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EXECUTIVE SUMMARY

The U.S. Nuclear Regulatory Commission (NRC) has the
responsibility for developing a strategy for the disposal of
low-level radioactive waste (LLW) . An approach being
considered for their disposal is to place the waste forms in
concrete vaults buried in the earth. A service life of 500
years is required for the concrete vaults as they may be
left unattended for much of their lives.

In order to provide a basis for making predictions of
service life, mathematical models for the important
transport processes which occur during cement and concrete
degradation processes were developed. The method of
dimensionless groups was first used to determine the
relative importance of the possible rate-controlling
processes. These included diffusion, convection, reaction
and sorption of chemical species. Based on rate laws for
these phenomena, general conservation equations were
developed and applied to three processes: the penetration of
chloride ions through concrete, acid attack or leaching, and
the penetration and reaction of sulfate ions in concrete.
The models formulated were solved analytically to predict
concentration profiles within the concrete and, in some
cases, the location of the reaction front or deterioration
zone. For each model the key dimensionless groups were
identified and their effect on the model solution was
determined. For chloride ion intrusion, concentration
varied with both time and position within the concrete as a
result of diffusion and reaction or sorption. Reactions
between chloride ion and hydrated tricalcium aluminate were
considered. The model for acid attack involved the
penetration of dissolved carbon dioxide, carbonic acid or
bicarbonate ion into the concrete to react with alkali
hydroxides and calcium hydroxide. Both reaction and
diffusion-controlled limit solutions were developed. The
model developed for sulfate attack involved a moving
interface between a porous or cracked ettringite-rich layer
near the outside of the exposed concrete and a relatively
impermeable monosulfate-rich layer on the inside. At the
moving front, soluble sulfate, brought in from the outside
by diffusion and convection, rapidly converted monosulfate
to expansive ettringite. Both co-current and counter-
current flow were examined. Counter-current flow (in the
direction opposing diffusion) slows the progress of the
deteriorated zone, and thus extends service life. These
models, when validated against experimental data, can form
the basis for predicting the life of concrete under in-
service conditions.
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ABSTRACT

An approach being considered by the U.S. Nuclear Regulatory
Commission for disposal of low-level radioactive waste is to
place the waste forms in concrete vaults buried underground.
The vaults would need a service life of 500 years.
Approaches for predicting the service life of concrete of
such vaults include the use of mathematical models.

Mathematical models are presented in this report for the
major degradation processes anticipated for the concrete
vaults, which are corrosion of steel reinforcement, sulfate
attack, acid attack, and leaching. The models
mathematically represent rate controlling processes
including diffusion, convection, and reaction and sorption
of chemical species. These models can form the basis for
predicting the life of concrete under in-service conditions.

KEYWORDS; Acid attack; chloride; concrete; convection;
corrosion; degradation; diffusion; leaching;
mathematical model; service life; sulfate attack;
transport processes.
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1 . INTRODUCTION

The U.S. Nuclear Regulatory Commission has the

responsibility for developing a strategy for disposing of

low-level radioactive wastes. According to one approach,

the radioactive wastes would be placed in concrete vaults

which are either buried in the earth or constructed above

ground and covered with earth. A service life of 500 years

is required for the storage vaults. The National Institute

of Standards and Technology is carrying out a project aimed

at developing performance criteria for concrete used in

constructing the vaults. Criteria are being developed based

on service life predictions which take into consideration

processes that are likely to degrade concrete located

underground.

The major degradation processes that the reinforced concrete

is likely to encounter have been previously identified [1]

to be sulfate attack, corrosion of reinforcing steel,

alkali-aggregate reactions, and leaching by percolating

water. These degradation processes involve ingress and

movement of moisture in concrete, through convection or

capillary forces. Soluble salts and dissolved gases are

transported into concrete by the movement of moisture and by

diffusion. Therefore, the rates of the degradation
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processes are dependent on the rates of intrusion of

moisture and dissolved salts and gases.

This report describes models of diffusion and convection

processes developed to predict the rates of intrusion of

moisture and dissolved salts and gases into concrete. In

future work, these models will be linked with macromodels

for predicting service lives of concrete.

2. CONCEPTUAL MODELS FOR TRANSPORT PROCESSES

2.1 Diffusion and Convection

Figure 1 is a schematic diagram of a concrete member or slab

in which diffusion (driven by concentration differences AC)

and convection or flow (driven by pressure differences, aP)

are the principal transport processes. In this schematic

both processes drive the penetrant through the slab in the

same direction, i.e., co-currently . Countercurrent flow

occurs when convection and diffusion oppose one another.

Within the slab, sorption processes (adsorption and

absorption) and reaction mechanisms (hydration and reaction

of penetrants with concrete constituents) can also be

present. The pores of the slab are assumed to be initially

saturated with water which is free of dissolved salts and

gases. Except under very dry external conditions, this is a
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O

Figure 1. Physical model of section of concrete element.

Slab
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reasonable scenario.

The relative importance of the processes depends on both

external factors, such as concentration and pressure

gradients, specimen size and shape, and temperature; and

internal or microstructural factors, such as phase

composition, pore structure, and permeability of the

concrete.

The dependence of the transport processes on the pore size

is shown in Table 1. Diffusion and convection are the

dominant phenomena in the larger (macro) pores with

diffusion and surface phenomena (sorption and reaction)

important in smaller (micro) pores. The small and large

pores can be interconnected and pores of intermediate size

also exist, but such a macropore-micropore model is not

unnecessarily complex since, in the mathematical formulation

of the problem, molar conservation equations do not need to

be solved for every size of pore.

2.2 Method of Dimensionless Groups

Most realistic models for transport of penetrants through

porous materials are complex. Even those which treat only

one or two pore sizes will involve the solution of coupled

partial differential equations. However considerable

initial insight into the nature of the controlling



mechanisms can be gained using the method of dimensionless

groups without the immediate need to solve such equations.

In this method, dimensionless groups are formed as ratios

(R) of the rates of important phenomena. Table 2 presents

some common dimensionless groups for phenomena which can be

present in cementitious systems. Let R' = x/y, where x and

y are two different transport processes. If the ratio is

high and the two phenomena are in parallel, then phenomenon

X, the fast step, controls the overall rate. An example

would be diffusion and convection in porous media, such as

illustrated in Figure 1. Here the key dimensionless group

is the Peclet number (Pe) defined as:

Pe = evL/De (1)

where e is the (flow) porosity, v is the average convective

flow velocity within the slab, L the slab thickness, and Dg

is the effective diffusion coefficient through the porous

medium of the slab. In terms of the ratio R' , x is the

convection rate v, and y is the diffusion rate D^/eL, Since

these phenomena are in parallel, if x >> y, convection

controls

.

For processes in series, the slow process controls the

overall transport rate. An example is diffusion (y) to a

solid-fluid interface where a surface process (x)

,

such as
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Table 1. Effect of Pore Size on Transport Processes

Phenomenon

Diffusion

Convection

Reaction

Sorption

Large Pores

X

Small Pores

X

X

X

^X indicates potentially important phenomenon.

Table 2. Dimensionless Groups Used in Models

Time tDe actual time
Ratio —_—

=

diffusion time
(diffusion) L^€

Time tv actual time
Ratio — convection time
(convection) L

Peclet vLe convection rate
Number

D0
diffusion rate

Sorption kaL sorption rate
Modulus

D0
diffusion rate

Reaction kR reaction rate
Modulus

De
diffusion rate

Thiele ^ k'R^” reaction rate
Modulus diffusion rate

^ De J
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chemical reaction, occurs. Now if R' = x/y is high, the

slow process (diffusion) controls the reaction rate. The

reaction modulus is the name given to R' in this situation.

As an example, in modeling tricalcium silicate hydration,

Pommersheim and Clifton [2] used a similar reaction-

diffusion modulus defined as kR/De, where k is the reaction

velocity constant and R the initial particle radius. They

assumed that a first order surface reaction occurred at the

interface between the first hydrate layer and the unreacted

particle core. At high values of this modulus they found

that diffusion controlled the hydration rate, while at low

values, it was reaction controlled. For reactions in which

there is a moving interface, the modulus is more properly

defined as kw/De, where w is the thickness of the reaction

rim which has formed. In chemical reactor theory such a

group is termed the Damkohler number [3]. When reaction

occurs throughout the bulk of a porous material, as in many

heterogeneous chemical reactions, the appropriate

dimensionless group to use is the Thiele modulus, which is

[k'R^/Dg]^/^ for a first order chemical reaction with

reaction velocity k' [3].

Table 2 also presents dimensionless time ratios, which give

a measure of how important transient effects are in

. . . . . 9cementitious systems. Consider the time ratio (tDg/eL ) : it

is the ratio of the test duration (t) to the time taken for

another process which is considered important, in this case.
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diffusion. The diffusion time equals eL^/Dg. The

criterion for the attainment of a large fraction of steady

state is that the duration t be much greater than the

diffusion time t^, i.e., t >> t^^. For example, consider a

concrete slab in which it has been shown that diffusion is

an important phenomenon. In this example the slab has L = 2

cm, e=0.2, and Dq = 2 x lO"^^ m^/s. These values of

porosity and diffusivity are typical of those observed in

hardened cement pastes [3]. To determine if steady state

has been achieved in one year (3 x 10 's) the calculation is:

4 cm^ X 0 . 2 m^
td = X — = 4 X lO's (2)

2 X 10"^2 J(,2yg (,J„)2

Since t^ is of comparable magnitude to t, a steady state was

not attained in this example even after a year. In fact it

would take over five years for steady state to be

approached. If it has been shown by the method of

dimensionless ratios that convection is a more important

phenomenon than diffusion, then the proper time ratio is

t/tc where t^ = L/v is the convective time. In this case

steady state will be reached when t >> t^.

In summary, these results show that it may take months to

reach an appreciable fraction of steady state, even for thin

walls. For diffusion controlled processes, it is the very

small diffusion coefficients through hardened cement pastes
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which lead to this conclusion. In applying this criterion,

it is important to compare the duration of exposure to the

time for the correct controlling phenomenon. This is

explored further in the next section where diffusive and

convective phenomena are compared.

2.3 Diffusion vs. Convection in Cementitious Systems

A method is presented in this section to determine if

convection or diffusion is likely to be the rate controlling

process for transport in concrete. Qualitatively, diffusion

will control if there are many small pores, while convection

will control if there are a number of large pores. The way

to estimate how small is "small" is to use the Peclet number

(Pe) , the dimensionless ratio of the convection rate to the

diffusion rate. When this ratio is equal to unity,

convection and diffusion will occur with nearly equal rates.

As a system consider a single pore of radius r and length L

through which fluid moves with average velocity v. The

appropriate Peclet number is vL/D where D is the free stream

(unhindered) diffusivity of the transported species. The

average velocity of flow, v, can be eliminated from the

Peclet number using Poiseuille's law:
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(AP/L)
V = (3)

8/i

where AP/L is the pressure gradient across the pore, and n

is the viscosity of the flow medium. The assumption of

laminar flow, implicit in this relation, is assured

considering the small pore sizes that occur within concrete.

Solving for the critical pore radius r* where convection and

diffusion are of equal importance (Pe = 1)

:

r* = [_—]V2
( 4 )

AP

Table 3 indicates the effect that cement pore size has on

whether diffusion or convection controls transport. In this

table the actual value of the average pore radius (r) is

compared to the critical pore radius (r*) to determine the

controlling mechanism. When the Peclet number is much less

than unity, diffusion controls and most pores are smaller

than r*. When most pores are about the size of r*, neither

mechanism will control transport. Note that r* is

independent of slab thickness L. For liquids the product yuD

is only a function of temperature and intermolecular

interactions. It decreases with increasing temperature.

For gases, the nD product varies directly with temperature

and inversely with pressure [4]. The average pressure

across the slab should be used in gas phase calculations of
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the diffusivity. For liquids /i 1 cp and D 2 x 10“^

cm^/s. This makes r* a function of only one variable, the

external pressure difference AP. Thus, for typical values

of AP, r* can be calculated and compared to experimental

data

.

Table 4 shows the results of such calculations. As AP goes

from 1 atm to 0.001 atm (1000 cm H2 O to 1 cm H2 O) , r* goes

from 12.4 nm to 400 nm as the controlling mechanism shifts

from convection to diffusion. Note that for AP = 0, there

would be no convection, and diffusion would always control.

This is confirmed since, at suitably low values of AP, r*,

from equation (4) takes on values which will be greater than

any of the actual pore sizes. It is important to mention

that when pressure differences due to hydrostatic forces are

also present, that these must be added to AP in order to

give an effective total driving force or head due to both

pressure and gravity.

Pore size distribution data for hardened portland cement

paste (HCP) are usually obtained by mercury intrusion

porosimetry (MIP) . Figure 2 shows data obtained by Kumar

[5] for HCP at a water to cement ratio (w/c) of 0.3. Most

pores lie in the range from 6 to 20 nm. For a given AP

across the slab this range can be compared to r*. When AP =

1 atm, r* = 12.4 nm. As shown in the figure, this value of

r* lies in the middle of the range of most pores, indicating



Table 3. Effect of Cement Pore Size on Controlling
Mechanism in Cementitious Systems

Cement Controlling Peclet
Pore Size^ Mechanism Number

r >> r*" convection Pe » 1

r ^ r* neither controls Pe = 1

r << r* diffusion Pe « 1

"^predominant number of pores

^critical pore radius

Table 4. Effect of Pressure Change (AP) on Controlling
Mechanism in Cementitious Systems

AP
r*a controlling

atm mm HoO nm mechanism

4.0 40000 6.2 convection

1.0 10000 12.4

0.1 1000 40 mixed contr

0.01 100 124

0.001 10 400 diffusion

^critical pore radius.
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that neither convection nor diffusion is controlling at that

pressure difference. If AP = 0.01 atm, r* = 62 nm, and most

of the pores are smaller, indicating diffusion control.

With AP = 8 atm, r* = 4.4 nm, and convection is the dominant

transfer mechanism. This is marked in the figure by the

solid vertical line. Since a pressure drop of 8 atmospheres

across the slab is unlikely, convection, by itself, would

not be controlling for this paste. At higher values of w/c

and at earlier ages, penetration is more likely to be

convection controlled since the pores would normally be

larger under these conditions.

As compared to portland cement paste, pores within concrete

have a wider range, with many more large pores present. If

there are cracks penetrating the concrete slab these can

present a short circuit for flow, and to a lesser extent,

diffusion. For example, it is easy to show using equation

(3) that even a single microscopic crack having a size of

0.01 mm and passing completely through the slab will carry

at least as much flow as six million continuous 200 nm

macropores. With several such cracks, transport of

deleterious species through concrete members will become

convection controlled. This result shows the importance of

preventing the formation of stress cracks in concrete

members intended for use in storage facilities for LLW which

are subject to hydraulic or pressure gradients.
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Other studies have shown that MIP does not lead to an

accurate description of pore sizes since it only gives the

distribution of entry or neck pores. Dullien and coworkers

[6,7] have shown that the pore size distribution of all

pores, obtainable using photomicroscopy, is also needed in

order to obtain a complete description of the permeability

of the flow network. This distribution is usually flatter

than that found using MIP, indicating that an appreciable

fraction of larger pores may actually exist. This makes

convection more likely to be a dominant mechanism.

In summary, convection can be an important mechanism for

intrusion of penetrant, unless there are no pressure

gradients, the pores are all small, or convection opposes

diffusion (counter-current flow) . In the last case, flow

acts to prevent the penetrant from entering the concrete.

In cases where the concrete is cracked, convection is much

more likely to control intrusion rates of deleterious

species. For this reason it is important to prevent the

formation of stress cracks in concrete members. In

addition, caution must be exercised in using pore sizes

found from MIP data as the sole basis for determining the

dominant transport mechanism.
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Figure 3

.

Model system for penetration of chemical species
through porous material

.
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3. MATHEMATICAL MODELS

Although the method of dimensionless groups can provide

valuable information about the controlling phenomena in

cementitious systems it does not have as firm a quantitative

basis as do the results of modeling studies. In this

section mathematical models are developed for the intrusion

of deleterious chemical species through concrete. The

models incorporate diffusion, convection, reaction and

sorption (adsorption and absorption) as important phenomena.

They are based on rate laws for these phenomena and overall

conservation equations for chemical species.

3 . 1 Model System

As illustrated by figure 3 the model system is a plane or

slab of concrete which is exposed on one side to a high

concentration C;^in('t) of ions of species A. In this system,

the pores of the concrete remain saturated with liquid water

throughout the penetration process. The concrete itself

initially contains the ions at concentration Cqp^{z)

,

while

the far side of the specimen (at z=L) is at concentration

^AlC"^) • Because the slab width is much larger than its

thickness, transport occurs only in the z direction. As a

result of the concentration gradient, ions diffuse into the

slab. They can also be transported in by co-current flow of
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the external solution; or, flow can oppose diffusion. With

countercurrent flow the penetration is retarded, while with

co-current flow, where diffusion and convection occur in the

same direction, penetration is augmented.

3.2 Rate Law for Diffusion

The rate law for diffusion is Pick's first law:

ac^
Na = -DeA ( ) (5)

dZ

where is the molar flux of A (mol/m^*s), is the

concentration of A (mol/m^) within the slab and is the

effective diffusivity of A (m^/s) through the pores of the

concrete. Species A can be any compound, including, for

example, dissolved carbon dioxide or ions such as chloride,

sulfate or bicarbonate. The effective diffusion coefficient

D0a will be less than the ionic/molecular or free stream

diffusivity of ions and molecules moving unimpeded

through a bulk solution. For gases in very fine pores,

transport more likely occurs by collision with the walls

rather than by collisions with other molecules and the

diffusion coefficient used should be the Knudsen diffusivity

[3]c In a liquid system, Knudsen diffusion is unlikely

since molecular collisions are more frequent.
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The diffusion of ions and molecules in concrete is slowed

because:

1) the effective area of diffusion is lowered due to

the presence of the solid phase.

2) the diffusion path is tortuous so that it takes

longer for molecules to pass from one point to

another.

3) any given diffusion path has constricted regions

(bottlenecks) where there is a greater resistance

to the diffusive flow of molecules.

4) the connectivity of the pores is not complete.

The effects of these constraining factors are mathematically

expressed in the relationship [8]:

a

^eA = ^ - (^)
T

The porosity e (volume fraction pores) and constriction

factor a are both less than unity, while the tortuosity t is

greater than unity. All three factors act to lower the

effective diffusion coefficient relative to its free

stream value In general, equation (6) cannot be used to

predict the value of DeA since the geometric factors, a and
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r are complicated functions of the pore structure. As an

example, Bruggeman [9] has shown theoretically, using an

electrical analog model, that a/r varies approximately as

Based on equation (6), then, the diffusion

coefficient should vary as , However, the useful range

of Bruggeman 's approximation is only from 0.4 < e < 1, which

is outside the range of most concretes. At lower

porosities, the dependence of effective diffusivity on

porosity is even more pronounced than although the

actual dependence has not been determined theoretically.

3 . 3 Rate Law for Convection

The rate law for convection iss

Fa = Ca Q = Ca V S 6 (7)

where Fa is the molar flow rate of A (mol/s) through the

porous media, Q (m'^/s) is the volumetric flow rate and S is

the total cross section. The porosity e must be introduced

since the flow average velocity v is based on the available

flow area. In equation (7) it is presumed that there is

only one velocity. This is a reasonable assumption

considering that the porous media breaks up the flow and

tends to make it uniform across the cross section. However,

if the pores do not have a narrow pore size distribution

centered around an average pore size, such an approximation
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will be less likely to be valid, since, as discussed in

Section 2, the larger pores will carry a disproportionately

higher part of the flow.

3.4 Rate Laws for Reaction and Sorption

In addition to the mechanisms of diffusion and convection,

mass transfer of deleterious chemical species is also

influenced by the rates at which species are removed from

solution by sorption (adsorption and absorption) and

chemical reaction. Adsorption and chemical reaction are

both surface phenomena which occur on the walls of the

pores. Let -r;^ be the sorption or reaction rate of chemical

A per unit of pore surface area (mol/m^*s). In general:

Ta = k f(Ci) (8)

where k is the sorption or reaction rate constant and f(Cj_)

is a kinetic function of reactant and product

concentrations. The minus sign indicates that species A is

disappearing from solution. Often the kinetics of sorption

or reaction is unknown. In this case separate experiments

must be conducted in the absence of diffusive and convective

gradients to obtain data from which the rate law can be

deduced.
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3.4.1 Chemical Reaction Rate Laws

For chemical reactions:

aA + bB = uU + yY (9)

where a, b, u, and y are stoichiometric coefficients,

respectively, for chemicals A, B, U and Y, equation (8)

often takes the general form:

-r;^ = ki Cb^ - k2 Cy^ (10)

where ki and k2 are the forward and reverse reaction

velocity constants. K^, the thermodynamic reaction

equilibrium constant, is equal to ki/k2 . For reactions

which are not thermodynamically consistent, the reaction

orders will not be equal to the stoichiometric coefficients.

For irreversible processes the reaction rate only depends on

reactant concentrations. When one of the reactants is

present in large molar excess or there is only one reactant,

A, equation (10) reduces to:

ta = ki Ca® ( 11 )
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where m is the kinetic order of reaction with respect to

reactant A. When the reaction order matches the

stoichiometry, m = a.

3.4.2 Sorption Rate Laws

When adsorption and desorption occur within the pores of the

concrete, the rate equation can take on a number of

mathematical forms depending on the kinetics of sorption.

The most widely used sorption rate law is the Langmuir

equation given by:

^a
- rA = (12)

1 + Ka Ca

where -rA is the rate of adsorption (mol/m s) , and ka is

the adsorption rate constant. Ka is the adsorption

equilibrium constant, equal to ka/k^^, where k^^ is the

desorption rate constant.

Other sorption rate laws include the Freundlich, Temkin and

Henry isotherms [10]. The type of isotherm depends on

whether the adsorption is physical or chemical and on the

precise mechanism of interaction between the adsorbing ions

and the substrate. As an example, consider the Langmuir

isotherm under the condition that the adsorbed species are

only weakly held on the walls of the pores. Since



adsorption is the slow step, this is an adsorption

controlled situation. In this case, surface coverage of

adsorbed species will be low, « k^^, the adsorption

equilibrium constant will be small, and « 1, so

that equation (12) reduces to:

^
( 13 )

This corresponds to the Henry isotherm. In this equation

the adsorption rate is equivalent to that for a first order

irreversible chemical reaction, i.e., m = 1 in equation

( 11 ) .

When the adsorbed species are strongly held to the surface,

the net rate of sorption will be desorption controlled. For

this case, >> 1 and equation (12) reduces to:

- rft = kd (14)

which is equivalent to a zero order chemical reaction.

3.4.3 Effect of Temperature and Pressure

The kinetic rate constants for reaction (k^ and k2 ) and

sorption (k^ and k^j) and the thermodynamic equilibrium

constants for reaction and sorption (K^- and K^) can all be

expressed in the standard Arrhenius form:
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k = k„ g-E/RT

K = K„ g-AH/RT

where T is the absolute temperature, k^o is the rate constant

at very high temperature (Arrhenius frequency factor) , E is

the chemical activation energy (J/mol) , R is the ideal gas

law constant (J/mol *K), K® is the value of the equilibrium

constant at very high temperature, and AH is the energy of

reaction or sorption (J/mol)

.

As the temperature increases, equation (15) predicts that

the rate constants will also increase. For endothermic

reaction or sorption, equation (16) predicts that as the

temperature increases the equilibrium constant will also

increase, while for exothermic processes, higher

temperatures will result in a lower equilibrium constant.

It can be shown from kinetic theory that the difference

between the activation energies of the reverse and forward

processes (E^ - E 2 ) is approximately equal to the energy of

reaction or sorption [11]. If the temperature remains

constant during the time taken for chemical species to pass

into the concrete, all the kinetic and thermodynamic

constants will themselves be constant. For liquid systems

normal pressure levels have little or no effect on sorption

and reaction rate law model constants.
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3 . 5 Conservation Balances

The overall conservation equations governing the rate at

which chemical species penetrate concrete will depend on the

rate laws for the processes which are occurring within it.

The system on which the conservation balances are made is

the pore solution contained within a thin element of width

dz and cross section S located within the slab (refer to

Fig. 3) . Transport is presumed to only occur through the

slab in the z direction.

An overall conservation balance for each penetrant within

the system takes the form:

Rate of Accumulation = Net Rate of Diffusion + Net Rate of

Convection - Rate of Disappearance by Sorption - Rate of

Disappearance by Reaction. (17)

Equation (17) represents a molar inventory for each species.

The units on each term are moles per unit time. The net

rate refers to the rate of input to the system minus the

rate of output.
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3.5.1 Dimensional Form

Application of rate laws for diffusion and convection

(equations (5) and (7)) to equation (17) leads to:

3Ca DeA 3^Ca aCA Sg
= 5- - V - — (Ta) (18)

+

at e az^ az Vg

where Sg is the surface area of the pores (m^/kg) and Vg is

the pore volume (m^/kg) . Both Sg and Vg are based on the

mass of cement or concrete. They are presumed constant in

this formulation.

Pore surface area, pore volume and porosity are all physical

parameters of the pore structure which can be measured

independent of transport processes. The term -r^ represents

the rate of sorption or reaction per unit area of pores.

Equation (18) is a second order partial differential

equation whose solution gives C;^(z,t), the concentration of

penetrant as a function of depth into the slab z and

exposure time t. The equation will be linear if the

sorption or reaction rate (-r;^) is itself linear.

"^The ratio of Sg to Vg can also be written as (S/V)g.
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3.5.2 Dimensionless Form

Equation (18) can be given in the following dimensionless

form:

ac a^c ac— = —
5
- - Pe — - rd (19)

at' ax"^ ax

with dimensionless concentration C = CpyCp^Qf dimensionless

time t' = Dqa t/eh , dimensionless distance x = z/L and

dimensionless reaction rate r^j given by:

Sg €L^

3^d = ^ — (”^a) (20)

g DeA Cao

Both the Peclet number Pe and time ratio t' of Table 2

appear in this analysis.

3.5.3 Initial and Boundary Conditions

Equations (18) or (19) can be solved if one initial and two

boundary conditions are provided. The initial condition

gives the initial concentration profile of species A within

the pores of the slab. It can be written as C = Co(x),

where Cq is the dimensionless initial concentration Cqa/^AO*

Although, in general, the initial condition will be a

function of position, a special case of interest occurs when
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this concentration is initially constant or zero. Cqa^O

occurs when there is initially no A within the cement pores.

The boundary conditions describe how the concentrations

change with time at the ends of the slab. There are three

types of common boundary conditions: (1) imposed, (2) zero

flux, and (3) Danckwert [12]. Table 5 summarizes these

types. Both dimensional (z,t) and dimensionless (x,t')

conditions are given. Two boundary conditions of one or

more type need to be specified, one at each end of the slab.

Imposed conditions impress the concentration of the external

solution on the ends of the slab. These conditions can

change with time as, for example, when reservoirs of finite

size are present at the ends of the concrete slab, or when

the external environment changes. The zero flux conditions,

shown in the second column of Table 5, will apply when the

ends of the slab are impermeable, as would be the case when

an inside liner is used.

The Danckwert conditions [12] given in the last column of

table 5 can apply when there is convection in the positive z

direction. In the Danckwert formulation the external

solutions on both sides of the slab are considered to be

well mixed. The conditions represent species inventories at

the slab ends. There is an abrupt drop in the concentration

of A (at z=0) when passing in the flow direction from the
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Table 5. Types of Boundary Conditions

Location^ Imposed Zero Flux Danckwert^ r 12

1

z - 0 ~ ^Ain(‘^) —

X = 0 C — Cin (
t

'

)

dZ

dc— ^ 0

ax

^ ^ ^Ain - € V Cj^o

acA
“ ^^eA

^in ~

az

1 ac

Pe ax

z = L Ca = CAL(t)
acA

az
= 0

acA

az

X = 1 C - CL(t'
ac

ax ax

^ z conditions apply to equation (18) , x conditions to
equation (19)

.

^ conditions are for flow in the positive z direction; for
flow in the opposite direction the conditions in this
column are reversed (see text)

.
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external solution to the inside of the slab. Thus C^in/ the

concentration in the upstream reservoir, will be greater

than Cp^Q, the concentration at the slab entrance. At high

values of the Peclet number, corresponding to high flow

rates, and low diffusivities and thick slabs, the Danckwert

condition at the upstream end reduces to the imposed

condition C^^in = ^ zero flux condition arises at z=L,

even with convection, because the concentration of the

solution exiting from the pores of the slab (C;^l)

the same as the concentration in the external solution

(CAout) • When flow is in the opposite direction the

boundary conditions must be reversed, with a zero flux

condition at z=0, and the condition containing the Peclet

number at z=L.

3.5.4 Molar Flow and Retention of Chemical Species

The service life of concrete exposed to deleterious aqueous

solutions of salts and dissolved gases largely depends on

their concentrations within the concrete pores. Therefore,

it is important to know the amount of deleterious chemical

species which has passed into or through concrete members in

a given time.



In the absence of flow, the total moles of chemical A,

which has passed into the concrete in time t will be given

by:

32

Mao = s

J
NaIz=0 ( 21 )

When convection is also present, the total flow of

deleterious chemical species into and through the slab must

also include the convective flow in addition to the

diffusive flow. Under this condition the total moles of

chemical A which has passed into the slab by time t is:

t

Mao = r (SNa + Fa)| 2=o dt = Q CAln t ( 22 )

O

The second equality in equation (22) follows directly from

the Danckwert condition at z=0. The total amount which has

passed completely through the slab is:

Mal =

I
FaIz=L = Cal (23)

In equation (23) the Danckwert boundary condition has been

^used (dCp^dz = 0 at z = L) where is given by the solution

to equation (18) . If flow were reversed, would appear in

equation (23) rather than (22) . The difference between
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slab at time t in addition to the amount which has adsorbed

or reacted up to that time. At steady state the diffusive

flux of A, will be a constant and the transport of A out

of the slab will be reduced by the amount of reaction or

sorption which occurs.

When dissolved A reacts with one or more of the solid

concrete constituents, the process could require many years

to reach a true steady state. Often, however, it is

reasonable to assume a pseudo-steady state (also referred to

as quasi-steady state) where the reaction or sorption

proceeds much slower than the time taken for the

concentration profiles to re-establish themselves as a

result of these processes. This is especially the case for

moving interface problems, where, e.g., a reaction front

slowly moves through the slab as chemical A reacts with a

concrete constituent. Mathematically, quasi-steady state

implies that over any finite time interval, the molar

accumulation term dC^dt is equal to zero in the

conservation balances. In Sections 4.2 and 4.3, models are

developed and applied for cementitious systems which can be

characterized by quasi-steady state processes.
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4. APPLICATION OF MATHEMATICAL MODELS

A general mathematical model was formulated in Section 3

which incorporates the important processes controlling the

rates and amount of deleterious species transported into

concrete buried underground. In this section, mathematical

solutions are developed for the general model as well as

sub-models for specific applications. Separate models are

developed and solved for chloride ion penetration of

concrete, for leaching of concrete constituents, and for

sulfate attack of concrete. These solutions can be applied

to the prediction of the concentration and transport rates

of chloride ions, sulfate ions and dissolved carbon dioxide

species through concrete.

4 . 1 Chloride Ion Penetration

Chloride ions can be transported into concrete by diffusion

and convection. The penetration of chloride ion is

undesirable since it is known to accelerate the corrosion of

steel reinforcing bars in concrete [13]. When water and

oxygen are also present, the chloride ion may depassivate

steel and thus directly raise the rate of the anodic half

cell reaction given by:

++Fe Fe + 2e (24)
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Chloride ions can also catalyze the transfer of charge. In

both cases the rate of corrosion is higher with increased

ion concentration. The threshold concentration at which

chloride initiates corrosion decreases as the pH is reduced

[13]. Thus, the presence of dissolved carbon dioxide along

with chloride ion can significantly accelerate corrosion of

reinforcing steel. Since chloride ions do not appear to be

consumed in this process, concentrations will rise at the

steel surface and further accelerate corrosion.

4.1.1 Absorption and Reaction of Chloride Ions

Reaction of chloride ions with calcium aluminates can

produce chloroaluminates . Also, chloride ions can be

adsorbed on the pore walls, slowing the transport process of

chloride ions and lowering the accumulation of chloride ions

in the pore solution. Tuutti [14] presents a model in which

the reaction and adsorption of chloride ions results in an

apparent diffusion coefficient which is less than the

effective value De by the factor g. Thus:

Da = g De (25)

where g is the ratio of the concentration of chloride ions

in solution to the total concentration, i.e., those in

solution plus those reacted and adsorbed on the surface of
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pores. If none of the chloride ions are removed from

solution g = 1, while g = 0 indicates that all of the

chloride ions have been removed from solution. Other

authors have used a similar formulation [15,16].

Tuutti's model takes the form:

dC^ d^Cp,
= Da (26)

at az^

with Da given by equation (25)

.

Analysis of this model shows that it does not account for

all surface phenomena. As discussed in Section 3, diffusion

coefficients for ions depend on pore structure, the size and

charge of the diffusing ions, and temperature, but not on

the amount adsorbed or reacted. Further, small values of

the factor g could indicate that pore concentrations have

not reached steady state. A more complete formulation

incorporates surface phenomena as a sink term, as is

presented in the last term of equation (18)

.
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4.1.2 Model Simplifications

With first order reaction or adsorption, equations (18) and

(19) , become, respectively, equations (27) and (28)

:

5Ca DeA acA
— v

at € az2 az

ac a^c

at' ax^
- (Pe) 2— - m'^

ax

(S/V)g Ca (27)

(28)

In equation (27) , k is either the adsorption constant or

the first order reaction rate constant k^. Equation (28)

has the two dimensionless parameters, the Peclet number; and

the modulus m given by;

m
1
-— (S/V)g l2]V2
DeA

(29)

2m^ represents the maximum value of the first order

dimensionless reaction rate r(^. It is equal to the value of

r^i at concentration Cp^Q, and it is referred to as the

Damkohler number [17]. In chemical reactor theory m,

itself, is known as the Thiele modulus (refer to Table 1)

.

It is a dimensionless reaction-diffusion constant which

measures the relative importance of diffusion and reaction

(or sorption) . The significance of the magnitude of the
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Thiele modulus to service life prediction of concrete

exposed to chloride ion is discussed at the end of this

section.

With no convection, equations (27) and (28) reduce,

respectively, to equations (30) and (31)

:

— = —- —5- - k (S/V)g Ca (30)
at € dz^

ac a^c
= —^ c (31)

at* ax^

Note that equation (30) has a different functional form than

equation (26)

.

This shows that it is an approximation to

base the formulation only on an attenuation of the diffusion

coefficient. Because of the large number of possible

boundary and initial conditions to which these equations can

be subject (refer to Table 5) it is not possible to present

all of the solutions for each possible physical situation.

Rather, one particular realistic case will be solved and

discussed.

This case is shown schematically in Figure 4, where a

concrete member is subjected to a constant environment of

chloride ion of concentration C^in (z = 0) ? while

at the far end (z = L) a protective liner presents an
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impermeable barrier. (The case where a free surface exists,

as in an underground concrete vault, can be solved also by

the following methods.) Thus, there is an imposed boundary

condition at z = 0 and a zero flux condition at z = L. The

concrete is presumed to be initially saturated with pore

water which is chloride free, so that Cqa = 0/ while the

steel reinforcing bar is vertically embedded somewhere

within the concrete matrix (shown dashed in Figure 4) . Its

presence does not influence transport processes. In the

present case, there is no convection, and diffusion occurs

only in the z direction. The analytical relationships to

predict the concentration profile CA(z,t) [or C(x, t')] of

chloride ion within the concrete member need to be

developed. Because of symmetry this problem is equivalent

of one where no liner is used and concentration C^in is

imposed simultaneously on both ends of a specimen of length

2L. In both problems z = L is a vertical plane of zero

flux.

Solutions to equation (31) can be obtained by using several

different methods. These include analytical methods such as

Laplace transforms, separation of variable techniques, and

numerical methods. Analytical solutions are preferred since

they show the precise effect of system variables and

dimensionless groups. However, analytical solutions are

generally possible only when the equations of the model are
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Figure 4. Model system for chloride ion diffusion through
concrete.
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linear, as is true in the present case. Analytical methods

produce solutions expressed as infinite series of terms,

each of which is a function of time and position. The

separation of variables method gives solutions which

converge most rapidly at long dimensionless times t', so

that fewer terms in the resulting series are needed.

Laplace transform methods, on the other hand, yield

solutions which converge most rapidly at shorter times.

4.1.3 Solutions to Models

For the problem considered, dimensionless concentration

profiles of chloride ion C(x, t') were obtained for both

large and small dimensionless times. Also, expressions for

dimensionless concentrations at the liner surface (z = L or

X = 1) were found. Steady state {dCpJdt. = 0) mathematical

solutions for chloride concentration and solutions in which

reaction is not significant were also derived.

Table 6 gives the short time solutions [equations (32) to

(35)

]

obtained by the method of Laplace transforms while

Table 7 gives the long time model solutions [equations (36)

to (39)] obtained by the method of separation of variables.

In addition to the concentration-time profiles (C,t')

solutions are presented in Tables 6 and 7 for dimensionless
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concentrations at the liner surface (x=l) and for the sub-

case when there is no reaction or adsorption (in=0) . Both

the short and long time model solutions are expressed in

terms of an infinite series of trigonometric and exponential

functions

.

At small values of the dimensionless time (f), when there

is little or no reaction or adsorption, equation (32)

applies. At still smaller values of t' the infinite series

in this equation can be shown to reduce to:

Ca = CAin erfc
€Z 2 -^1/2

4DeAt J
(40)

This solution agrees with the result which is obtained when

the slab is treated as being semi-infinite [2]. It is also

similar to the equations given by Atkinson [18] and Lawrence

[19] .

The concentrations at the liner or free surface depend on t'

and the degree to which the concrete is effective in

removing chloride. Permeation to the surface becomes

important at times t when the dimensionless time (f) is of

the order of unity. As discussed in Section 2 of this

report, the value of t' controls the rate at which steady-

state is attained rather than the absolute time t. For
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Table 6. Short Time Model Solutions

Concentration-Time Profiles

C =

/ 4Tr

I (-1)" { (2 + 2n
n=0

t ' exp
X) J

0

r(2+2n-x) ,
2

41
]

*

3/2
U /

t ' exp
+ (2n + x) I

0

r(2n+x)
,

2
[-

4
-

U
- + m u]

37T
U '

} (32)

Reaction/Adsorption Insignificant (m=0)

C =

/ 4tt

I

n=0

(-l)n { (2 + 2n - x)

f
J

0

exp - [
(2+2n-x)

4u
-] du

3/2
U^/

t' exp - [ —

4

-^
-— ] du

+ (2n + X) I
} (33)

0 u '

Concentration-History at Concrete-Liner Interface (x=l)

c = \ (- 1 )"
[e^^n+Dm (2n^

^ ^ ^ (34,
n=o 2/t'

^ ^
-(2nn)m (2n^

- m /^ ]

2/t'

Reaction/Adsorption Insignificant (m=0)

Z = Z I (-1)" erfc

n=o 2/T^
( 35 )



Table 7. Long Time Model Solutions

Concentration-Time Profiles

Q s cosh m (1“X)

cosh m

(-l)^'*’^(2n-l )cos [2n-l) Z (1-x)] exp - [m^ + (2n-l)^ ^]t'
^ I

, (36)

n-1
m + (2n-l) "4“

Reaction/Adsorption Insignificant (m=0)

. <» / , vO+ l « « ^ -n

^ ^ ^ \ li^rr ^ f] cos [(2n-l) j (1-x)] (37 )

Concentration-History at Concrete-Liner Interface (x-1)

C(l) - sech m - TT ^
n-1

(-1)" ^(2n-l) exp - [m + (2n-l) -j- ] t'

+ {2n-l)" \
(38)

Reaction/Adsorption Insignificant (m-0)

4 V
(-1)”

ovn r - (2n-l)^"
1

4
^C(1) = 1-7 1 ka C

n=l

(39 )
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t' > 1 the long time model solutions of Table 7 should be

used. For dimensionless times near unity either set of

solutions produce equivalent answers, with a similar number

of terms needed for convergence in the infinite series. At

such times, the chloride or other penetrant concentrations

at the surface adjacent to the liner or free surface will

have risen to within a significant fraction of their final

or steady-state values. For t' < 1 the short time model

solutions of Table 6 should be used.

4.1.4 Corrosion of Reinforcing Steel Embedded in Concrete

These analyses demonstrate that the durability of reinforced

concrete exposed to corrosive amounts of chloride ions will

be enhanced if is small, L is large and e is small. The

most sensitive of these parameters is the slab thickness, L.

For a concrete slab twice as thick, it takes four times as

long for the chloride to reach a given fraction of its final

concentration. Therefore, to increase the service life of

reinforced concrete by preventing the accumulation of a

threshold concentration of chloride ions at the steel

surface, it is recommended to have a thick concrete cover

member over the reinforcing bars, made of dense concrete

(low € and Dq)

.

Although these results are qualitative, the

actual model solutions can give a precise prediction of the

effects of these variables.
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Concentrations of intruding chloride ions in concrete also

depend on the affinity of the chloride for cement paste. A

quantitative measure of this effect is provided by the

Thiele modulus m as defined by equation (29)

.

As discussed

in Section 2, the Thiele modulus measures the relative

importance of diffusion to reaction. High values correspond

to diffusion control while low values correspond to reaction

or adsorption control. It has been shown that diffusion

control occurs when m > 5 while reaction control occurs when

m < 0.2 [11]

.

As shown by equation (29) , the modulus m is a function of

the surface-to-volume ratio (S/V)g, the slab thickness L,

the effective diffusivity and the affinity of the

cement paste for the chloride ion, as measured by the

reaction or adsorption constant k. Depending on the cement

used and the temperature, m can take on any positive value.

The greater the retention of chloride within the cement by

reaction or adsorption with tricalcium aluminate or other

constituents, (high k) , the higher will be the modulus, and

the more likely diffusion will control. The value of m will

be small if the cement only contains small amounts of

aluminate or other constituents which can react with

chloride ions. If the tricalcium aluminate is the major

reactive constituent and it has already reacted to form

ettringite or monosulfate, then m will again be small. In



these cases k will be low and transport will only occur by

diffusion.

Even in the worst possible case, where k = 0, and there is

no protection by reaction or adsorption with cement

constituents, it is still possible to have low

concentrations at the steel surfaces since these

concentrations do not reach an appreciable fraction of their

final steady-state values until the dimensionless contact

time t' is approximately unity. A sample calculation

illustrating this effect was previously presented (Section

1.2). It follows from equation (36) that the steady state

concentration of chloride ions at the surface of a rebar

embedded midway in a concrete slab of thickness 2L, when

both sides of the slab are simultaneously exposed to an

external concentration C^^in/ is given by:

Ca = C;^in sech m (41)

At low values of the parameter m, the concentration of

chloride ion at the rebar surface will eventually reach the

concentration in the outside solution C^^in* Whether or not

corrosion will occur at the rebar surface will depend on the

temperature, concentration of dissolved oxygen, pH, and the

electrochemical potentials of the half-cell reactions. In

some instances corrosion will not initiate regardless of the

oxygen concentration at the corrosion site because it is
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thermodynamically unfavorable, e.g., when a stable passive

oxide film is formed. However, chloride ion can catalyze

the breakdown of this film. Further experimental and

theoretical studies need to be directed towards determining

and predicting both the rate of penetration of oxygen

through concrete and the catalytic effect of chloride ion on

corrosion rates. Also, for predicting the corrosion of

concrete structures buried underground, the concentration of

oxygen as a function of soil depth needs to be known. The

models presented here can help by providing a prediction of

the amount of chloride ion which is present at the potential

corrosion site within the reinforced concrete. They can

also be used to predict concentration profiles of oxygen.

4 . 2 Leaching of Concrete Constituents

Hardened cement paste contains constituents which can be

removed by leaching when subjected to attack by acidic or

neutral groundwater. These include dissolved alkali oxides,

K2 O and Na20 (saturated solution pH ~ 13.5), Ca( 0H )2

(saturated solution pH == 12.5) and calcium silicate hydrate

gel, CSH (saturated solution pH ~ 10.5) [20]. The acidic

groundwater is present in the form of dissolved carbon

dioxide gas (CO2 ) , carbonic acid (H2 CO 3 ) or bicarbonate ion

(HCO 3
")

.
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Leaching by acidic groundwater (acid leaching) occurs more

rapidly than leaching by neutral groundwater (water

leaching) . When transport is diffusion controlled the

concentration of acidic species at the reaction interface

will be lower, thereby raising transport rates. With water

leaching, the diffusion of the basic species back out

through the concrete controls transport. Since solubilities

are relatively low, the basic species will leach from the

concrete more slowly. When transport is reaction

controlled, acid leaching raises reaction rates since acid

concentrations will be high at the reaction front. This is

in contrast to water leaching where no reaction occurs.

Discussion in this and subsequent sections is restricted to

acid leaching. Groundwater leaching is considered in

Section 4. 3. 3.1, where mathematical models are developed for

the leaching of gypsum.

Acidic groundwater will successively leach out each of the

basic cement constituents beginning with the alkali oxides,

which are the most basic and most soluble constituents, and

ending with the calcium silicate hydrate (CSH) gel. Over

many years the pH of the pore solution can decrease until it

is in equilibrium with either CSH gel or the external

groundwater [20]. By leaching the alkaline cement

constituents, especially calcium hydroxide, the porosity of

the cement matrix increases. This can drastically lower

strengths and facilitate ingress of other deleterious
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chemical species such as sulfate and chloride ions. The

deleterious effects are compounded when steel rebars are

used since lower pH and higher concentrations of chloride

ion act together to accelerate corrosion.

4.2.1 Alkali Oxides and Hydroxide

The alkali oxides are present in relatively small amounts

and are generally found near the surface of the individual

cement particles where they can readily dissolve. The

leaching of these compounds should occur relatively rapidly

when the outside of the hardened cement paste (HOP) is

exposed to acidic, neutral or even alkaline groundwater.

For neutral (pH -7) or acidic groundwater, the leaching

mechanism is most likely to be diffusion controlled since

acidic groundwater can rapidly react with alkali hydroxide.

For example, carbonic acid can react with potassium oxide

within the HCP to form dissolved potassium carbonate and

water:

H2CO 3 + 2 KOH ^ K2CO 3 + 2 H2O (42)

If the supply of groundwater is sufficient, the acid in the

groundwater can completely neutralize the alkali hydroxides.

Such neutralization reactions may proceed as a wave or

moving front through the concrete, with acid-laden

groundwater on one side and saturated KOH or NaOH solution

on the other. The leaching of alkali from cement paste will
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be complicated by the hydration reactions which may occur at

the same time. Removal of hydroxide ions by leaching of

alkalies can stimulate cement hydration by promoting

crystallization of additional calcium hydroxide crystals.

A more complete analysis, which is beyond the scope of the

report, would involve ion inventories for each ion present

in the pore solution of the cement paste [21]

.

4.2.2 Calcium Hydroxide

The principal alkaline constituent of HCP is calcium

hydroxide which can comprise 20-25% by volume of the cement

matrix. Calcium hydroxide grows away from the cement grains

into the capillary space between cement particles as

relatively large hexagonal prisms [19]. These Ca(OH )2

crystals will continue to grow as long as cement hydration

occurs. Their removal by acid attack may promote additional

hydration both by providing a sink for hydroxide ion and by

exposing fresh surface to the pore water. The models

developed in the next section presume that hydration is

essentially complete before significant acid attack begins.

Calcium hydroxide is both less soluble and less accessible

than the alkali oxides. Thus, it is removed by leaching

after the alkalies. Most of the neutralization capacity of

the HCP is contained within the calcium hydroxide. Thus,

models for its consumption by acidic groundwater attack are
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more important than those for the leaching of alkalies.

Nevertheless, knowledge of the mechanism rates of alkali

removal is important because its neutralization capacity

provides a factor of safety.

Leaching mechanisms for calcium hydroxide involve its attack

by carbonic acid and bicarbonate ions. Dissolved carbon

dioxide or carbonic acid neutralizes calcium hydroxide

directly:

H2CO3 + Ca(0H)2 CaC03 + 2 H2O (43)

Groundwaters containing carbonic acid can be partially

neutralized by calcareous aggregate forming the bicarbonate

[22] ion, which can react further with additional calcium

hydroxide:

Ca(HC03)2 + Ca(0H)2 2CaC03 + 2 H2O (44)

Solutions of calcium carbonate in water have a slightly

alkaline pH. Precipitated calcium carbonate has nearly the

same density as that of the calcium hydroxide it replaces.

Thus volume changes are not as important in carbonate

leaching processes as in other deleterious processes such as

sulfate attack. The calcium carbonate product will

precipitate when the Langelier (or saturation) index [23] is

positive. The Langelier index is a function of pH, total



alkalinity and solids, and calcium content of the water. It

is a measure of potential leaching capability of acidic

groundwaters. When the index is negative the water is low

in lime (soft )

,

and it can dissolve calcium from hardened

cement paste.

4.2.3 Calcium Silicate Hydrate

When nearly all the calcium hydroxide has been neutralized,

the calcium silicate hydrate or cement gel (CSH) will start

to be removed from the concrete matrix. The bicarbonate ion

can react with the calcium of the CSH. Water containing

more than 20 ppm of dissolved carbon dioxide can result in

the deterioration of hydrated cement paste [24]. As the

lime to silica ratio (C/S) in the gel decreases, the pH

falls. When the ratio reaches 0.85 the cement gel begins to

dissolve congruently at a pH of around 10.5. After the CSH

has been totally dissolved the pH will reach that of the

pore solution. This pH lies somewhere between that of the

outside acidic groundwater and that created by the residue

salts in the original concrete [20, 22]. CSH removal occurs

on time scales much longer than the dissolution of calcium

hydroxide. The leaching of CSH should occur only over

centuries and should not be of concern in predicting the

service life of underground concrete vaults for disposing of

LLW. For this reason, mathematical models for its removal

will not be developed in this report.
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4.2.4 Mathematical Models for Leaching of Concrete

Constituents

The mathematical models developed here are based on the same

model system as considered in Section 3.1 and depicted in

Figure 3. Transport is considered to occur in only the z

direction as a result of the mechanisms of diffusion,

convection, dissolution, reaction and adsorption. The

transported model species A can be either dissolved alkali

oxides, carbon dioxide, carbonic acid or bicarbonate ion.

As discussed in the last section, these have similar

neutralizing reactions and much of the theory presented can

be used interchangeably for these species.

From a generic point of view all of the neutralization

reactions can be written;

A + B AB + H2O (45)

where A represents the acidic component, B the basic

component with which it reacts and AB the neutralization

product, which may or may not be soluble.
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4.2.4.

1

Leaching of Alkali Oxides

Based on equations (42) and (45)

,

A represents carbonic

acid, B represents potassium hydroxide and AB is potassium

carbonate. Since the alkali carbonates are soluble they

will be able to diffuse out of the pores. Very little

additional porosity is created on dissolution because of the

small volume fraction of the alkali oxides. In the

conceptual model, it is presumed that the pores of HCP are

initially saturated with KOH at concentration Cb* and that

the outside of the slab is subjected to acidic groundwater

of concentration C^^o* transport mechanisms are

considered to be dissolution, reaction and diffusion. The

reaction is presumed to be first order in each reactant so

that

:

-rA = k Cb = k Cb* = k’ Cj^ (46)

Until completely dissolved, the solid KOH will maintain a

local saturation by further dissolution, so that Cb = Cb*,

as shown in equation (46) . The reaction then becomes

pseudo-first order with modified rate constant k' equal to

kCB*. In this case, equations (29) and (30) apply with the

k of equation (29) replaced by k' in the definition of the

Thiele modulus m. Thus, the equations in Tables 6 and 7

will govern the acid concentration profile within a slab

whose near side is exposed to solution of concentration C^^i^
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and whose far side is made impermeable using a liner or

concrete coating. Alternatively, they will predict the

concentrations in a slab of thickness 2L when both sides are

simultaneously exposed to solution of concentration C^in-

The discussion in Section 4.1.3 is also applicable to the

present situation. The depth of penetration of acid attack

will depend on both the dimensionless time and the reaction-

diffusion modulus. The rate of diffusion of acid should be

similar to that of chloride ions since the cement pore

structure is the same and the magnitude of the free stream

or molecular diffusion coefficients for chloride and

carbonate or bicarbonate ions are similar [25] . Thus the

value of t', the reduced time, will be nearly the same for

both systems. The value of the Thiele modulus m should be

higher for transport of acid into concrete than for chloride

ion because acid-base reactions are both inherently faster

and occur in more places than the reaction of chloride ions

with hydrated tricalcium aluminate. The reaction of alkali

hydroxide with carbonic acid will be more of a volume

phenomenon than a surface area one. When the carbonic acid

reacts with calcium hydroxide the modulus m will similarly

be high because the neutralization reaction is quite rapid.,

and because the calcium hydroxide occupies a large exposed

portion of the surface area available to the pore solution.

When m is high, transport of carbonic acid into the concrete

will become diffusion controlled, and it is likely that a
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interface or front will move through the concrete. The

model solutions show that when the modulus m is higher at

the same effective diffusivity that the relative

concentrations of Cp^ and C;^in will decrease much faster and

reach lower final values than when m is lower. Thus, it

will take longer for the intrusion of acid than for the

intrusion of chloride ion.

Since the principal neutralization potential of the concrete

is provided by the calcium hydroxide, and since the

neutralization mechanisms are similar to both these for

alkali oxide and calcium hydroxide, the mathematical models

and solutions are deferred to the next sub-section.

4. 2. 4.

2

Leaching of Calcium Hydroxide

Most of the discussion on the acid leaching of alkali

hydroxides is applicable to the acid attack of calcium

hydroxide. The principal difference involves the

differences in the solubilities of the reaction products:

calcium carbonate is relatively insoluble, calcium hydroxide

has limited solubility, while the respective alkali salts

have appreciable solubilities. In this section the leaching

processes of calcium hydroxide is presumed to follow

equations (43) and (45)

.

Reactant A is carbonic acid,

reactant B is solid calcium hydroxide, and product AB is

precipitated calcium carbonate.
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Figure 5 shows the model system for the leaching of calcium

hydroxide from concrete. In the conceptual model

development the pores of the HCP in the concrete slab are

taken to be saturated with calcium hydroxide solution at

concentration C-q* in equilibrium with the solid. At the

time when the calcium hydroxide leaching begins (to) the

alkali oxides and their products are considered to have been

leached from the concrete. The amount of calcium hydroxide

which may have been neutralized along with the alkali oxides

before time to is neglected. At time to the slab is

subjected to an external acid solution of concentration

^Ain* assumed that circulation keeps this solution

well mixed, so that there are no outside diffusional

resistances

.

Since the use of a liner or facing on the inside of the

concrete slab will help prevent flow, in this development

the effects of internal convection or flow are presumed to

be negligible. The effect of convection on the transport

process is considered in the next section where models for

sulfate attack are developed. The model given there can be

easily modified to account for convection in the present

case

.
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Liner or

free

surface

Figure 5. Model system for leaching of calcium hydroxide

from concrete.



60

Consider acid attack of calcium hydroxide for the case where

the reaction-diffusion modulus m is low. A point will be

reached where the local calcium hydroxide near the outside

of the slab (z=0) is completely consumed by the penetrating

acid solution. A moving interface might then move into the

slab. However because reaction rates are small compared to

diffusion rates the acid concentration at the interface

would be greater than zero since some acid would have been

able to diffuse past the current interface. With time, the

interface would move through the slab but at a faster rate

than for a totally diffusion controlled situation (high m)

.

The acid concentration within the slab would gradually rise

towards its surface value C^o- When the interface had

completely moved through the slab, the calcium hydroxide

originally contained within the concrete would have been

neutralized by the carbonic acid.

In the limit of a very large modulus m, a reaction front or

interface will move through the concrete as depicted in

Figure 5. Because the reaction is diffusion controlled it

will only occur at this front. Because the neutralization

reaction is rapid, the concentrations of A and B will be low

at the interface. In the limit of very rapid reaction it

will approach zero. The concentration gradient of A will be

linear from the surface (z=0) to the interface (z=zi)

,

while

that of B will drop abruptly from Cg* to its concentration

corresponding to the dissociation equilibrium of AB. At the
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interface the stoichiometry of the reaction requires that

the molar consumption rate of A be equal to that of B. The

interface gradually moves through the concrete, but at a

slower and slower rate as time proceeds, since the acid must

continuously travel a longer distance to arrive at the

reaction front.

We can express this scenario mathematically by equating the

flux of acid (A) into the slab to the consumption of base

(B) at the reaction interface:

5Ca ^^A dzi
Na = " ^eA ( )

= ” ^eA ( )
= PB^B (^’7)

5z z=0 z=zi

where p-Q is the molar density of the solid calcium hydroxide

and f-Q is its volume fraction in the concrete. It is

implicitly assumed that all the calcium hydroxide is

accessible to acid attack through the pores. The value of

fg can be determined based on a knowledge of the initial

concrete composition and the degree of cement hydration.

In equation (47) the flux of A at z=0 has been taken equal

to that at z=zi, which assumes quasi-steady state (QSS)

,

so

that the accumulation term dCp^dt is small. This implies

that once an initial steady state is reached, there is

little change in solution concentration as the interface

retreats and the system continually adjusts to each new
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steady state. The QSS assumption has been shown to be

accurate for solid-liquid systems which involve the

dissolution of soluble salts [26]

.

It is even more likely

to be valid for salts of low to moderate solubility.

Invoking the QSS assumption, equation (47) becomes:

dzi " ^Ai
= ^eA ( ) = ^'^Ai (48)

dt zi

As given by equation (48) the diffusive flux of A at the

moving interface (Nj^i) has been taken equal to the rate at

which A reacts there, i.e., (-r^^i) • The rate of interface

movement varies inversely with fg, the volume fraction of

calcium hydroxide in the pores. This is consistent with the

prediction that the reaction interface will move inwards

more rapidly when there is less calcium hydroxide to

neutralize. Solving the last equality in equation (48) for

CAi/ the interfacial acid concentration:

^AO
CAi = (49)

1 + k'Zi/D0A

Substituting equation (49) into (48)

,

separating variables

and integrating, with z^^O at t=0:

k* . k’ Cao
Zi + Zi^ =

2DeA PB ^B

t (50)



This relation predicts the way the interface will move

through the concrete slab as a function of time. The total

time taken for the interface to pass completely through

the slab is given by:

fsPB^ k’L pgfsL^
0L = (1 + )

= (1 + 1/2 Da) (51)
k'CAO 2 De^ ^AO^eA^^

Equations (50) and (51) can also be compactly written in

dimensionless form as, equation (52) and (53) , respectively

X + 1/2 (Da) x^ = t/tL (52)

©L— = 1 + 1/2 Da (53)

Where x is the dimensionless coordinate z^/L, Da is the

Damkohler number k'L/DgA, and is the time constant for

leaching given by:

PB L^pb^B
tL = L = (54)

k'CAO Da CAoDeA

t/rL is the dimensionless time for acid attack.

Equations (50) and (52) predict that the interface will

retreat rapidly at the start (at small zj_ and x) when

transport of acid is reaction controlled (small Da) , but

subsequently more slowly as the reaction becomes diffusion
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controlled (large Da) . When transport is reaction

controlled, equations (50) and (52) become, respectively,

equations (55) and (56)

:

k'CAO
Zi = t (55)

X = t/TL (56)

Since the Damkohler number is small when transport is

reaction controlled, equation (51) indicates that ^^id tl

can be used interchangeably in equation (56)

.

When the reaction is diffusion controlled, equations (50)

and (52) become respectively, equations (57) and (58)

:

Zi Zi * =
2 Cao DeA

T
[_ ]V2

PB

(t-t*) (57)

X - X*
t-t*

[ ]

’L Da

1/2 (58)

where x* = Zi*/L is the dimensionless interface position at

time t*, when the reaction switches from reaction to

diffusion control. This time is somewhat arbitrary since

there is no precise criterion which predicts when it will

occur. Also, there will be an intervening period during

which neither reaction nor diffusion are rate controlling.

The duration of this period will depend on the magnitude of



the Damkohler number. At low values the switch will occur

at later dimensionless times, while at high values of Da it

will occur sooner. As the Damkohler number becomes larger,

X* and t' both approach zero and transport becomes diffusion

controlled, as indicated by equation (59)

:

2 Cao DeA , ,,
Zi = [ ]

tV2 (59)
PB

The functional form given in equation (59) agrees with an

empirical model previously presented by Turriziani [16] for

the progression of a carbonation front through concrete.

However, in his model only an empirical (rather than a

theoretical) proportionality constant was identified.

Model constants can be determined by a suitable linearizing

equation. For reaction control, the linearizing plot is z^

vs. t according to equation (56)

,

while for diffusion

control it is zj_ - z* vs. yt^* according to equation (57) ,

or just Zi vs Jt after equation (59)

.

Equation (50)

,

which

encompasses all cases, can also be linearized to givej

2 DeA Dao t 2 Dqa
Zi = ( )

- (60)

PB fB Zi

Here the linearizing plot is Zi vs. t/zi. The slope of such

a plot is 2 Dqa ^AO/pb ^B^ while the intercept is -2 DeA/^’/

The best values of the slope and intercept can be found from
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a linear least square fit of this equation to the data. A

good fit of the data to this equation can supply partial

validation of the model. Equation (60) suffers from the

problem of plotting a variable against itself, in this case

making the data appear to have more error than it really

does, especially at early times. From the best slope and

intercept the Damkohler number Da and the system time

constants Rl and tL can be found. Use of equation (60)

avoids the problem of having to choose an arbitrary cutoff

time t* where reaction control ends and diffusion control

begins. However, random errors in the data which may be

distributed normally in z vs. t data are no longer so

distributed when plotting vs. t/z^. Such problems in

data analysis can be mitigated by using a non-linear least

squares technique which finds the equation (60) model

constants by minimizing (zi, t) data residuals directly

equation (60)

.

Use of these methods of data analysis can

help refine the experimental design.

An alternative scenario to that represented by the equations

of this section, retains the concept of a sharply moving

interface but utilizes the transient concentration profiles

C;^(z,t) previously developed and presented in Tables 6 and

7, rather than a strictly quasi-steady-state analysis.

Mathematically this would involve finding the concentration

gradients (5C;^az)2=zi needed for substitution into equation

(47) from the equations of Table 6 and then integrating as



6

before to find Zi(t). Although conceptually simple this

procedure would be numerically complicated since infinite

summations would appear in the integrals. Suitable criteria

could be developed to predict the conditions under which

these solutions for zi(t) would reduce to equation

(50) .

In addition to these considerations, the effect of

alternative processes on the prediction of leaching rates

should be examined. The most important of these, which has

not yet been examined, is convection or flow caused by

hydraulic gradients across the slab. The effect of flow on

the penetration of sulfate ions into concrete is presented

in the following section. The results developed there can

be modified to examine the effect that flow has on the rate

of acid attack.

4.3 Sulfate Attack

Many of the conceptual and mathematical models that have

been developed for chloride diffusion, leaching and acid

attack can be applied to the problem of sulfate attack.

However, the chemistry of sulfate attack is more

complicated. In groundwater and clayey soils, sulfates of

sodium, potassium, calcium and magnesium can be naturally

present. They can also become concentrated in soils by

evaporation or repeated irrigation cycles. Degradation
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of concrete by sulfate attack can involve cracking and

disintegration, affecting both the integrity and strength of

concrete

.

Sulfate attack can be accelerated in several ways.

Alternate cycles of wetting and drying can concentrate

soluble sulfates underneath the exterior faces of concrete

members. Hydraulic flow of sulfate solutions from the

exterior can augment inherently slow diffusion processes of

sulfate ions. Cracking also can significantly increase the

diffusion rate since both the void space and connectivity of

the pore structure are increased.

4.3.1 Reactions

Reactions between sulfate ions and the constituents of

Portland cement can occur in both fresh and mature cement

pastes. In fresh portland cement paste tricalcium aluminate

reacts with interground gypsum and water to form ettringite:

3CaO-Al203 + 3 (CaS04
*
2H2 O) + 26H2O

^ 3Ca0*Al203-3CaS04-32H20 (61)

Gypsum is added to portland cement clinker to control the

rapid reaction between tricalcium aluminate and water which

otherwise could lead to flash set. The ettringite projects

a net of long, thin crystalline needles into the pore
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solution creating a diffusion barrier which slows the

hydration reactions at early ages.

Insufficient gypsum is added to portland cement to consume

all the tricalcium aluminate. At later ages, hydration

slows to a rate at which flash set is no longer a problem.

The volume of ettringite formed is much greater than that of

the solid reactants. However, in fresh paste, which has a

high porosity, there is often sufficient void space to

accommodate growing ettringite needles. Also, the matrix of

fresh Portland cement paste is not rigid and it can adjust

to compensate for internally induced stress. At low

concentrations of sulfate ion, the ettringite will transform

to monosulfate ( 3 CaO*Al 203 *CaS04
* 12H 2 O)

.

Hardened portland cement pastes can also react with sulfate

ions which intrude into the concrete. Depending upon the

environment, at least three major deleterious reactions are

known to take place. These include the formation of gypsum

from calcium hydroxide and soluble sulfates (equation (62))

ettringite formation (equation (63)), and the reaction of

cement gel with magnesium sulfate, (equation (64)) [24,27].

2 (3CaO*Al203 *

I

2 H 2 O) + 3 (Na 2 S04 * IOH2 O) ^

3 Ca0 -Al 203
*
3 CaS04

* 32H20 + 2A1 ( 0H )3 + 6NaOH + I 6H2 O (62)

Ca( 0H )2 + Na 2 SO 4
’ 10H2 O ^ CaS04

*
2H20 + 2NaOH + 8H 2 O (63)
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3CaO *23102 + 3 MgS04 + 5H2O ^ 3 CaS04 *
2H20 +

3Mg(OH )2 + 2 Si02 *nH20 (64)

Ettringite can form once gypsum is formed according to

equation (63). As in fresher pastes, at low concentrations

of sulfate, ettringite will transform to monosulfate with a

significant reduction in molecular volume so that cracking

may not occur. The local concentration of sulfate ions will

determine the ratio of ettringite to monosulfate and thus

the propensity for cracking. The local ion concentration

will depend on the external concentration of sulfate, the

distance to the reaction sites, and the rate of ettringite

formation and transformation to monosulfate.

As shown by equation (62) soluble sulfate reacts with the

calcium hydroxide in hardened cement paste. The gypsum

which forms has a larger molar volume than calcium

hydroxide. The formation of gypsum may result in the

production of expansive stresses. A similar reaction can

occur between calcium hydroxide and magnesium sulfate.

Magnesium sulfate can also attack the calcium silicate

hydrate directly as indicated by equation (64)

.

Magnesium

hydroxide precipitates and the reaction continues until

either the calcium silicate hydrate or the magnesium sulfate

is consumed. Fortunately, the reaction is slow and external

concentrations of magnesium sulfate are generally small
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except in soils which have previously been exposed to

seawater intrusions. The gypsum formed can be transformed

to additional ettringite by reaction with tricalcium

aluminate. This process can self-propagate
, because as

gypsum is consumed in the formation of ettringite via

equation ( 61 ), the equilibria for both equations ( 62 ) and

( 64 ) will be shifted towards the product side.

4 . 3.2 Conceptual Models

Previously developed conceptual and mathematical models

[
28 , 29 ] have focused on the reactions of tricalcium

aluminate with interground gypsum rather than the intrusion

of sulfate ions from the outside environment. In these

models the first stage of the hydration of tricalcium

aluminate is controlled by the diffusion of sulfate or

aluminate ions through a thickening ettringite layer around

tricalcium aluminate particles. During the second stage,

which starts when the gypsum has been consumed and sulfate

ion concentrations have fallen to low levels, the ettringite

dissolves and monosulfate crystals are formed:

3Ca0*Al203-3CaS04-32H20 + 2 ( 3 CaO * AI2O3 )
+ 4H2O

3 ( 3 CaO- AI2O3 * CaS04 * I2H2O) ( 65 )
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In the process of this reaction additional tricalcium

aluminate and water are consumed. The second stage has been

shown to be controlled by the diffusion of tricalcium

aluminate species through a thinning ettringite barrier

layer [29]. During the third or last stage, after all the

ettringite has been consumed, the surfaces of the remaining

unreacted tricalcium aluminate particles are exposed to the

pore water. Additional hydration products form around

tricalcium aluminate particles, such as cubic and hexagonal

hydrates. It appears that the diffusion of water through

these hydrates to the tricalcium aluminate surface is the

rate controlling step for the last stage [30].

Because of the somewhat different pore solution chemistry in

cement systems as compared to the pure tricalcium aluminate-

gypsum system, the rates and even mechanisms of these three

stages may differ, and care must be exercised in

extrapolating results. Nevertheless, it seems that

diffusion of ions through product layers is a dominant

transport mechanism in both portland cement and tricalcium

aluminate systems.

Studies performed by the Building Research Establishment in

England [31] on the depth of penetration of sulfate ion into

concrete exposed for up to 5 years to groundwater containing

sulfate salts show that when a 0.19 M sulfate solution

consisting of mixtures of alkali and magnesium sulfates is
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used, an interface moved into the concrete at a linear rate.

The depth of deterioration (mm) followed the empirical

equation:

Zi = 5.5 f^ ([Mg] + [SO 4 ]) t ( 66 )

where t is the time in years, is the weight fraction of

tricalcium aluminate, and [Mg] and [SO4 ] are the molar

concentrations of magnesium and sulfates, respectively, in

the original solutions. Although this empirical relation

was only accurate to within 30 percent when compared to

accelerated test data, it does suggest that the process was

reaction rather than diffusion controlled. Note that

equation ( 66 ) has a similar functional form to equation (55)

which predicts reaction control, rather than equation (57)

which describes diffusion control. Although equation ( 66 )

is specific for the test conditions employed, reaction

control is consistent with a mechanism in which cracking has

increased the permeability of the deteriorated concrete to

the point where diffusion to the reaction front is

significantly increased. The direct dependence of interface

depth on the fraction of tricalcium aluminate is

inconsistent with equation (55) which predicts an inverse

relation. Enhanced cracking that occurs with more reaction

is a possible reason for the observed behavior.



4.3.3 Mathematical Models

4 . 3 . 3 .

1

Leaching of Gypsum

Leaching of gypsum occurs by groundwater leaching. The

driving force for leaching is the concentration gradient

between the inside of the pores and the external

groundwater. Mathematical models for sulfate attack can be

similar in form to those for chloride intrusion and acid

attack. For example, consider the leaching of gypsum from

the pores of a slab. The gypsum will be in equilibrium with

the local pore water, with an equilibrium sulfate ion

concentration represented by Cg*. If the groundwater

outside the slab is sulfate free, then the following

equation is applicable:

Zi
2 Dgg C*g

[

fg Pg
(67)

where D^g is the effective diffusion coefficient of sulfate

ion, fg is the volume fraction of the concrete phase

occupied by gypsum and pg is the molar density of gypsum.

This equation is analogous to equation (59) for the acid

attack of calcium hydroxide. Equation (67) predicts that

the gypsum interface will slowly retreat into the slab. For

this diffusion controlled process, the rate of movement will

slow with time. Thus, with diffusion control, it will take
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four times as long for the interface to advance to a depth

of 2 inm as to advance the first millimeter. One would expect

leaching by this mechanism to occur quite slowly because not

only is Dgs so is 0*3.

It is also possible to have a dissolution controlled process

in which, because of cracking, movement of sulfate ion

within the slab is relatively rapid. In this case the

concentration of sulfate ions, from the dissolution of

gypsum, may be relatively uniform through the whole slab

and, therefore, there will be no moving interface. Leaching

of sulfate ions will occur through boundary layers on the

outside of the slab at a rate controlled by the external

groundwater flow. Increases in the flow rates will reduce

the thickness of the mass transfer boundary layer and

increase the transport of dissolved sulfate ions out of the

slab. With constant groundwater flow, the leaching process

in this scenario will essentially occur at a constant rate

until all the gypsum is dissolved. Leaching by dissolution

control is likely to be much more rapid than leaching by

diffusion control.



4. 3. 3. 2 Model for Sulfate Attack

Figure 6 shows the model system for sulfate attack of

concrete. The outside surface of the slab is presumed to be

uniformly exposed to groundwater flow which contains a

soluble sulfate salt, such as sodium sulfate. Concrete of

intermediate age will contain cement paste with a little

unreacted tricalcium aluminate as well as monosulfate which

can react to form more ettringite. In mature hardened

cement pastes there will be little or no unreacted

tricalcium aluminate and the monosulfate can be directly

converted to additional ettringite in the presence of

soluble sulfate salts.

3[CaO-Al203 * CaS04 * 12H20 ]
+ 3Na2S04 2[3CaO*Al203 '

3CaS04-32H20] + 2 A1(0H)3 -I- 6 NaOH + 21 H 2O (68)

Because the products of reaction are more voluminous than

the reactants, the formation of ettringite may induce local

stresses which cause cracking. Cracking will expose

additional monosulfate as well as any unreacted tricalcium

aluminate, to the sulfate ions. This can augment sulfate

transport so that cracking perpetuates itself.

In the present formulation convection, reaction, and

diffusion are considered to be the important transport

processes. Figure 6 shows the model system for sulfate

attack of concrete. Convection is taken to be in the same
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Figure 6. Model system for sulfate attack of concrete: co-
current flow.
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direction (co-current flow) as diffusion. Diffusion and

flow are presumed to occur in only the z direction, which is

normal to the face of the slab. It is presumed that at the

reaction front reaction occurs rapidly so that the

concentration of sulfate ion at the interface, is low. A

sulfate ion balance is made on a thin element of the slab of

thickness dz and constant cross sectional area. The

formulation incorporates both the diffusive and convective

rate laws, as expressed by equations (5) and (7)

,

respectively. The result is:

d Ca
DeA 5

- - « V = 0 (69)
dz"^ dz

where e is the porosity of the deterioration zone (0 to z^)

and V is the average velocity of flow based on the total

cross section of the slab. In this formulation the porosity

is presumed constant at its average value. The effective

diffusivity 00^^ can be estimated from equation ( 6 )

.

Equation (69) can also be obtained more directly as a

subcase of equation (18) . The first term in equation (69)

represents the net diffusion of sulfate ion into the slab

element and the second term the net convection. The

diffusion time t^^ will be small because the diffusion path

length Zj_ is short. Under this condition quasi-steady state

will be rapidly attained and then maintained. Under quasi-
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steady state conditions there is no accumulation of sulfate

ion, and the right hand side of the equation becomes equal

to zero.

Equation (69) is subject to two boundary conditions; one at

z=0 and one at Zj_. These are Cj^(O) = C^in “ ^AO

= Cj^2. ~ ^respectively . Presuming that the soil

surrounding the slab is much more permeable than the

concrete, C^^in can be set equal to Setting = 0

means that the reaction is so rapid that the sulfate ion

concentration is completely consumed at the reaction front.

The current model also presumes that there is no overall

dimensional change due to expansion, that is, that the total

length of the slab remains constant. In practice, sulfate

expansion can lead to overall length changes [32]. Solving

equation (68) with the prescribed boundary conditions:

Ca exp [«vz/DeA] - exp [evzi/DgA]— = (70)

Cao 1 - exp [€VZi/DeA]

A quasi-steady state analysis equates the flux of sulfate

ions into the slab to the amount of sulfate which is

consumed at the moving interface:

dzi
= PM

3Ca
Na = - DeA ( )

dZ dt
(71)
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where is the molar density of the monosulfate and fj*^ is

its volume fraction in the concrete. The value of fj^ can be

estimated for hardened cement paste by assuming that all the

tricalcium aluminate in the cement has been converted to

monosulfate. Equation (70) is consistent with the

stoichiometry of ettringite formation (equation (63)) since

two moles of sulfate ion reacts with one mole of

monosulfate. Substituting equation (69) into equation (70)

,

integrating the resulting differential equation, and writing

the result in dimensionless form gives:

exp[- (Pe) X] - 1 + (Pe) x = (Pe)^ t/rg (72)

where (Pe) is the Peclet number, evL/D^;^, x is the

dimensionless coordinate z^/L and rg is the time constant

for sulfate attack given by:

fM PM
^s =

-n ("73)

eA ^AO

t/rg is a dimensionless time for sulfate attack.

Equation (71) predicts the location of the interface at any

value of time. In this and subsequent formulas the Peclet

number (Pe) is to be considered positive regardless of flow

direction.
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In countercurrent flow, a flow of sulfate-free water opposes

the diffusion of sulfate ion into the slab. In this case,

equation (73) predicts the location of the interface as a

function of time:

exp [ (Pe) X] - 1 - (Pe) x = (Pe)^ t/tg (74)

Equation (73) follows directly from equation (71) . The time

for the interface to pass completely through the slab is

given by equations (74) and (75) for co- and countercurrent

flow, respectively:

^sl =
"^s

exp [-(Pe)] + (Pe) - 1

(Pe)2
(75)

^s2

exp [(Pe)] - (Pe) - 1

(Pe)2
(76)

Here the subscript "si" denotes co-current flow, while the

subscript "s2" denotes counter-current flow.

Diffusion control occurs as Pe 0. In this case the co-

current and countercurrent formulas both reduce to:

ZilO
2Cao DeA ,,,[_

]
tV2

f PM M
(77)
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^SO = 1/2 Ts (78)

Here the subscript "o” denotes no convection.

Equation (76) agrees with equation (59) , the diffusion

controlled limit solution for acid attack. As shown by

equation (77) equations (74) and (75) both reduce to =

tq/2 as Pe 0.

Using the above relations it can be shown for the same

Peclet number and time constant that the deterioration

interface has moved in faster for co-current flow than for

countercurrent flow. In addition, ^s2 ^ ^sl* These results

agree with intuition, since diffusion is slowed when the

molecules must move upstream against the opposing flow.

When flow opposes diffusion, it will take much longer for

the interface to penetrate the slab, thereby extending the

service life. For example when (Pe) = 1 the values of

^sO ^sl ratio 1.44 to 1 to 0.72, where $qq

has been taken equal to unity for comparison purposes.

These calculations and others establish that, for the same

Peclet number, countercurrent flow acts to extend service

life more than co-current flow acts to shorten it. This

result suggests that it would be advantageous, if possible,

to permanently pressurize the inside of containment vessels

intended for storing low-level nuclear wastes.
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The deteriorated zone of the concrete should have a higher

porosity and permeability than the intact concrete. Thus,

it would be expected that for the same hydraulic gradient

across the concrete, that the flow rate and thus the Peclet

number will increase over time. This will help extend the

service life with countercurrent flow, but will reduce it

with co-current flow, since higher Peclet numbers will carry

sulfate and other deleterious ions deeper into the pore

structure

.

5. SUMMARY AND CONCLUSIONS

With the aim of predicting the service life of concrete

intended for use as a disposal facility for low-level

nuclear wastes, conceptual and mathematical models have been

developed for the intrusion of chemical species into

concrete. In the development of the conceptual models, the

method of dimensionless groups was used to determine the

relative importance of the possible rate controlling

processes. Using the method of dimensionless groups, it was

shown for moderate to low pressure or hydraulic gradients to

which the concrete was subject, that flow or convection was

not likely to be as important a mode of transport of

deleterious chemical species as diffusion. However, the

presence of even a small number of contiguous microscopic

cracks through the concrete structure is enough to make such

a conclusion invalid. Transient or unsteady state effects
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were assessed using the same methods. Because of the small

diffusivities of ions through mature hardened cement pastes

it is possible for these effects to be important for years.

This can provide an additional measure of protection and

appreciably extend service life, especially for thick-walled

structures

.

Phenomena modeled included diffusion, convection, and

reaction and sorption. Rate laws were written for these

processes and substituted into the conservation equations

for chemical species. The resulting differential equations

were written in both dimensional and dimensionless terms,

and the different kinds of initial and boundary conditions

to which they are subject were identified and compared. The

independent variables of the model were position and time,

and the dependent variables were concentration and molar

flux of chemical species.

This general formulation was applied to three specific

systems: the penetration of chloride ions, leaching by acid

attack, and the penetration of sulfate ions in concrete.

After the chemistry and physics of these processes were

reviewed, models for each of these processes were developed

as separate subcases of the general model.

The model system consisted of a flat slab of concrete whose

exterior face was suddenly exposed to a hostile environment.
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The models were solved analytically to predict the

concentration profiles within the concrete and, in some

cases, the location of the reaction front or thickness of

the deterioration zone. In most cases, for generality, the

solutions were presented in terms of dimensionless

variables. For chloride ion intrusion, the concentrations

varied with both time and position within the slab as a

result of diffusion and reaction or sorption. Reactions

occurring between chloride ion and hydrated tricalcium

aluminate to form chloraluminates were considered. The key

dimensionless group in the analysis was the Thiele modulus,

m, which measured the relative importance of reaction to

diffusion. Both long and short time model solutions were

obtained as well as limit forms when reaction or diffusion

only were significant. At both very short and very long

dimensionless times the solutions for chloride ion

concentration reduced to those previously reported in the

literature.

The model for acid attack involved the penetration of

dissolved carbon dioxide, carbonic acid or bicarbonate ion

into the slab to react with alkali hydroxides and calcium

hydroxide. This reaction established a carbonated zone that

slowly moved into the slab. Both reaction and diffusion

were considered to be potentially important phenomena. The

key dimensionless group in the analysis is the Damkoler

number Da which, like the Thiele modulus, is a measure of
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the relative importance of reaction to diffusion. At low

values of Da, acid attack was reaction controlled and the

carbonated zone was predicted to move in linearly with time.

At high values of Da, reaction was diffusion controlled and

the interface was predicted to move in at a rate which

slowed with time. This last model agreed in functional form

with a previously reported empirical model in the

literature.

The model developed for sulfate attack also involved a

moving interface between a porous or cracked ettringite

layer on the outside of the slab and a relatively

impermeable layer of concrete containing monosulfate on the

inside. At the moving front, soluble sulfate, brought in

from the outside by diffusion and convection, reacted

rapidly with the monosulfate to form ettringite. Convection

or flow is caused by pressure or hydraulic gradients across

the slab in either direction. Flow in the same direction as

diffusion (co-current flow) provided a leaching action. The

key dimensionless group in the analysis was the Peclet

number which measures the relative importance of convection

to diffusion. At low values of the Peclet number, reaction

was predicted to be diffusion controlled and the

deterioration zone followed the same equation as for

diffusion controlled acid attack. At high values of the

Peclet number, corresponding to convection or leach-rate

control, the zone was predicted to move in more rapidly with
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co-current flow of groundwater, while with countercurrent

flow of sulfate free groundwater, the interface moved in at

a much slower rate than if there were no flow.

It is important to emphasize that the model solutions

presented in this report are not exhaustive nor are they

necessarily unique to the application considered. Thus, the

models developed for chloride intrusion, acid attack and

sulfate have a degree of interchangeability. Model validity

can only be determined by comparing competing models to

experimental observation. Once the models and mechanisms on

which they are based have been validated, model solutions

can form a basis for predicting the life of concrete under

in-service conditions.
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7. NOTATION

A
b
B
C
Ca
^Ai
^Ain
Cal
CaO
CAout
CA(z.t)
Cb
C*B
Ci
Cin
Cl
Co
CqA
C*s
CSH
D
Da
Da
Da
De
DeA
DeS
E
erfc
Fa
^A

frr

g

HOP
k
Ka

Kr

^2
k'

Koo

koo

L
LLW
m

stoichiometric coefficient
acid, or other reactant
stoichiometric coefficient
base, or other reactant
dimensionless concentration
concentration of A
interfacial concentration of A
concentration of A in upstream reservoir
concentration of A at slab exit (z=L)
concentration of A next to slab surface (z=0)
concentration of A in downstream reservoir
concentration of A at depth z and time t
concentration of B
saturation (equilibrium) concentration of B
dimensionless concentration of species i

dimensionless concentration of C^in
dimensionless concentration at z=L
dimensionless initial concentration
initial concentration of A
saturation (equilibrium) sulfate concentration
calcium silicate hydrate
free stream diffusivity
free stream diffusivity of A
Damkohler number (also m^)
apparent diffusion coefficient
effective diffusion coefficient
effective diffusion coefficient of A
effective diffusion coefficient of sulfate ion
chemical activation energy
complementary error function
molar flow rate of A
weight fraction of tricalcium aluminate
volume fraction of B
volume fraction of gypsum
volume fraction of monosulfate
ratio of free concentration to total
concentration
hydrated cement paste
reaction velocity constant
adsorption equilibrium constant
adsorption rate constant
desorption rate constant
thermodynamic reaction equilibrium constant
forward reaction velocity constant
reverse reaction velocity constant
reaction velocity constant, modified leaching
rate constant (kCs*)
equilibrium constant at very high temperature
rate constant at very high temperature
thickness of slab
low level nuclear waste
kinetic order of reaction, Thiele modulus
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Mal
Mao
MIP
Na
P
Pe
Q
QSS
R
r

^A

r*
S

t
tc

to
t

'

t*

u

U
V
V
Vg
w
w/c
X

y
V
z

zi
zio
Zi*
z '

Damkohler number (also Da)
total moles of A moving completely through slab
total moles of A penetrating into slab

- mercury intrusion porosimetry
molar flux of diffusion specie A
absolute pressure
Peclet number
volumetric flow rate (convective)
quasi-steady state
ideal gas law constant, particle radius
pore size (radius)
sorption or reaction rate of A
dimensionless reaction rate
critical pore radius
cross sectional area of slab
specific surface area of pores
absolute temperature
time
time constant for convection
time constant for diffusion
initiation time of Ca(0H)2 leaching
dimensionless time
time when process switches from reaction to
diffusion control
stoichiometric coefficient, variable of
integration
reaction product
volume
average flow velocity
specific pore volume
thickness of reaction rim
water-to-cement ratio by weight
dimensionless distance
stoichiometric coefficient

- reaction product
distance, thickness
distance of interface from slab surface
value of Zi if Pe = 0

value of Zi when t=t*
dimensionless Zi

AC
VC
AH
AP
PB
Pq
PM
€

a

^S

concentration difference
concentration gradient
energy of reaction or sorption
pressure difference across slab
molar density of B
molar density of gypsum
molar density of monosulfate
flow porosity
absolute viscosity
constriction factor
time constant for leaching
time constant for sulfate attack
tortuosity
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9

^sO
^sl
^s2

total time
time for interface to pass through slab (sulfate
attack)
value of if Pe = 0

value of for co-current flow
value of countercurrent flow

Peclet number evL/De

Thiele modulus
k'R2 1/2 ~ ek

(S/V)g
DeA
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