incease until a fully
saturated condition§=1.0) occurs and a narrow moisture clog forms. The saturated clog creates an
impermeable barrier through which gas cannot flow (i.e., the relative permeability to gas flow is
ky=0). As a result, sam generated at the saturated front is inhibited from flowing deeper into the
column and must instead migrate back to the surface to escape into the atmosphere. Continuec
heating results in further increases in temperature, pressure, and the thickness of the clog (as liquic
in the saturated clog is forced deeper into the member by the increasing internal pressure).

The temperature gradient in the desaturated zone adjacent to the surface is more severe than tf
temperature gradient within or behind the clog. Heat energy flowing into the clog is partially
consumed by the process of liquid pore moisture undergoing phase-transiti@artg #ius the
temperature increase in this area is attenuated. In contrast, heat flowing through the desaturated zon
results in rapid temperature increase and a steeper thermal gradient. It is clear from the results
shown that significant coupling exists between heat and moisture flow in concrete exposed to fire,
and therefore, temperature and pressure data for suchti@aesmdshould be computed using a
coupled analysis technique.

2.4.2. Comparison of ordinary and very-low permeability materials

In order to facilitate quantitative comparison of simulation results, throughouethainder of
this paper profiles of data are given at only two instants in tis@00 sec (5 mins), anek600 sec.
(10 mins.). In Fig. 3, profiles of temperature and internal pore pressure are presented for columns
made of concrete | (case A) and concrete Il (case B), each subjected to an ASTM E119 heating
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(a) Predicted temperature profiles (b} Predicted pore pressure profiles

Fig. 3 Comparison of ordinary permeability and very-low permeability concrete



40 Gary R. Consolazio and Jae H. Chung

curve. Two differences are clearly evident: 1) the temperature gradients are noticeably different, and
2) the magnitudes of the internal pore pressures are quite different.

Due the greater permeability of concrete I, moisture movement during heating is more prevalent
in this case than in concrete Il. In Fig. 3(a), the locations of moisture clogs (transition points
betweenS = 0 andS 01 ) at=600sec. are indicated for both cases. A steeper temperature
gradient is developed in the ordinary permkgbiconcrete due to the greater ease with which
moisture can migrate (and therefore more rapidly form a desaturated zone) and due to the lower
initial liquid saturation level (initialS=0.4 for concrete | and3=0.5 for concrete Il). The
dramatically lower gas permeéty and higher initial liquid saturation of concrete Il result in the
formation of a moisture clog at a shallower depth from the heated surface.itipradtde lower
gas permdallity offers more resistance to pressure drivesaist flow occurring between the clog
and the heated surface and thereby generates significantly higher internal pore pressures (Fig. 3(b))
These results demonstrate that coupling between the heat and moisture flow influences not only
temperature development but also internal pore pressure development.

2.4.3. Influence of slip-flow

To demonstrate the importance of accounting for gas-phase slip-flow, Fig. 4 presents results
obtained from simulations in which slip-flowfe€ts are included (case B) and excluded (case C)
for concrete Il. The ternkK,(1 + (bs;/Py)) in Eqg. (6) is the gas permeability of the porous medium
at flow pressurd®y and is usedin conjunction withky—to determine gas-phase mass flow rates. For
concrete ll,bs (Table 1) is substantial relative to the flow pressures developed (Fig. 4(b)), therefore
Kg(1+ (bsi/Pg)) >Ky. As such, when slip-flow is included in the simulation process, predicted
internal pore pressures are smaller because the concrete is more permeable to gas phase flov
Omitting slip-flow effects (case C) results in significantly exaggerated predictions of internal pore
pressure (Fig. 4(b)). In contrast to Fig. 3(a), where dramatic differences in the pétieseali
cases A and B resulted in significant differences in temperature profiles, few difference are noted in
Fig. 4(a). This is attributable to the more modest differences in permeabilities between cases B and
C that result from including and excluding thg/ P, term.

S0y T T . 50
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Fig. 4 Effect of including versus excluding slip-flow
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3. Coupled thermo-elastic stress analysis

Having established temperature and pore pressure data using a method that accounts fou
coupled termal-moisture effects, attention is now given to the computation of combined material
stresses that include the effects of thermal dilatation, mechanical loading, boundary conditions,
and pore pressure.

3.1. Superposition of stress and pore pressure

The discussion of stress states given here in regard to heated concrete shall be made at th
macroscopic level where continuous distributions of the phames,l(g: solid, liquid, and gas
respectively) are assumed. This means that at each logatithin the domainJ, all of the phases
are present at the same time and in proportion to their volume fragfjpontotal stress at the
macroscopic level, denoted , is defined as the sum of volume-averaged quantities of stress
corresponding to each phase (solid, liquid, gas). Also, continuity of the stress field across the solid-
fluid interface is assumed to be valid so that the linear momentum balance equation for concrete as
a multiphase continuum can be obtained. The total stress tensor  can be written in decomposec
form as a combination of solid and fluid terms (Chung 2003):

g = (1-n)g,+n(Sg +$7,) (11)

wheren is the macroscopic porosityy,  are the microscopic stress tensors for eachSplsates

liquid saturation; ands; = 1-§ is the gas saturation. If shear stresses in the liquid and gas phases
are assumed to be negligible, then aagl can be written in terms of the fluid phase
hydrodynamic pressurd3 andPy and We then have :

g = (1-n)g,~n(SPL+ SPyl) (12)

Assuming that local thermodynamic equilibrium exists, tRer= P, = P whRasethe internal pore
pressure (the same quantity obtained from TOUGH2 analyses). For this condglh+ S,P,!1)
becomey(S§ + §)Pl = Pl becausg+ S, =1 and Eqg. (12) may then be rewritten as:

g = (1-n)g,—nP| (13)
Solving for the term(1-n)g, and denotingdt’ , we have:
gy = g+nPl (14)

where g4 is the effective stress acting on the solid skeleton. The quagitity represents the stress
carried solely by the solid skeleton and therefore may be used in assessing the potential for fracture
related material failure. However, in evaluatinfeefive stress, alternative porosity parameters may

be used to more accurately reflect the failure surface invoBadant and Kaplan (1996) note that
boundary porosityn,, may be more appropriate in computing effective stresses treten They

define n, as the porosity of the “macroscopically planar but microscopically tortuous weakest
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section through the material” and note that[10.9 is a reasonably representative value for
concrete. Thus, in the present study, effective stresses are computed as :
g, = g+nPl (15)

whereny,=0.9 is used throughout.
3.2. Finite element thermo-elastic stress analysis

Computation of effective stresses using the method described above requires that pore pressures k
combined with stresses that are induced by thermal dilation, mechanical load, and bourditigncon
restraint. Here, finite element based thermo-mechanical anabsiy the ADINA finite element code
(ADINA 2002)-is used for the purpose of computing these thermal stresses. Linear elastic
axisymmetric finite element models (Fig. 5) are used to analyze the circular concrete column introduced
earlier (Fig. 1). Since the degree of restraint provided by the column boundaries will affectrtiad-the
dilation related stresses that are computed, we consider here two different sets of boundary conditions
that bracket realistic field conditions. In the first case (Fig. 5(b)), vertical and radial expansion are
completely restrained, while in the second (Fig. 5(c)), the top of the column is free to expand.

The thermo-mechanical stress analyses conducted here are considered to be one-directionall
coupled because, as was noted earlier, temperature changes are assumed to induce thermal-dilation
deformation but mechanical deformations are assumed to produce no change in system temperature
This assumption permits us to compute the time-varying temperature field separately, and then to apply
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that temperature field to finite element thermal stress models to evaluate time-varying thermal stresses.

Using TOUGH? to solve the coupled heat and moisture flow equations yields a complete time-
varying description of the temperature field throughout radial direction of the column (recall that the
one-dimensional TOUGH2 model represents a typical radial slice of the example circular column,
as is illustrated in Fig. 1). Temperature data from the one-dimensional TOUGHZ2 models is then
mapped onto nodes located along radial lines in the axisymmetric finite element thermal stress
models (Fig. 5). For each finite element model nodal point, a complete time-history of temperature
is extracted from the TOUGH2 simulation réswand is then applied to the finite element model as
a time-varying prescribed nodal temperature. Time-varying thermal stress analyses are then
performed for each boundary condition model to compute time-histories of thermal stresses
throughout the two-dimensional axisymmetric meshes.

To enhance the clarity of the example cases presented below, the effects of mechanical loads suc
as axial column forces and flexural moments have been omitted. Focus is placed instead on the effec
that restraint of thermal expansion has on stress development. However, the stressitsuperpos
methodology described above and employed in the examples below is also directly applicable,
without any need of modification, to the analysis of situations involving mechanical loads.

3.3. Combined stress results

Evaluating combined stress effects is accomplished here by computing effective stresses in
accordance with Eq. (15). In this context, the thermal stresses computed by finite element analysis
are taken agr  since they represent the macroscopically averaged effect of thermal dilation. Eq. (15)
is then used to combine thermal stresses with separately computed pore pressures so that effectiv
stresses may be determined.

Of interest here are both the magnitudes of principal stresses developed and the differences ir
stress predictions that arise from different treatments of moisture effects. In Figs. 6 and 7, maximum
and minimum principal effective stresses along line-A (Fig. 5) are presentsd6@d sec. (10
mins.) for the free and fixed thermal restraint boundary itiond. Results for case Bre plotted
twice—once with both thermal stresses and pore pressure effects included; and once with only
thermal stresses included (i.e., pore pressure effects excluded). In this manner, an assessment of tt
relative contributions of thimal stress and pore pressure can be made. In addition, thermal stresses
computed for case Pa heat flow analysis in which moisture effects have been completely
excluded from the determination of temperature data - are also shown.

Figs. 6 and 7 indicate that stress data computed with consideration of moisture effects (case B)
are generally much less severe than corresponding data computed without consideration of moisture
effects (case D). Phase-transition and migration ofstn@ during exposure to fire reduce the
severity of thermal gradients developed and thus reduce the severity of thermal stresses.

In regard to Fig. 6(a) (fixed boundary condition), very large principal tensile stresses are
developed in the radial direction of the near-surface zone. In fact, the stresses computed here woulc
exceed the tensile strength of the concrete if the strength decrease at elevated temperatures had be
considered in the constitutive model (such treatment is beyond the scope of the lisgar ela
material model employed here). Even in the free boundargitcam case (Fig. 6(b)), tensile stresses
within the first 10 mm of depth are in the range of typical concrete tensile strength at elevated
temperatures (Nechnecét al 2002). The effect of pore pressure in the near surface zone is also
evident in Fig. 6(b). At approximately 4 mm of depth, the peak in the pore pressure profile (see
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also Fig. 3(b), case B=600 sec.) adds a significant contribution to the baseline thermal stress (i.e.,
Fig. 6(b), case B with pore pressure excluded). Thus, while the contributions of pore pressure are
nearly negligible in the fixed boundary case (Fip)Bthey are not in the free boundary case (Fig.
6(a)). The latter boundary condition would be typical of zones not immediately adjacent to the top
or bottom of a column.

Finally, it is noteworthy that significant compressive stresses are developed in both boundary
condition cases (Fig. 7). Large compressive hoop-stresses if-theection of the model are
developed as the outer shell of the column attempts to thermally dilate but is restrained by the
cooler inner core. In regard to these compressive stresses, pore pressure effects are found to b
negligible (Fig. 7).

4. Applications of the proposed methodology

Several areas of potential application exist with respect to the numerical methodology proposed
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here. The effects of inteity and duration of #rmal loading, member cross-sectional geometry,
layout of reinforcing steel, and concrete cover thickness may all be evaluated using the proposed
methodology. For example, Chung (2003) developed detailed three-dimensional models of a square
cross-section reinforced concrete column. By modeling the reinforcing steel separately from the
surrounding concrete, and then using the stress computation methodology proposed in this paper
thermally induced stresses near the heated surfaces of the column were numerically quantified.
Results obtained by Chung indicate that definite linkages exist between structural design parameters
(concrete cover thickness, member cross-sectional shape, and reinforcing layout) and material
response parameters (moisture level, pore pressure, thermal gradient, and ultimately stress).
Development of design guidelines aimed at improving the performance of concrete elements
exposed to fire will benefit directly from the results of numerical studies of this form and from the
stress prediction methodology proposed in the present paper.

In addition, future efforts should also focus on the development of temperature dependent material
failure models for reinforced concrete. Combining such modelh whe stress prediction
methodology proposed herein will facilitate direct comparisons betweereriually predicted
structural performance data and corresponding data obtained from experimental test programs
involving exposure of concrete elements to severe thermal loadingtionadfe.g., Phanet al
2001, Kodur 1998, Kodur and Lie 1997).

5. Conclusions

A numerical methodology for simulating near-surface heat and moisture migration in concrete
exposed to fire has been presented. Constitutive fluid flow laws applicable to pressure-driven gas
and liquid phase moisture flow through cogte have been used to numerically predict the
formation and evolution of moisture clogs. Results obtained from coupled heat and moisture flow
simulations have demonstrated that both migration and phase-transition of moisture alter the
temperature gradients that develop in near-surface zones of concrete elements exposed to fire
Simulations have also predicted the development of large internal pore pressures during heating,
especially in very-low permeability concrete.

A superposition procedure for combining stresses due to mechanical loads and thermal dilation
together with internal pore pressures is presented and used to confgciieeestresses in circular
concrete columns exposed to fire. It has been found that thermal stresses differ significantly
between cases in which moisture effects have been included and excluded from the process of
determining temperature data. Stress contributions due to internal pore pressure development during
heating have been approximately quantified and have been found to be non-negligible, but of lesser
magnitude than thermal stresses.
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