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Abstract

The objective of this study is to develop a finite difference model that simulates coupled heat and mass transport phenomena in reinforced

concrete structures exposed to rapid heating conditions such as fires. A mathematical and computational model for simulating the

multidimensional, thermohydrological response of reinforced concrete structural elements is developed and subsequently used to study the

effects of steel reinforcement on thermodynamic state variables. Key material parameters describing multiphase fluid flow and

thermohydrological behavior of concrete are discussed. Spatial and temporal distributions of temperature, pore pressure, and degree of

saturation are illustrated as predicted under extreme thermal-loading conditions. Simulation results indicate that the presence of steel

reinforcement impedes moisture movement and produces quasi-saturated zones in cover concrete where significant pore pressures are

developed.
D 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In regard to the potential influence of pore pressures on

thermal spalling, the low permeability of high-strength

concrete (HSC) has been suspected to limit moisture move-

ment in heated concrete elements and result in the devel-

opment of severe internal pore pressures [1–3]. In addition,

material properties such as strength and modulus of elastic-

ity [4] and mechanical responses such as stress and strain

development [5] are significantly influenced by the thermo-

dynamic state—as characterized by variables such as pore

pressure, temperature, and saturation—of reinforced con-

crete structures. Violent material failure (i.e., explosive

spalling) of low-permeability concrete has also been

reported in field and laboratory tests [3,6]. In these tests,

large areas of steel reinforcement were exposed to direct

thermal loading by spalling of the concrete cover after 10–

25 min of fire exposure. Previous studies [1,7] have shown

that under sustained thermal loading, internal pore pressures
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developed as a result of thermally induced moisture clog

formation can be quite substantial.

However, the influence of steel reinforcement on ther-

mohydrological behavior of near-surface concrete, i.e.,

cover concrete normally expected to thermally protect

internal reinforcing steel, has not received adequate quanti-

tative study in the past. In this paper, it will be demonstrated

that the presence of reinforcing steel bars in composite

reinforced concrete (R/C) members influences moisture

movement during thermal loading and can significantly

alter the development of thermodynamic state variables,

particularly internal pore pressure. Steel reinforcing bars

can create impermeable regions that impede the migration of

moisture and force flow to occur through the concrete

matrix surrounding the bars. A goal of this paper is to

numerically quantify such effects and to evaluate their

influence on thermal spalling of R/C structures subjected

to rapid heating.

To accomplish this goal, a computational model for

simulating three-dimensional (3-D) coupled fluid and heat

transport in R/C members is developed. Formulating math-

ematical representations of key physical phenomena is a

primary component of the model development process

presented here. The TOUGH2 simulation code [8], a gen-
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eral-purpose, finite-difference numerical simulator for mul-

tiphase fluid and heat flow, forms the basis of the model.

The mathematical formulation implemented in TOUGH2

consists of transient mass and thermal energy balance

equations that are used to transiently solve for three primary

variables: pore pressure, degree of gas saturation, and

temperature.

Newly developed constitutive relationships, including

key fluid flow material parameters for low-permeability

concrete, are implemented in the numerical model described

here. Modifications are then made to the TOUGH2 code so

that flow characteristics specific to near-surface concrete

behavior are properly taken into consideration. For example,

relative permeability functions and slip–flow relationships

are developed specifically for cement-based materials and

are implemented within TOUGH2. Implementation of the

new features is necessary to properly describe the flow of

the various fluid phases that migrate inside heated concrete.

The proposed model is capable of accounting for the

simultaneous movement of both gaseous and liquid fluid

phases, their transport of heat, and phase transitions between

liquid water and gaseous water vapor.
2. Governing equations for concrete

In the present context, concrete is assumed to consist of

three phases: solid (s), liquid water (w), and gaseous (g).

The balance laws used here are analogous to those of a

simple continuum, except that global balances apply to the

multiphase mixture as a whole via an averaging process.

This averaging process is used as the framework for con-

structing mathematical formulations of governing field

equations at the macroscopic level where macroscopic field

variables dictate the state of the system. By using spatial

averaging processes, macroscopic variables corresponding

to real, laboratory-measurable quantities are used to develop

appropriate governing equations.

2.1. Mass balance law for the fluid phases

Similar to the mass balance for a single fluid phase, the

mass balance law for multiple fluid phases p, where p =w

(liquid water) or p = g (gas), may be written [9]:

AðnSpqpÞ
At

þ div nSpq
pvp½ � ¼ ṁ ð1Þ

where nSpq
p is the macroscopic volume-averaged mass

density of fluid phase p, vp is the velocity, and ṁ is the

rate of change in mass of the fluid phases. Physically, the

first term on the left side accounts for the accumulation of

phase p and is known as the mass concentration of the fluid

phase, the second term models the advection of phase p at

the mean macroscopic flow velocity of the fluid phase, and
the right-hand side of the equation accounts for the quantity

of vapor gained or lost, per unit time per unit volume,

through condensation or evaporation.

2.2. Energy balance equation for concrete

Assuming that a local thermodynamic equilibrium exists,

the macroscopic energy balance equation used to model

concrete at high temperature is written as [9]:

ðqCpÞeff
AT

At
þ ðgwqwCw

p v
w þ ggqgCg

pv
gÞ � grad T

�divðjeff grad TÞ þ ṁDHvapor ¼ 0 ð2Þ

where the effective heat capacity of concrete (qCp)eff is

defined as: (qCp)eff = gsqsCp
s + gwqwCp

w + ggqgCp
g, in which

gp is the volume fraction of phase p and CP
p represents the

specific heat of phase p per unit mass at constant pressure,

T is the absolute temperature, jeff is the effective heat

conductivity, and DHvapor is the latent heat exchange

between the fluid phases in evaporation. Physical interpre-

tation of the terms of Eq. (2) are as follows: the first term

on the left represents the rate change of heat stored in the

concrete; the second term accounts for heat convection by

fluid flow; the third term represents the internal heat flux

by conduction, and the last term on the left-hand side

represents the enthalpy change due to phase transition

(e.g., evaporation) of the pore moisture.

In particular, heat convection via multiphase fluid flow

and thermal energy consumption associated with evapora-

tion should be considered in the prediction of temperature

profiles in the heated concrete system. Because temperature

rise and thermal gradient development resulting from the

solution of Eq. (2) are strongly coupled to fluid flow by the

advection term in Eq. (1), the moisture movement and

evaporation processes involved in temperature change are

important physical phenomena. Consequently, the coupling

between mass and heat transfer influences the development

of thermally induced stresses in concrete structures sub-

jected to fire [5].
3. Key parameters of fluid and heat flow in concrete

In the following, the multiphase characteristics of con-

crete are described using constitutive relationships between

fluxes and driving forces in the mass and energy balance

equations. Concrete permeabilities are expressed as intrinsic

permeabilities (also called absolute permeabilities) for use

in the numerical models described later. Although numer-

ous past experimental studies have focused on the mea-

surement of concrete permeability to either gas or liquid

flow [10–14], only a very limited number of studies [15–

17] have involved simultaneous experimental determination
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of both liquid and gas permeabilities for identical concrete

mixtures.

Results from studies of the latter type are used here to

construct multiphase constitutive flow relationships for

concrete. Particular attention is given to using data solely

from studies using comparable sample preparation proce-

dures (specimen casting, curing method, curing duration,

etc.) because such procedures influence both intrinsic gas

permeability and effective permeability in the presence of

pore water content [13,18,19]. Also, only similar mixture

compositions, characterized, e.g., by water to cement plus

pozzolanic material ratio, i.e., W/(C + P), and aggregate to

cement plus pozzolanic material ratio, i.e., Agg/(C + P),

were included in the data collection process. Although the

material parameters used in this study cannot possibly

characterize all possible types of concrete, they are repre-

sentative of typical normal-weight, normal-strength concrete

(NSC) and HSC mixtures often found in practice.

3.1. Mass flow law

Application of the momentum balance principle to the

flow of a single fluid phase flowing through concrete yields

Darcy’s law, the fundamental field equation for porous-

media flow:

gpvp ¼ � K

lp
ðjppÞ ð3Þ

where l is the dynamic viscosity and K is the intrinsic

permeability. In Eq. (3), the parameter K is the permeability

of the porous solid matrix after normalizing for the effects of

fluid viscosity and density. The goal in formulating this type

of parameter, which is called the intrinsic permeability, is to

arrive at a property that is intrinsic to the solid matrix and

independent of specific fluid characteristics. However, even

after normalizing for viscosity and density effects, experi-

mental test data reveal considerable discrepancies between

the intrinsic permeability of concrete to gas flow and liquid

flow.

In particular, significant deviation from Darcy’s law has

been observed in tests involving gas flow through con-

crete. In these cases, measured flow rates exceed the rates

predicted by Eq. (3). Whereas Darcy’s law, which linearly

relates flow velocity to pressure gradient, is well suited to

modeling laminar liquid flow through porous materials

such as soil, it is not capable of accurately modeling gas

flow through low-porosity, low-permeability materials

such as concrete. Contrary to laminar flow theory, in

which zero fluid velocity is assumed at the solid–fluid

interface, gas flow involves particle motion (nonzero flow

velocity) even at the interface between the gas and the

solid. Because of this gas ‘‘slippage,’’ the rate of mass

flow through the material exceeds that predicted either

microscopically within the flow channels from Poiseuille’s

law or macroscopically from Darcy’s law. Instead, the
effect of gas slip flow may be mathematically approximat-

ed as [20]:

ggvg ¼ � Kg

lg
1þ b

pg

� �
ðjpgÞ ð4Þ

where K in Eq. (3) is replaced by the intrinsic permeability

to gas Kg multiplied by a slip-modification factor (1 + b/pg),

b is called the slip flow constant (or the Klinkenberg

constant), and pg is the gas pressure.

In situations involving mass transport through very low

permeability materials, such as HSC, the slip flow phenom-

enon may dominate. As Eq. (4) indicates, the effective

permeability of concrete to gas flow at pressure of pg, i.e.,

the quantity Kg(1 + b/pg), can be much larger than the

intrinsic gas permeability Kg if the material constant b is

large. A functional relationship between b and Kg has been

developed [9] for cement-based materials. This relationship

is illustrated in Fig. 1 and is given by the expression:

b ¼ eð�0:5818 lnðKgÞ�19:1213Þ ð5Þ

where Kg is in units of square meters and b is in units of

atmospheres. The relationship is based on (1) permeability

test data published by Whiting [17] and (2) relationships

between intrinsic gas permeability and water permeability of

near-surface concrete as presented by Dhir et al. [16].

For comparison purposes, slip flow constants predicted

by an expression proposed by Bamforth [15] are also shown

in Fig. 1. The variability illustrated in Fig. 1 is indicative of

the effects of differences in mixture composition and in

sample preparation and testing techniques. In Whiting’s

tests [17], concrete samples were oven-dried before gas

permeability testing, whereas in Bamforth’s tests [15], the

samples were air-dried. Oven drying is well known to cause

microcracking that increases the permeability of the material

being tested. In contrast, when air-drying techniques are

used instead, it is very difficult to completely desaturate the

test specimen (a step that is necessary in the determination

of intrinsic gas permeability). Even a small amount of

residual moisture can significantly decrease the gas perme-

ability that is experimentally determined [18]. As Fig. 1

suggests, gas-phase slip flow constants corresponding to

typical concrete mixtures are approximately bounded at the

upper end by Eq. (5) and at the lower end by Bamforth’s

expression.

3.2. Relative permeability of concrete

A complete description of moisture flow inside heated

concrete requires not only that the intrinsic permeabilities of

the material to liquid and gas flow be adequately quantified

(including slip flow effects), but also that the interaction

between the two moisture phases also be represented

[15,16,18]. Partially saturated concrete exposed to severe

fire involves two distinct fluid phases (liquid water and

gaseous steam) permeating simultaneously through the



 
 

 

 

 

Fig. 1. Slip flow constant vs. the gas permeability of concrete.
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porous network. The presence of the liquid phase reduces

the permeability of the concrete to gas phase flow and vice

versa. To model this phase-interference phenomenon math-

ematically, relative permeability functions are defined:

krg ¼ krgðSg; nÞ

krw ¼ krwðSw; nÞ ð6Þ

where krp is the relative permeability of the concrete to

phase p at the degree of fluid saturation Sp, and n is the

concrete porosity. Both of the relative permeability func-

tions obey the bounds 0V krp (Sp,n)V 1.
Fig. 2. Relative permeability fun
Employing the relationship Sg = 1� Sw, the following krg
function for cementitious materials has been developed [9]:

krgðSw; kÞ ¼ 10Swk � 10kSw ð7Þ

where

k ¼ 0:05� 22:5n ð8Þ

The expressions above quantify the reduction of gas

permeability that occurs when liquid pore moisture is

present (quantified by the liquid water saturation level

Sw). These expressions have been developed by making
ctions for the gas phase.



Fig. 3. Comparison of relative permeability functions for gas flow.

Table 1

Concrete material properties

Material property Symbol Concrete I

(low permeability)

Concrete II

(high permeability)

Initial saturation Sw 0.4 0.3

Intrinsic gas

permeability

Kg 2.24E� 17 m2 2.17E� 15 m2

Intrinsic liquid

permeability

Kl 8.49E� 19 m2 9.82E� 17 m2

Slip– flow constant bsf 2.44 MPa 0.17 MPa

Porosity n 13.3% 18.8%

Dry conductivity jdry 1.7 W/m K 1.7 W/m K

Wet conductivity jwet 2.9 W/m K 2.9 W/m K

Emissivity e 0.8 0.8

Specific heat Cp 921.1 J/kg K 921.1 J/kg K
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use of gas permeability test data [12,17,21,22] and sorption

isotherm data [23] collected from the literature.

In terms of formulating a corresponding function krw for

the liquid water phase, studies focusing on two-phase flow

(air–water) and three-phase flow (air–water–oil) in soils

were reviewed (e.g., Refs. [24–26]). A remarkable resem-

blance in the krp-saturation relations in two-phase (air–water)

and three-phase (air–water–oil) flows is found in both shape

and variation with respect to water saturation. Based on the

results of this review, it was determined that a simple

mirroring and scaling of the krg curve provides a rudimentary

approximation of liquid-phase relative permeability:

krwðSwÞ ¼ krgð1� SwÞ ð9Þ

Significant refinement in the accuracy of the proposed

krw function is not warranted in the current context because

thermally driven moisture flow through concrete primarily

involves gas phase fluid flow; thus the krg function is far

more influential and important than the krw function.

Relative gas permeability curves generated by the krg
function given above are plotted for various concrete

porosity values in Fig. 2. In Fig. 3, a comparison between

Eq. (7) and experimental results presented by Jacobs [27] is

given. By conducting gas permeability tests on concrete

specimens at various states of partial liquid saturation,

Jacobs determined relative permeability values for gas flow

(values of krg as a function of Sw). Upper and lower bound

curves for Jacob’s results for concrete specimens that had

water to cement ratios (W/C) ranging approximately from

0.45 to 0.8, are shown in Fig. 3. For comparison, the range

of values predicted by Eq. (7) for concrete mixes having W/

(C + P) ranging approximately from 0.3 to 0.6, is also shown
as a hatched region in Fig. 3. Although the two sets of

curves are not identical, their general form is in good

agreement. Because Eq. (7) has been developed using

experimental data [16,17,21] separate from Jacobs’ data,

the agreement shown in Fig. 3 suggests a degree of validity

in the relationships presented both here and by Jacobs [27].
4. Calculation of initial conditions

Initial conditions for the fire-exposure simulations pre-

sented here are assumed to be uniform conditions of

pressure, temperature, and saturation throughout the entire

domain. Initial pressure is assumed to be equal to standard

atmospheric pressure and initial temperature is assumed to

be 20 jC. Initial moisture contents for the partially saturated

concrete mixtures considered here (Table 1) are computed

using sorption isotherm data [22]. Using the porosity,
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W/(C + P), Agg/(C + P), and saturated unit weight of the

concrete, the total capillary water content of the concrete in

the saturated condition is computed. This quantity is then

converted into an equivalent ‘‘water content by mass of

dried hardened cement paste (HCP) contained in the con-

crete (from mix proportions)’’ [22]. Thus, the ‘‘normal’’

mass water content is converted into one that is referenced

only with respect to the portion of the concrete mass

attributable to the cement paste. Using the sorption iso-

therms reported by Baroghel-Bouny and Chaussadent [22],

moisture contents for two different types of concrete at

ambient environmental conditions are then computed using

the following procedure.
Fig. 4. Comparison of numerical predict
At two extremes are the fully saturated condition

(Sw = 1.0) and the fully desaturated condition (Sw = 0.0). In

partially saturated conditions between these two extremes,

Sw is computed as a percentage of the saturated moisture

content:

Sw ¼ wrh;hcp

wsat;hcp

ð10Þ

where wsat;hcp =water content (per unit weight of ‘‘dry’’

HCP) contained in concrete in a saturated condition and

wrh;hcp =water content when the concrete is air-dried at a

particular relative humidity level.
ion to experimental measurement.
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To illustrate the process of initial saturation level

determination, consider a concrete sample made of the

low-permeability concrete [28] in Table 1 having porosity

0.133 (13.3%), W/(C + P) = 0.48, and Agg/(C + P) = 4.56. If

the saturated unit weight of the concrete sample is 2400

kg/m3 (150 lbs/ft3), then the unit weight of ‘‘dry’’ HCP

contained in the concrete may be approximated as 2400/

(0.48 +4.56 + 1.0) = 397.4 kg/m3 (24.83 lbs/ft3). Thus, the

fully saturated water content per unit weight of ‘‘dry’’

HCP is estimated as wsat;hcp=(0.133� 1000.0)/397.4 =

0.335 (33.5%). To compute wrh;hcp in Eq. (10) of a

concrete member that has reached hygrothermal equilibri-

um in an ambient environmental condition, a particular

relative humidity level needs to be selected. Considering a

concrete member in hygrothermal equilibrium at 60%

relative humidity wrh;hcp is computed as 13.4% using

isotherm data reported by Baroghel-Bouny and Chaussa-

dent [22]. Therefore, the initial degree of saturation for the
Fig. 5. Geometry of a 3-D simulation me
concrete would then be computed as Sw = 13.4/33.5 = 0.4

[9].

When a low-porosity, low-permeability concrete struc-

ture undergoes drying, the degree of liquid water saturation

ultimately reached at environmental hygrothermal equilib-

rium will be higher than that which would be reached in a

higher porosity, higher permeability concrete structure in the

same relative humidity environment. As a result, although

low-permeability concrete mixtures typically have lower

initial water contents [due to lower W/(C + P)] than do

high-permeability mixtures, the equilibrium water saturation

level (Sw) reached in the former type of material will be

greater than that of the latter (Table 1). As previous studies

have demonstrated [5], initial liquid saturation levels can

significantly influence moisture movement and the devel-

opment of internal temperatures and pore pressures within

concrete elements exposed to fire. Additional details may be

found in Refs. [9,29].
sh and a thermal loading boundary.
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5. Validation of proposed numerical model

Before conducting simulations of steel-reinforced con-

crete systems, the constitutive models proposed above are

first validated against experimental data corresponding to

thermal-exposure testing of saturated, but unreinforced,

cementitious mortar specimens. A 2-D analysis is performed

and results are compared to experimental data previously

reported by the authors [2,5]. In the numerical analysis

conducted here, both the slip–flow relationship expressed

by Eq. (5) and the relative permeability relationships

expressed by Eqs. (7) and (9) are used.

In the previous experimental studies [2], the intrinsic gas

permeability and porosity of mortar specimens were exper-

imentally determined to be Kg = 8.3424E� 16 m2 and

n = 14.5%, respectively; however, water permeability Kw

was not measured. Therefore, in the present study, the water

permeability of the mortar mixture is estimated indirectly.

Because both aggregate type and Agg/(C + P) are well

known to affect the water permeability of cementitious

materials, rather than computing a single Kw, instead both

upper and lower bound values are determined and simula-

tions are conducted at each bound.

At the upper bound, Kw is computed using a relationship

between intrinsic liquid and intrinsic gas permeability that is

based on experimental data published by Dhir et al. [16].
Fig. 6. Thermodynamic states of a high-permeability concrete at t = 600
Using the Kg value cited above and the data published by

Dhir et al., upper bound water permeability values for the

mortar in question is computed to be Kw = 5.6728E� 17 m2.

If we define the ratio of intrinsic liquid permeability to

intrinsic gas permeability as

a ¼ Kw=Kg ð11Þ

then a for the upper bound estimation of Kw would be

a = 0.068. A lower bound value is determined from water

permeability data published by Whiting [17] for cemen-

titious materials having porosities ranging from 7.5% to

14.7%. Interpolating Whiting’s data at a porosity of

14.5%, lower bound water permeability values are com-

puted to be a = 0.038 and Kw = 3.1701E� 17 m2. Using

both the upper and lower bound values, the thermal

exposure conditions tested by Consolazio et al. [2] are

numerically simulated using the constitutive and numer-

ical analysis procedures described above. A comparison

of numerical and experimental results are presented in

Fig. 4.

In Fig. 4a, pore pressures occurring at a position 19 mm

from the heated surface are compared to experimental data

measured at the same location. Peak pore pressure predicted

by the lower bound numerical simulation is shown to match

well with the corresponding value measured experimentally.
 

s (data plotted for a square column segment Plane A of Fig. 5).
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It is necessary to note that the pore pressure dip in the

experimental case was found [2] to be attributable to small

voids created when placing pore pressure transducers within

the mortar specimens. Thus, the pressure dip is the product

only of the specific instrument setup used and is not a

phenomenon that would normally occur in a noninstru-

mented specimen [2] as has been numerically simulated

here. As such, it is not of concern in terms of validating the

present numeric model.

In Fig. 4b, comparisons are provided between temper-

atures measured experimentally and corresponding values

predicted numerically (using the lower bound a). Immedi-

ately adjacent to the heated surface (at a depth of 1.5 mm),

the agreement is reasonable but differences are observed. At

such a close position to the heated surface, the temperature

gradient is extremely steep. As a result, even minor differ-

ences in temperature sampling location will yield signifi-

cantly different predicted and measured temperatures. Also,

the precise mode of surface heating (mixture of radiation

and convection) will also influence internal temperature

development. At 19 mm from the heated surface, where

surface effects are less influential, predicted and measured

temperatures are in good agreement, indicating that conduc-

tive and convective heat transfer within the specimen is

properly modeled.
Fig. 7. Thermodynamic states of a low-permeability concrete at t = 600
6. Numerical simulation of concrete with steel

reinforcement

Focus is now turned to studying the effects of reinforcing

steel on moisture movement in R/C structures exposed to

fire. To study moisture flow through heated R/C, a 3-D

simulation model is constructed that includes concrete and

both longitudinal and shear reinforcement (Fig. 5). The

model represents a 0.38� 0.38 m reinforced concrete col-

umn. Columns consisting of two different types of concrete

(Table 1) are simulated. The influence of the steel reinforce-

ment on hydrothermal behavior is investigated and the

effects of low permeability on the development of thermo-

dynamic profiles are quantified.

6.1. Modeling initial and boundary conditions

In each simulation conducted, uniform initial conditions

are assumed. Initial pressure and temperature are 0.1013

MPa (1 atm) and 20 jC, respectively. Initial liquid satura-

tion levels are Sw = 0.4 for Concrete I (low-permeability

concrete) and Sw = 0.3 for Concrete II (high-permeability

concrete), each of these values corresponding to hygrother-

mal equilibrium at 60% relative humidity in an ambient

temperature of 20 jC. Due to symmetry of the column
s (data plotted for a square column segment Plane A of Fig. 5).
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cross-sectional geometry and symmetry of the thermal

loading, partial models (Fig. 5) with zero-flux boundary

conditions at the symmetric surfaces are used. For each

radiant heat flux boundary, denoted Cq, the heat source is

modeled as:

�j
BT

Bn
¼ TðtÞ on Cq ð12Þ

where j represents the thermal conductivity of the boundary

between the radiant heat source and the exposed surface and

n represents the surface normal to the boundary Cq. Surface

heat fluxes due to the fire and moisture flow from the

column to the surrounding atmosphere are modeled using

procedures previously described [2,30] and therefore are not

detailed here.

6.2. Simulation results

Moisture transport phenomena associated with heating

during the first 5 min of fire exposure (modeled using

ASTM E1529 [31]) are found to have nearly negligible

effects on the development of pore pressures in both cases

of Concrete I and II. After 10 min of fire exposure, pore

pressures in the high-permeability, low-initial-saturation

case (Concrete II) are found to be relatively small (Fig.

6). However, at the same point in time, the low-permeabil-
Fig. 8. Thermodynamic states of a low-permeability concrete at t = 600
ity, high-initial-saturation case (Concrete I) reveals that

steel reinforcing has a significant influence on transport

phenomena and the evolution of temperature, pressure, and

saturation.

Figs. 7 and 8 illustrate the thermodynamic field variables

developed at two different locations in the column made of

Concrete I at t = 600 s. Numerically computed volume-

averaged pore pressures in the plane where shear reinforce-

ment is located (Fig. 7a) reach 5.5 MPa (0.8 ksi) at time

t = 600 s. Interestingly, the development of peak pore

pressure is predicted along the interface between the con-

crete and shear reinforcement parallel to the surfaces ex-

posed to the fire. Similar trends of pore pressure are found in

the plane located 20 mm vertically above the shear rein-

forcement, i.e., Plane B of Fig. 5a. In the corner region of

the square column, the maximum value of volume-averaged

pore pressure that occurs in Plane B exceeds 6.7 MPa (0.97

ksi) at time t = 600 s. Unexpectedly, as heating continues,

the pore pressures that develop in the region between the

shear ties (Plane B) exceed those that develop adjacent to

the shear ties (Plane A).

Steel shear reinforcement effectively blocks horizontal

moisture flow in the xz plane and forces moisture to

permeate vertically around the rebar and in a direction

parallel to the column surface. Comparing Fig. 7d to Fig.

8d, more prominent development of moisture clogging
s (data plotted for a square column segment Plane B of Fig. 5).



Fig. 9. Moisture clog formed in a square column.
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(accumulation of liquid saturation) is observed in Fig. 7d

than in Fig. 8d. This is a clear indication that the shear steel

is blocking the flow of moisture. In addition, the influence

of saturation formation on pore pressure development is

evident in Figs. 7d and 8d. Locations of maximum pore

pressure are found to be within two-phase zones (liquid/

vapor mixture) adjacent to the locations at which the liquid

saturation maximizes [32].

It is noteworthy that the water saturation level in a large

portion of the section is nearly at the maximum theoretical

value of unity. As a result, a nearly impermeable ‘‘wall’’ of

liquid moisture is formed (Fig. 9). This zone acts as a

thermal barrier (heat sink) in that the moisture consumes a

large amount of thermal energy during the evaporation

process and thus reduces the flow of heat into the substrate

concrete. This in turn limits the rate of temperature rise in

the concrete and retards the development of thermal

stresses. A high level of pore water content is thus beneficial

for effectively protecting surface concrete from fire at later

stages of heating, but the same moisture leads to the

development of significant pore pressures during moisture

vaporization in the heating process.
7. Conclusion

Temperature, saturation, and pore pressure distributions

have been investigated in connection to the development

of thermodynamic states in reinforced concrete elements

exposed to fire. The numerical model presented here

accounts for three important phenomena involved in heat

transfer: (1) interference between the liquid and gas

phases, (2) slip flow effects in steam flow, and (3)

moisture clogging due to presence of the steel reinforce-

ment. The effects of steel reinforcement on heat and mass

transfer in the surface region of an R/C column are found
to influence moisture clog formation as well as tempera-

ture and pressure development.

Simulations presented here predict that the presence of

steel reinforcement impedes moisture movement and pro-

duces quasi-saturated moisture-clog zones that lead to the

development of significant pore pressures. In addition,

these zones alter the flow of heat into the system and

tend to attenuate the rise of internal temperature. It is

therefore evident that thermally induced stresses in cover

concrete are related not only to the external thermal

loading, but also to moisture flow, reinforcing steel place-

ment, and thermal processes such as evaporation [5,33].

The model presented here offers an improved tool for

studying multidimensional thermodynamic state evolution

inside reinforced concrete structural elements subjected to

severe fire exposure. In addition, it serves as a basis for

developing improved flow models. For example, one factor

influencing pore pressure that is beyond the scope of this

paper is the increase of concrete permeability at high

temperatures [4,34]. Expansion of micropore volume and

cracking induced by shrinkage (due to dehydration of

cement gels at high temperatures) are phenomena that

can increase the permeability of concrete. In the future,

an enhanced flow model incorporating such effects may be

implemented once additional experimental data become

available.

Nomenclature

n porosity

S degree of saturation

Cp specific heat

K intrinsic permeability

krp relative permeability function of fluid phase

P pressure

b Klinkenberg’s constant

T absolute temperature

H latent heat

v macroscopic mean velocity

x coordinate axis

Greek symbols

p phase

q density

l dynamic viscosity

s tortuosity

jp thermal conductivity of phase p
jeff effective thermal conductivity

g volume fraction

a,k parameters used in relative permeability function

C boundary

X total flow domain

Subscripts and superscripts

w liquid water phase

g gas phase

s solid phase
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[34] I. Janotka, L. Bágel, Pore structures, permeabilities, and compressive

strengths of concrete at temperatures up to 800 jC, ACI Mater. J. 99

(2) (2002) 196–200.


	Numerical modeling of transport phenomena in reinforced concrete exposed to elevated temperatures
	Introduction
	Governing equations for concrete
	Mass balance law for the fluid phases
	Energy balance equation for concrete

	Key parameters of fluid and heat flow in concrete
	Mass flow law
	Relative permeability of concrete

	Calculation of initial conditions
	Validation of proposed numerical model
	Numerical simulation of concrete with steel reinforcement
	Modeling initial and boundary conditions
	Simulation results

	Conclusion
	Acknowledgements
	References


