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Numerical simulations of inorganic species release from an intermittently wetted ce-
ment material without carbonation effects are presented. The intermittent mass-trans-

( )port IMT model combines pre®iously de®eloped approaches describing constituent dif-
fusion coupled with solid-phase dissolutionrprecipitation and two-regime drying of a
cement matrix stored at constant relati®e humidity. Model simulations were ®alidated
using experimental data showing the effects of intermittent wetting on release of major

( ) ( )matrix species Ca, Na, K, Cl, OH and pH-dependent trace metals Cd, Pb . The IMT
model successfully describes constituent release flux for intermittent wetting cases with

( ) (storage in an inert atmosphere 100% N at three le®els of relati®e humidity 23%,2
)48%, 98% RH . Leachate pH simulation accounted for the release of soluble alkaline

salts in conjunction with the dissolution of calcium hydroxide. The release simulations
for pH-dependent species were subsequently impro®ed o®er pH determination based
solely on calcium hydroxide dissolution.

Introduction

Over the past thirty years, the role of cementitious materi-
Žals has expanded from structural building materials cements

and concretes used in the current infrastructure of roads,
.bridges, and buildings to include cement-based matrices pro-

viding environmental control of hazardous contaminant re-
lease. It is now common for potentially hazardous species,
including radioactive and chemical wastes, to be immobilized
within a cementitious matrix by means of a class of treatment

Ž .processes known as solidificatonrstabilization SrS . Typi-
cally, the treated materials are disposed in regulated landfills
where exposure to the environment can be monitored and

Ž .controlled Conner and Hoeffner, 1998 . However, a recent
shift toward recycling has led to the incorporation of waste

Žand secondary materials into roadbed Berendsen, 1997;
. ŽEighmy et al., 2002 or building materials Jansegers, 1997;

.Nishigaki, 2000 . The long-term efficacy of the SrS treatment
process largely depends on the durability of the treated mate-
rial in its environmental scenario. Thus, it has become in-
creasingly important to understand and predict the relation-
ship between constituent release and physical durability of
the cement matrix. In addition, an understanding of the ag-
ing and failure processes that compromise the durability of
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these materials can be used to improve the performance of
future materials.

Long-term durability of cementitious materials is a com-
plex issue that must account for the effect of both internal
and external stresses on the cement matrix. Such stresses af-
fect the performance of both structural cements and SrS

Ž .treated materials in much the same way Klich et al., 1999 .
Internal stresses include phenomena originating from within
the matrix that affect the long-term morphology of the ce-
ment composition. Changes in chemical composition and
structure due to internal stresses, for example, migration of
metal species from waste aggregates to the cement paste
Ž .Klich et al., 1999 , usually are material-specific and often are

Ž .geologically slow Glasser, 1993 . Consequently, the effect of
internal stresses is often difficult to study under controlled
conditions and typically requires the use of accelerated aging

Ž .experiments Eighmy and Chesner, 2001 . For many cement
or concrete applications, the placement environment may
generate external stresses leading to deterioration of the ma-
trix. External stresses may include cycles of freezing and

Žthawing, chemical attack by reactive agents such as sulfate,
.chloride, carbonic acid, oxygen , release and depletion of ma-

trix constituents due to leaching, and moisture loss via matrix
drying. Deterioration of cementitious materials via external
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stresses tends to be more dramatic and less kinetically lim-
ited than alternation due to internal factors. For example,
freeze�thaw cycles have been seen to cause physical damage
to monolithic cement matrices by promoting heaving and

Žcracking Cerny et al., 2001; Eighmy and Chesner, 2001;´
.Klemm and Klemm, 1997 . Chloride ingress has been associ-

Ž .ated with both spalling Delagrave et al., 1996 and corrosion
Žof reinforcing bars in structural concretes Dhir et al., 1989;

.Johannesson, 1999; Kayyali and Qasrawi, 1992 . Sulfate at-
tack may lead to expansive cracking and decalcification of
cement-based matrices through the production of gypsum and

Ž .ettringite Clifton et al., 1995; Klich et al., 1999 . Drying of
Žcementitious matrices may cause matrix shrinking Penev and

.Kawamura, 1991; Sakata, 1983 , increase microcracking
Ž .Kjellsen and Jennings, 1996 , and facilitate the internal mass

Žtransport of reactive gases such as carbon dioxide Papadakis
.et al., 1989 .

In undersaturated matrices, the reaction of carbon dioxide
with components in the pore water leads to conversion of
hydroxides to carbonates and overall neutralization of the ce-

´Žment matrix Lange et al., 1996; Macias et al., 1997; Pa-
.padakis et al., 1989, 1991 . Carbonation of Portland

cement�based wastes also has been associated with increased
Ž .release of matrix salts Gervais et al., 2003 , increased release

Žof hazardous inorganic constituents such as arsenic Gar-
.rabrants et al., 2003; Sanchez et al., 2001 , and decalcification

Ž .of the matrix Mollah et al., 1993 . Over very long release
intervals, decalcification due to leaching of calcium from the
matrix has been observed to increase porosity and reduce

Žcompressive strength Carde et al., 1996; Carde and François,
.1997a,b; Carde and François, 1999 . Matrix alteration result-

ing from carbonation and constituent release are often-over-
looked issues affecting both cement durability and the reten-
tion of SrS treatment.

Recent studies indicate that constituent release and car-
bonation can be enhanced by cycles of intermittent wetting
Ž .IW in which the release from a saturated matrix is inter-

Ž .spersed with periods of storage Garrabrants et al., 2002 .
During storage intervals, the release process to the surround-
ing environment is stopped due to the lack of a continuous
aqueous-phase external to the matrix. Within the matrix,
however, continued mass transport leads to gradient relax-

Žation and redistribution of aqueous species Sanchez et al.,
.2003 . If the relative humidity of the storage environment is

low enough to initiate drying, the redistribution process may
be complicated by species precipitation as the relative satura-
tion of the pore structure decreases.

Current models used to assess the release of ‘‘constituents
Ž .of potential concern’’ COPCs from cementitious matrices

Žeither assume a continuously saturated matrix Barna, 1994;
Batchelor, 1998; Hinsenveld, 1992; Hinsenveld and Bishop,
1996; Moszkowicz et al., 1994, 1997, 1998; Park and Batche-

.lor, 1999a,b, 2002; Sanchez, 1996; Sanchez et al., 2000 or
correct saturated release for intermittent wetting using an

Žempirical correction based on the diffusion theory Kosson et
.al., 1996 . While, in general, many of these approaches tend

to be direct and conservative, the liability associated with
infra-structure or waste-treatment failure calls for a more rig-
orous, predictive modeling approach for intermittently wet-
ted materials. This new modeling approach should be adapt-
able for a wide range of intermittent wetting scenarios, since
material exposure scenarios can vary greatly. The current re-
search presents the formulation and validation of a mathe-
matical model to simulate laboratory release of matrix com-
ponents and trace metal species from a cementitious material
exposed to intermittent wetting and drying. Since this article
represents a first attempt to model release under intermit-
tent wetting conditions with drying, alteration of the matrix

Žresulting from chemical reaction with the environment such
.as carbonation, sulfate attack, oxidation is not considered.

Approach
Ž .The intermittent mass-transfer IMT model was devel-

Ž .oped from previous models describing 1 constituent mass
Žtransport in saturated media Sanchez, 1996; Sanchez et al.,

. Ž .2003 , and 2 moisturerwater vapor transport in cementi-
Ž .tious materials Garrabrants and Kosson, 2003 . Mass trans-

port under intermittent wetting and drying conditions was
Ž .simulated as a cyclic pattern of 1 species release from a

water-saturated matrix during a leaching period, followed by
Ž .2 mass transport within the matrix during a period of stor-
age in an unsaturated environment at constant relative hu-
midity.

The IMT model was used to describe the release of major
Ž 2q y q q y .pore water species Ca , OH , Na , K , Cl and trace
Ž .metal contaminants Cd, Pb from a cement-based waste ma-

terial for intermittent wetting cases with storage atmospheric
Ž . Ž .relative humidity RH at three levels 23%, 48%, 98% RH .

In addition to intermittent wetting cases, the release from
the matrix during continuous leaching over the same assess-
ment interval was simulated for comparison. In order to match

Žsimulations to experimental data from a previous study Gar-
.rabrants et al., 2002 , the simulated leaching period was bro-

Table 1. Leaching and Storage Intervals for Intermittent Tank Leaching and Continuous Tank Leaching

Intermittent Tank LeachingContinuous Tank Leaching
Ž . Ž .Cycle Leaching Intervals h Storage Intervals hŽ .Leaching Intervals h

1 3 3 6 12 24 3 3 6 12 24
2 6 6 12 24 48 6 6 12 24 48
3 12 12 24 48 96 12 12 24 48 96
4 24 24 48 96 192 24 24 48 96 192
5 48 48 96 192 384 48 48 96 192 384
6 48 48 96 192 384 48 48 96 192 384

94 days 47 days 47 days
Ž . Ž . Ž .30 intervals 24 intervals 6 intervals

Cumulative time 94 days 94 days
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Table 2. Total Elemental Content of the SrrrrrS MeO Matrix

Total Content
Ž .Element mgrkg

Aluminum Al 13,700 �300
Arsenic As 3,050 �60
Calcium Ca 217,000 �40,000
Cadmium Cd 3,100 �100
Chloride Cl 1,880 �66
Copper Cu 2,920 �6
Iron Fe 9,100 �300
Potassium K 3,400 �100
Sodium Na 1,610 �25
Lead Pb 2,700 �7
Sulfur S 10,700 �110
Zinc Zn 3,220 �6

ken into discrete intervals for both intermittent wetting and
continuous leaching cases as presented in Table 1.

ŽThe subject matrix for experimental release data denoted
. ŽSrS MeO was a cement mortar that is, ordinary Portland

.cement, sand, and water containing metal oxide powders
Ž .that is, As O , CdO, CuO, PbO, and ZnO . Total elemental2 5
content of the cement matrix as determined by neutron acti-
vation analysis and X-ray fluorescence is shown in Table 2.
Physical characterization of the cementitous material in-

Ž 3 3 .cluded bulk porosity 0.13 m porerm matrix and material
Ž 3 .density 2,200 kgrm matrix . A detailed description of the

treatment recipe and intermittent wetting experimental con-
Ž .ditions is presented elsewhere Garrabrants et al., 2002 . Ma-

terial-specific data, used to parameterize the model were
taken from previous studies and include pore waterrmaterial

Ž .equilibrium information Garrabrants et al., 2003 and pa-
rameters describing moisture transport in the cement matrix
Ž .Garrabrants and Kosson, 2003 .

Model Formulation
Mass transport within the IMT model was based on the

Ž .equation of the coupled dissolution�diffusion CDD model,
developed to describe constituent release from continuously

Ž .saturated media Sanchez, 1996 . More recently, the CDD
model was modified to simulate species release in the case of
an intermittently wetted cementitious matrix for which stor-

Žage occurred without drying or carbonation Sanchez et al.,
.2003 . In this case, the atmospheric relative humidity during

storage intervals was maintained at 100% RH, and storage
was characterized as a period of ‘‘nonleaching.’’ The intermit-
tent wetting case without drying is a special case because the
ambient atmosphere will most likely be less than 100% in
many application scenarios; thus, an initially saturated porous
matrix will lose moisture to the environment. In order to ap-
proximate the changes in matrix saturation as a function of
storage environment relative humidity, a moisture-transport

Žmodel was developed and validated Garrabrants and Kos-
.son, 2003 .

Model assumptions
The current version of the IMT model incorporates the

mass-transport phenomena described using the CDD model
with the ability to simulate matrix drying during periods of

storage. Therefore, many of the assumptions of the CDD
model and moisture-transport model are applicable to the
IMT approach. In the development of the IMT model, the
following principal assumptions are made:
Ž .1 The porous medium of concern is a homogeneous sta-

w Ž . Ž . xble skeleton, with solid phases such as Ca OH , Pb OH2 2
precipitated onto the skeletal surface and a liquid phase ini-
tially filling the pore void.
Ž . Ž .2 The matrix can be represented by a 1-dimensional 1-D

geometry of thickness 2 d. Thus, there exists an axis of sym-
metry at xsd, where the no-flux boundary condition pre-

Ž .vails Bazant and Najjar, 1971; Sanchez, 1996 . At the bulk
matrix interfaces, xs0 and xs2 d, the material is exposed
to environmental conditions.
Ž .3 The matrix is a macroscopically uniform medium at ini-

tial conditions. Mass release and dissolutionrprecipitation
phenomena do not significantly alter the porous structure of

Žthe matrix that is, porosity, � , and tortuosity, � , remain con-
.stant at both the macroscopic and microscopic levels. In ad-

dition, the matrix is a fully hydrated, or mature, cement ma-
trix and the loss in moisture content due to continued hydra-

Ž .tion reactions self-desiccation is assumed negligible
Ž .Papadakis et al., 1989 .
Ž .4 Local equilibrium exists between solid and liquid phases

within a differential element. Under this assumption, solid
dissolution is considered instantaneous and the equilibrium

Ž .activity of all pH-dependent species such as Cd, Pb can be
given by a liquid�solid partitioning curve as a function of so-
lution pH.
Ž .5 Highly soluble species are initially present in the ce-

ment matrix as aqueous species only, and no initial solid phase
for sodium, potassium, or chloride is considered in this model.
Ž .6 During mass transport, changes in ionic strength and,

thus, activity coefficients are assumed negligible over small
time intervals and between differential elements.
Ž .7 The system and mass-transport processes are consid-

ˇŽ .ered isothermal Selih et al., 1996 so that the density of the
Ž .liquid phase � is considered constant and the effect ofliq

temperature on the moisture transport is negligible.
Ž .8 Changes in water saturation are considered negligible

to the mass-transport process over small time intervals and
between differential elements. Thus, for each step in the
mass-transport calculation, values of local saturation can be
given as a function of drying time using the moisture trans-
port equations.
Ž .9 Within the drying process, local equilibrium exists be-

tween liquid and vapor phases within a differential element.
During the funicular drying regime, equilibration of capillary
pressure is considered instantaneous. In addition, a
vapor�liquid desorption isotherm may be used to represent
the pore liquid saturation as a function of relative humidity
during the isothermal phase of the drying process.

Mass-transport equations
For dissolved species at infinite dilution, it is assumed that

ion�ion interactions are negligible and activity may be ap-
proximated by the concentration of the species in solution.
However, the infinite-dilution assumption is not valid for the

Ž .high ionic strength solutions �2 M common to the pore
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Ž .water of cementitious matrices Batchelor and Wu, 1993 .
Significant gradients in ionic strength may develop during
leaching, either within the matrix during drying or between
the bulk matrix and the leachate. In addition, the driving force
for mass transport is more closely associated with the gradi-
ents in species activity rather than with concentration gradi-
ents. Thus, it was important to account for the high ionic
strength of the cement matrix by expressing the governing
equation of the concentration-based CDD model in terms of
species activity.

The governing mass-transport equation in the CDD model
is a mass balance relating the rate of accumulation of an
aqueous species, k, to the sum of the divergence in the flux
in k with respect to spatial coordinate, x, and the generation

Ž .rate of species k Fk

� L � 2Lk keffsD qF L , ..., L ,S 1Ž .Ž .k k 1 N p2� t � x

Ž .The liquid-phase concentration of species k L in the CDDk
model is a global variable based on the unit volume of the
porous matrix. In order to express Eq. 1 in terms of a pore
water, or local, variable such as species activity, the global
concentration first is converted to a local concentration in

Ž .the pore solution ck

� ��
L sc � 2Ž .k k 1,000

In the preceding equation, the value 1,000 is a lumped unit
Ž 6 .conversion in terms of mass 10 mgrkg and volume

Ž 3 3 .m r10 L assuming unit density of the pore solution.liquid
Applying this conversion to Eq. 2 and canceling like terms
gives the mass-balance equation in terms of pore solution
concentration

� c � 2ck keffsD qF c , ..., c ,S . 3Ž .Ž .k k 1 N p2� t � x

For species k, a proportion between a mass-based concen-
Ž . Ž .tration c and a ‘‘mass’’ activity a is presented using thek k

Ž .activity coefficient � , which is a function of ionic strengthk

a s� � c 4Ž .k k k

By applying the relationship shown in Eq. 4, the mass-bal-
ance equation can be expressed as a function of species activ-
ity

� a � 2ak keffsD qF a , ..., a ,S . 5Ž .Ž .k k 1 N p2� t � x

In a similar manner, the first-order expression for the gen-
eration rate of species k due to dissolutionrprecipitation re-
actions can be converted from a global variable in terms of
L to an activity expression in terms of a , wherek k

F s� a yaeq if S �0 6aŽ .Ž .k k k k p

and

F s0 if S s0 6bŽ .k p

or the species k is not provided by the dissolution of S . Forp
Ž . eqpH-dependent species Cd, Pb , the equilibrium activity, a ,k

is expressed as a function of local pore water pH using a
regressed relationship of experimental equilibrium data
Ž .Garrabrants et al., 2003 . This experimental solubility ap-

Ž .proach is similar to that of Kim and Batchelor 2001 and an
alternative approach to that of other models employing cou-
pling transport simulations with geochemical speciation mod-
eling. In the IMT model, the equilibrium activity of highly

Ž q q y.soluble species Na , K , Cl is set to a constant, minimal
value, ensuring that the initial total species concentration is
solubilized. The use of a minimal equilibrium activity allows
for potential precipitation during periods of drying.

Generation of species k in the liquid phase is provided by
Ž .the dissolution of one or several solid-phase components Sp

containing species k. The continuity equation for the global
concentration of these solid phases is expressed in terms of a
change in activity of species k in the pore solution

�S M � ��p p eqs � �� a ya 7Ž .Ž .k k k� t M � �1,000k k

Throughout the model simulation, Eqs. 5 through 7 are solved
simultaneously in order to describe constituent transport
through the liquid phase.

Initial Condition. The composition of the pore solution is
initially in local equilibrium with the solid phase. According
to the CDD theory, initial pore water pH is provided by the
dissolution constant of calcium hydroxide. Thus, the initial
activity of sparingly soluble species is given by the equilib-
rium activity value at the inital pore water pH of the matrix

eqa sa for all x , ts0 8aŽ .k kx

oS sS for all x , ts0 8bŽ .p px

Boundary Conditions. At the bulk solid interface with the
leaching solution, a material balance within the leaching so-
lution provides the boundary condition for species release

� a � ak , l keffV s	 �� � D 9Ž .l k� t � x xs 0

When the intermittent wetting cycle switches from leaching
to storage, the boundary conditions of the model are changed
to account for periods of nonleaching. Since there is no con-
tinuous leaching phase external to the matrix during storage,
the release boundary conditions are represented by a zero
flux of species activity

� ak s0 10Ž .
� x xs 0

Ž .At the axis of symmetry xsd , ‘‘no flux’’ conditions hold
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throughout the mass-transport process

� ak s0 11Ž .
� x xs d

pH Determination. A key assumption of the CDD model-
ing approach is that pore water pH is controlled by the disso-

Ž .lution of portlandite, Ca OH , coupled with the mass trans-2
port of hydroxide ions. At any local point in the matrix, the
pore solution is determined by solving a charge-balance

Ž 2q q .equation between the activity of major cations Ca , H
Ž y.and anions OH

� 2q 4 � q4 � y40s2 � Ca q H y OH 12aŽ .

Ž . qIn the electroneutrality equation Eq. 12a , the activity of H
can be expressed in terms of hydroxide ion using the dissocia-

Ž H2O.tion constant of water K a

22q y H O y2� 4 � 4 � 40s2 � Ca OH qK y OH 12bŽ .a

The local pH value is determined by solving the second-order
� y4 Ž .equation in terms of OH Eq. 12b using the quadratic

formula.
An alternate approach for determining pore water pH is

made by correcting the CDD determination for the presence
of soluble alkaline salts. Since the solubility and transport
properties of sodium and potassium are similar, the activity
of sodium- and potassium-based alkaline salts can be lumped

� 4together and represented as a bulk species activity X . The
transport of the bulk alkaline salt species is approximated
using the diffusivity and molar mass of potassium. The elec-
troneutrality equation was revised to include the alkaline salt
term

� 2q 4 � q4 � 4 � y40s2 � Ca q H q X y OH 13aŽ .

In the electroneutrality equation, the dissolution of calcium
hydroxide can be represented by the kinetic solubility con-

Ž CaŽOH.2 . � y4stant for portlandite K and the activity of OHsp
ions

2 3CaŽOH . H O y y y2 2 � 4 � 4 � 4 � 40s2 � K qK OH q X OH y OHsp a

13bŽ .

Equation 13b is solved in the model code using the
ŽNewton�Raphson method Carnahan et al., 1969; Constan-

. � y4tinides, 1987 for a third-order polynomial in terms of OH .
Where the local solid calcium phase is depleted, the calcium
hydroxide dissolution term reverts to the activity of calcium

� 2q4 Ž .ion in the pore solution Ca , and the expression Eq. 13a
is solved using the quadratic formula.

( )Moisture transport drying in cement matrices
The drying model for porous media allows for a two-

regime drying mechanism dominated by mass transfer of wa-
Ž . Ž .ter vapor under 1 external control funicular drying regime ,

Ž . Ž .and 2 internal control isothermal drying regime . Develop-
ment and validation of the drying model are presented else-

Ž .where Garrabrants and Kosson, 2003 .
Funicular Drying Regime. For an initially saturated matrix

stored in an unsaturated environment at relative humidity less
than 100%, the drying process is initially controlled by the
flux of water vapor away from the surface

�J s
 H yH 14Ž .Ž .xs0 surf amb

The evaporation of liquid water at the surface creates a gra-
dient in capillary pressure that is equilibrated by bulk motion
of liquid water. This moisture transfer phase, called the fu-

Ž .nicular drying phase Rogers and Kaviany, 1992 , is charac-
terized by a flat profile of relative saturation across the ma-
trix due to the rapid equilibration of internal capillary pres-
sure. Uniform drying in cementitious materials has been ob-

ˇŽserved by several researchers Bentz and Hansen, 2000; Selih
. Ž .et al., 1996 . The change in relative saturation � of the ma-

trix is determined by the flux of water vapor away from the
bulk solid surface

�� 
 H yH �	Ž .surf ambs 15Ž .0� t � �� �� �Vliq

During this funicular phase, the local value of relative humid-
ity within the matrix remains unity between the bulk solid
interface at xs0 and the axis of symmetry at xsd

H s1 0F xFd � �� 16Ž .i cap

Isothermal Drying Regime. During the isothermal drying
regime, the primary resistance to moisture transfer is internal
to the matrix, the mechanism for moisture transport is the
diffusion of water vapor, and the liquid saturation is assumed
in equilibrium with the vapor phase. Thus, the local value of

Ž .saturation � is given as a function of the local humidity ini
Ž .the pore vapor H using a liquid�vapor isotherm. For thei

SrS MeO matrix, the equation for the liquid�vapor isotherm
was experimentally determined to be a polynomial in terms

Ž .of relative humidity Garrabrants and Kosson, 2003

� sy0.239q2.67 � H y1.98 � H 2q0.472 � H 3 17Ž .i i i i

Moisture transport during the transitional period and in-
ternal control phase can be well described as the diffusion of
water vapor using the parameter for relative humidity in the
pore vapor

� H � 2H
obssD 18Ž .H 2� t � x

Ž obs.The observed diffusivity of water vapor D is empiricallyH
expressed as a function of the local relative humidity in the

Ž .form of an S-shaped curve Bazant and Najjar, 1971, 1972

1y�oobs obsD sD � q 19Ž .nH 100% o 1yH
1q ž /1yhc
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The function shown in Eq. 18 allows for calculation of effec-
tive diffusivity throughout the transition period between fu-
nicular and isothermal drying, asymptotically approaching a
constant value when the relative humidity approaches that in

Ž .equilibrium with insular saturation � . At insular satura-ins
tion, the liquid phase becomes discontinuous and moisture
transport occurs only through the vapor phase.

Initial Condition. The initial moisture conditions for the
developed moisture model are that of a fully saturated ma-
trix. Hence, the pore vapor relative humidity is not defined,
since a vapor space cannot exist in liquid-filled pores

�� s1 for all x , ts0 20aŽ .x

�H is not defined for all x , ts0 20bŽ .x

Boundary Conditions. In the funicular drying regime, the
flux of water vapor away from the matrix surface is related to
a uniform decline in mean matrix saturation and a constant
relative humidity within the matrix. Thus, the boundary con-
ditions reflect an unsaturated environment and a constant
relative humidity

�� s0 21aŽ .xs0

�H sH 21bŽ .xs0 surf

When the mean saturation of the matrix reaches the capillary
Ž .saturation � , moisture transport away from the interfacecap

becomes the boundary condition for the diffusion of water
vapor

� H
obsD s
 H yH 22Ž .Ž .H surf amb� x xs 0

Ž .At the axis of symmetry xsd , no-flux conditions hold
throughout the isothermal drying process

� H
s0 23Ž .

� x xs d

Numerical method
Ž .The equivalent length d of the 1-D matrix was des-

critized into m slices. The partial differential governing
Ž .equations for activity transport Eqs. 5 and 7 and moisture

Ž .transport Eqs. 15 and 18 were converted to arithmetic
equations using a fully implicit central difference scheme in

Žspace and Euler’s time marching method Carnahan et al.,
.1969; Constantinides, 1987; Patankar, 1980 . Central differ-

ence equations for each local point, i, from the surface of the
matrix at xs0 to the axis of symmetry at xsd yielded an
overall system of m equations

w x w x� 4A x s b 24Ž .

ŽEquation 24 is solved using the method of Thomas Patankar,
.1980 for the unknown vector of values at the next time step,

ts tqdt.

Model ©ariables and fitting criterion
The majority of the model parameters were set from the

Ž .experimental results of a previous study, including 1 total or
Ž .available content of each species Garrabrants et al., 2002 ,

Ž . Ž2 species equilibrium activity as a function of pH Gar-
. Ž .rabrants et al., 2003 , and 3 material-specific parameters for

Žthe observed diffusivity of water vapor Garrabrants and Kos-
.son, 2003 . The only fitting parameter used to correlate simu-

lations to the experimental leaching data was the effective
Ž eff .diffusivity for each species D . In general, the effectivek

Ždiffusivity was regressed for a single release case intermit-
.tent wetting interspersed with drying at 23% RH and then

applied to simulate release for all other cases. Thus, indepen-
dent data sets were used for model calibration and verifica-
tion.

The selection of a ‘‘good fit’’ was determined by minimizing
the result of a characteristic fitting function based on the sum

Žof the residual square errors Johnson and Bhattacharyya,
.1992 . First, the sum of the residual square errors for each

Ž .intermittent wetting cycle j SRSE was calculated using thej
log transform of the flux data at each matrix location i

2n log y ylog yŽ . Ž .i ,exp i ,sim
SRSE s 25Ž .Ýj 2½ 5log yŽ .is1 i ,exp

Ž .Next, an overall fit statistic SRSE was formed using asim
weighted sum of the SRSE values from all intermittent wet-j

Ž .ting cycles and a cycle weighing function w expressed asj
Ž .the ratio of intermittent wetting IW cycle time to the total

simulation time

6 6 t j
SRSE s w � SRSE s � SRSE 26� 4 Ž .Ý Ýsim j j j½ 5ž /tsimjs1 js1

Experimental Data Preparation
Experimental release information used to parameterize and

Ž .verify the IMT model included: 1 the tank-leaching data
Žunder intermittent wetting conditions Garrabrants et al.,

. Ž .2002 used to validate the model output, and 2 the equilib-
Ž .rium leachate data Garrabrants et al., 2003 used in the IMT

model to represent the solid�liquid equilibrium. Measured
experimental data were expressed in terms of species mass

Ž .activity in the leachate a for either comparison with IMTk, l
model output or use within the IMT mass transport model.

Ž .The activity of species k in the leachate a was calculatedk, l
Ž .using the activity coefficient � as a function of ionick

Ž . Ž .strength I and the measured leachate concentration ck, l

a s� � c 27Ž .k , l k k , l

Adjustment of experimental data to species activity allowed
for a simplification of the mass-transport simulation, so that
the number of simultaneously solved liquid-phase species in
the IMT model was minimized.

The ionic strength of each leachate was determined by
summing up the charge contributions of the major pore

Ž 2q q q y y .species k that is, Ca , Na , K , Cl , OH present in
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solution

1
2Is c � z 28Ž .Ý k , l k2 k

ŽIn this analysis, the contributions of trace species such as Pb,
.Cd to the ionic strength are assumed insignificant and could

be neglected.
A relationship between ionic strength and activity coeffi-

cient was required in order to correct measured concentra-
tions to activity values. Theoretically, an ion-interaction model
would be the most robust approach for calculating an accu-
rate mean activity coefficient for the high ionic strength solu-
tion of the cement material. For example, the Pitzer ion-

Ž .interaction approach Pitzer, 1979 has been applied to calcu-
late mean activity coefficients in cement pore water for diffu-

Ž .sion-based release models Batchelor and Wu, 1993 . How-
ever, this approach often requires assumptions on the forma-
tion of specific mineral species in equilibrium with the pore
water. While some simplifying assumptions can be made, the
speciation of several cementitious mineral phases is not
clearly defined due to the complex chemistry of SrS systems
ŽBatchelor and Wu, 1993; Cocke, 1993; Conner, 1990; Mollah

.et al., 1995 . Therefore, single-ion activity coefficients were
calculated by extending the Davies equation for higher ionic
strength solutions using activity coefficient as a function of

Žionic strength data found in the literature Morel and Her-
.ing, 1993 .

Ž .The Davies equation Eq. 29 relates single-ion activity co-
efficients to the ionic strength of electrolyte solutions using
the following expression

'I
2ln � sy A � z yB � I 29Ž .k k ž /'1q I

Although it is noted that the Davies equation is typically con-
Žsidered accurate only for weak electrolyte solutions I�0.5

. Ž .molrL , Morel and Hering 1993 have reported data for the
Davies equation up to an ionic strength of 4 M. Thus, an
extended fit of the Davies equation for higher ionic strength
solutions was used within the IMT model. In the case of di-
lute solutions or natural waters, the parameters A and B

Žhave been reported to be 0.5 and 0.2, respectively Stumm
.and Morgan, 1996 ; however, when the Davies equation was

Ž .fitted to the tabulated data of Morel and Hering 1993 , the
regressed values were found to be As1.0 and Bs0.16.

Results and Discussion
Leachate pH simulation

A comparison of leachate pH data from the experimental
tank-leaching test and simulated leachate pH from the IMT
model is presented in Figure 1. The comparison is shown on
a logarithmic time scale in order to expand short-term values.
Under the assumption that only calcium hydroxide dissolu-
tion controls solution pH, the IMT model predicts lower
leachate pH values than measured in the experimental
leachates, as shown by the broken or dashed lines in Figure
1. Underestimation of the pH is especially evident at the be-
ginning of the experimental data, and corresponds to an er-

Figure 1. Comparison of leachate pH for experimental
(data, IMT simulation given by calcium dashed

) ( )line , and IMT simulation solid line based on
alkaline salts and calcium.
Ž . Ž . Ž . Ž .a 23% RH, b 48% RH, c 98% RH, d continuous
leaching.
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( 2 )Figure 2. Comparison of calcium flux mgrrrrrm �s for ex-
perimental data and IMT simulation when cal-
cium solubility is a function of solution pH.
Ž . Ž . Ž . Ž .a 23% RH, b 48% RH, c 98% RH, d continuous
leaching.

( 2 )Figure 3. Comparison of sodium flux mgrrrrrm �s for ex-
perimental data and IMT simulation.
Ž . Ž . Ž . Ž .a 23% RH, b 48% RH, c 98% RH, d continuous
leaching.
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( 2 )Figure 4. Comparison of potassium flux mgrrrrrm �s for
experimental data and IMT simulation.
Ž . Ž . Ž . Ž .a 23% RH, b 48% RH, c 98% RH, d continuous
leaching.

( 2 )Figure 5. Comparison of chloride flux mgrrrrrm �s for
experimental data and IMT simulation.
Ž . Ž . Ž . Ž .a 23% RH, b 48% RH, c 98% RH, d continuous
leaching.
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( 2 )Figure 6. Comparison of cadmium flux �grrrrrm �s for
experimental data and IMT simulation.
Ž . Ž . Ž . Ž .a 23% RH, b 48% RH, c 98% RH, d continuous
leaching.

( 2 )Figure 7. Comparison of lead flux �grrrrrm �s for exper-
imental data and IMT simulation.
Ž . Ž . Ž . Ž .a 23% RH, b 48% RH, c 98% RH, d continuous
leaching.
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ror in predicting hydroxide ion activity in the first leaching
cycle of approximately half an order of magnitude. This pH
discrepancy would not affect the mass transport of the highly
soluble species, since solubility was not considered a function
of solution pH. However, many inorganic hazardous waste

Ž .constituents such as heavy metals exhibit solubility behavior
that is strongly dependent on solution pH. The error in pH
simulation when applied to cementitious materials containing
pH-dependent COPCs could lead to significant errors in pre-
dicting species release.

Additional sources of hydroxide that could be present in
Žthe cementitious pore water include alkaline salts such as

.NaOH, KOH . These minerals normally are not considered
as significant components of cement clinkers as far as predic-
tions of pore water pH are concerned. For the SrS MeO ma-
terial, the total potassium content and the fraction of the to-
tal sodium content not added to the treatment recipe as NaCl
was assumed speciated in the matrix as soluble hydroxides.
These species then would contribute to pore water alkalinity
in the initial equilibrium and until these hydroxide species
were depleted. Also shown in Figure 1 is the simulation for
leachate pH from the IMT model after adjusting the mecha-

Ž .nism of pH calculation to include alkaline salts solid line . In
general, a much better fit of the pH data is evident for all
cases. Under the assumption that alkaline salts control the
solution pH within the cementitious matrix at the beginning
of leaching, the simulated leachate pH values were within 0.2
pH units of the experimental data. During the later IW cy-
cles, when the alkaline salts began to deplete, the leachate
pH coincided with the values given by the dissolution of

Ž .Ca OH alone.2

Ionic strength
The initial ionic strength in the pore solution was approxi-

mately 2 M and was dominated by the presence of highly
soluble species, especially sodium and potassium. As these
species were released from the matrix, the contribution of
pore water pH to the ionic strength becomes more impor-
tant. Also, during the leaching phase of an intermittent wet-
ting cycle, the pore ionic strength near the surface ap-

Ž .proached that of the surrounding aqueous phase �0.2 M ,
which was 1r10 that of the bulk matrix ionic strength. Contin-
ued mass transport during periods of storage resulted in the
relaxation of ionic-strength gradients, observed as an in-

crease in the local ionic strength of the pore solution near
the surface of the matrix and a decrease in ionic strength of
the pore solution at the matrix core.

The overall effect of gradient relaxation was a progressive
decrease in the mean ionic strength of the pore solution with
each successive intermittent wetting cycle. The mean ionic
strength dropped by a factor of 2 from the initial value after
the third storage interval, and by a factor of 10 after the sixth
storage interval. These observations give some indication of
the dynamic nature of pore-solution ionic strength during
mass transport in porous materials with initially high ionic
strength. In addition, these observations provide validation to
the use of activity rather than mass concentration in the IMT
model.

Simulated species release and gradient relaxation
Simulations of constituent release are presented as the

Ž .mean flux of mass activity a over the leaching interval as ak
Ž .function of time shown in Figure 2 through Figure 7 . Each

of these figures has four panels of output data: the first three
Ž . Ž .panels, a � c , showing a simulated flux for each of the three

intermittent wetting cases with storage at 23%, 48%, and 98%
Ž .RH, respectively, and the last panel, d , showing the same

for the case of continuous leaching. The SRSE for eachsim
simulation is indicated in each figure, and the model parame-

Ž .ters such as available content, effective diffusivity for each
species are presented in Table 3.

Gradient relaxation over the duration of the intermittent
wetting storage interval was simulated using the IMT model
for major pore water and trace metal species. Figure 8 shows

Ž .liquid-phase profiles of the mass activity mgrL of calcium,
sodium, potassium, and chloride as a function of dimension-
less depth into the 1-D matrix. Figure 9 shows both liquid-

Ž .phase mass activity mgrL and solid-phase concentration
Ž 3 .grm profiles for cadmium and lead as a function ofmatrix
dimensionless matrix depth. Data labels in these figures de-

Ž .note profiles plotted at the end of leaching periods L� or
Ž .storage periods S� , with numbers indicating the IW cycle

Ž .number Table 1 corresponding to each profile. The initial
liquid activity level is shown for comparison. All profiles are
shown for the case of intermittent wetting with storage at
23% RH.

Calcium. Calcium was considered the primary solid-phase
component due to the abundance of calcium hydroxide solid

Table 3. COPC Parameters Used in Simulating Release from the SrrrrrS MeO Matrix

Effective Molec.
Total Available Pore Water Diffus. Diffus.

� 10 10Ž . Ž .Content Content Solubility D �10 D �10eff m
��3 3 2 2Ž . Ž . Ž . Ž . Ž .COPC kgrm kgrm mgrL m rs m rs

†Calcium 476 159 Func. of pH 0.36 7.92
††Sodium 3.54 3.54 1.45 0.058 13.3

††Potassium 8.60 8.6 1.9 0.11 19.6
††Chloride 4.14 0.8 0.68 0.057 20.3

†Lead 6.7 6.7 Func. of pH 0.0078 9.45
†Cadmium 6.7 6.7 Func. of pH 6.30 7.19

� Ž .Determined by neutron activation analysis Landsberger, 1993 .
�� Ž .Tabulated Lide, 1996 .

† Ž .Liquid�solid partitioning equation Garrabrants et al., 2003 .
††Set to minimum for total available content dissolution at initial conditions.
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Ž 3 .that is 159 kgrm , as shown in Table 2. Based on totalmatrix
content as measured by neutron activation analysis, the ma-

Ž .trix consists of 21 wt % calcium Garrabrants et al., 2002 .
The comparison of experimental data and IMT simulations

for calcium is presented in Figure 2. A single effective diffu-
sivity value could be used to model the flux of mass activity
from the SrS MeO matrix for the three intermittent wetting
cases and the continuous leaching case. The experimental
data exhibits a ‘‘cycling’’ pattern of flux that has been associ-
ated with relaxation of the species activity gradient for pH-

Ždependent species during storage intervals Garrabrants et
.al., 2002 . This pattern is evident within each intermittent

wetting cycle shown in Figure 2 by the flux progressing from
considerably higher values at the beginning of leaching to
lower values at the end of leaching. Prior to the pH correc-
tion for the presence of alkaline salts, the IMT model tended
to smooth out, or average, the fluctuations in the calcium flux
graph rather than simulate them. When alkaline salts control
solution pH and suppress calcium solubility, the IMT simula-
tion, SRSE , values indicate a good and consistent fit of thesim
experimental calcium release data for all cases. Thus, the flux
of calcium as shown in Figure 2 indicates that local calcium
activity is a function of local pH gradients and follows the
solubility behavior shown in the pore-solution equilibrium

Ž .study Garrabrants et al., 2003 .
The simulated activity profile for calcium, shown in Figure

8a, indicates that the activity is linear in the region where the
solid calcium has been depleted and consistent with pore wa-
ter pH when solid calcium exists. This behavior was expected,
since calcium release is strongly influenced by local dissolu-
tion and depletion of the solid phase. Relaxation of calcium
gradients was nearly immediate, as shown by constant and
repetitive storage pofiles for each leaching cycle. The relaxed
profiles tend to overlap due to the abundance of solid-phase
calcium in the matrix and the model assumption that calcium

Ž .equilibrium is controlled by the dissolution of Ca OH .2
Sodium. In the case of the sodium release, the IMT model

was able to simulate the cycling effect shown by the mean
Ž .flux of sodium activity Figure 3 . Again, a single regression

parameter for the effective diffusivity was able to simulate
the release of sodium for all three intermittent wetting cases
with good agreement. This is especially significant because of
the dynamic nature of the cycle fluctuation in comparison to
calcium. However, when the IMT model was used to simu-
late the release of sodium under the conditions of continuous
leaching, the model fit was not visually good, despite the rea-
sonable SRSE statistic.sim

Ž .Figure 3d shows a comparison between 1 experimental
Ž . Ž .sodium flux data, 2 the IMT model fit, and 3 the sodium

Ž . Žflux output of a 3-dimensional 3-D diffusion model Barna,
.1994 . Simulation of experimental data using the 3-D diffu-

Žsion model was presented in a previous study Sanchez et al.,
.2003 . The 3-D diffusion model provides a better representa-

tion of the experimental flux data, because it better simulates
the depletion of species from the matrix. During the continu-
ous leaching experiment, more than 70% of the total content
of sodium was released over the duration of the leaching ex-

Ž .periment Garrabrants et al., 2002 . The comparison of
sodium flux simulations between 1-D and 3-D models indi-

Ž .cates that geometry effects such as edge depletion are most
likely significant when describing the release of highly soluble

species from small experimental samples of the SrS MeO
matrix.

Since sodium was considered a highly soluble species, it
was totally dissolved at the initial conditions and no solid-
phase sodium was presented to influence mass transport.
Thus, Figure 8b shows that the leaching profiles are not lin-
ear like those of calcium, but curve as the sodium profile
nears the surface. The sodium profile approaches the initial
condition of the start of the leaching period at the center of
the matrix. Note the change in scale of the profile from the
calcium graph due to the relatively deep penetration of the
mass-transfer profile for sodium. During storage, relaxation
of the activity gradient for sodium is nearly completed after

Ž .the shortest experimental storage duration of 24 h S1 . Fig-
ure 8b shows that the pore water concentration decreases with
subsequent leaching. For example, sodium mass release and
relaxation during IW Cycle 1 resulted in a decrease in the
liquid activity profile from the inital condition of 27,000 mgrL

Ž .to an equilibrated profile of 23,300 mgrL S1 . The relaxed
sodium profile continued to decrease with each subsequent

Ž .IW cycle until a uniform concentration of 1,550 mgrL S6
was established at the end of IW Cycle 6.

The sodium gradient relaxation shown in Figure 8b indi-
cates that after a relatively short storage interval, the pore
water activity profile of sodium essentially becomes flat for
each leaching cycle at a level that is directly related to the
mass released in previous leaching periods. The initial condi-
tions for mass transport at the beginning of the leaching phase
of the intermittent wetting cycle is that of a uniform species.
The gradient relaxation pattern explains why the 1-D IMT
model was able to simulate release from the intermittent
cases, where depletion effectively did not occur, but was in-
adequate for describing release for continuous leaching,
where depletion occurred. In this context, a simplified de-
scription of the release of highly soluble species from inter-
mittently wetted cement matrices potentially may be made
using a series of analytical semi-infinite diffusion equations
Ž .Crank, 1975 , with one equation for each intermittent leach-
ing cycle.

Potassium. The IMT simulation for potassium resulted in
release behavior similar to the release of sodium. Flux com-
parisons and regression statistics shown in Figure 4 indicate
that a good agreement was found for all intermittent leaching
cases. The IMT model was able to simulate the mean release
flux of potassium for all intermittent wetting cases using a
single value of effective diffusivity. At the beginning of each
intermittent wetting cycle, the IMT simulation captured the
increased flux resulting from relaxation of the activity gradi-
ent during the previous storage period. However, in the same
manner as the sodium simulation, the IMT model was not
able to provide a good visual fit for the continuous leaching
case. For the continuous leach case, 80% of the total potas-
sium content was released during the 94-day leaching period
Ž .Garrabrants et al., 2002 , indicating that depletion of potas-
sium from the matrix had occurred.

ŽThe potassium activity profiles within the matrix Figure
.8c show similar curvature to the sodium activity profiles. The

core liquid activity relaxed to approach a new equilibrium,
reducing the core activity from the initial equilibrium value

Ž .of 60,000 mgrL to a value of 3,000 mgrL S6 at the end of
IW Cycle 6 in a similar manner as sodium. However, unlike
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sodium relaxation, the relaxation of the potassium activity
gradient was not quite complete during the shortest storage
interval, but took slightly longer to come to complete relax-
ation. The regressed effective diffusivity for potassium is lower
than that of sodium, which may explain the lag in gradient
relaxation. Despite the lag in potassium relaxation, there ex-
ists the potential to evaluate potassium release using simple
analytical diffusion equations applied to each leach period as
long as storage periods are assumed greater than 24 h.

Chloride. Chloride simulation using the IMT model was
consistent with other highly soluble species. The use of a sin-
gle effective diffusivity parameter, regressed for the case of
intermittent wetting with storage at 23% RH, provided an
agreeable simulation of experimental data for the IW cases

Ž .with storage at 48% and 98% RH Figure 5 . In the case of
continuous leaching, the IMT simulation once again did not
visually fit the flux curve. Previous leaching characterization
studies indicated that nearly 90% of the available chloride

Žwas released under a continuous leaching condition Gar-
.rabrants et al., 2002 . Assuming that the chloride ion was de-

pleted from the matrix, the 3-D diffusion model shown in
Figure 5d was better able to describe the release flux of chlo-
ride.

The leaching profiles for chloride followed the pattern
common for the other simulated highly soluble species. Fig-
ure 8d indicates that the release of chloride during leaching
leads to a progression of relaxation plateaus from the initial

Ž .condition of 9,100 mgrL to 1,000 mgrL S6 after the storage
period of IW Cycle 6. Relaxation of the liquid concentration
gradient seems to be nearly complete after the first 24-h stor-
age cycle. This chloride activity relaxation data supports the
possibility of using a series of analytical solutions for approxi-
mating chloride release from intermittently wetted cement
matrices.

Cadmium. Unlike the release of highly soluble species
Ž q q y.Na , K , Cl , the release of sparingly soluble species such
as heavy metals is largely dependent on the equilibrium activ-
ity as a function of solution pH. Thus, the cadmium release
simulation shown in Figure 6 utilized the adjusted pH deter-
mination approach in the IMT model, accounting for the
contribution of alkaline salts on leachate pH. As earlier, the
IMT model was able to adequately simulate the release of
cadmium for all experimental cases with a single set of pa-
rameters.

The value for effective diffusivity regressed using the inter-
Ž obs .mittent wetting case of storage at 23% RH D was very23%

Ž .near the molecular diffusivity Table 3 . However, if the ef-
fective diffusivity value was regressed using experimental data

Žfrom IW cases at other relative humidity levels 48% and 98%
.RH , a slightly different value was determined. In all, the

values of diffusivity for the three IW cases differed by less
than an order of magnitude and tended to decrease with in-

Ž obs obs obs .creasing relative humidity D � D � D . This trend23% 48% 98%
additionally was observed to be consistent with the relative
activity of chloride as a function of intermittent wetting con-
ditions. Thus, these apparent values of diffusivity were con-
sidered to reflect complexation of cadmium with chloride,
which would increase the activity of chloride in the liquid
phases, thus, increasing the observed rate of mass transport
through the matrix.

Ž .The profile for cadmium activity Figure 9a indicates that
gradients in cadmium activity became almost completely re-
laxed during the storage phase of an intermittent wetting cy-
cle. A similar observation was made for the highly soluble
species. However, unlike the highly soluble species, the activ-
ity profile for the cadmium was influenced by both cadmium
gradient relaxation and the relaxation of the pH gradient in
the matrix. A profile showing the cadmium solid-phase con-
centration was more useful for describing the mass-transport
process. Figure 9b shows the profile of cadmium in the solid
phase very near the surface of the SrS MeO matrix. The IMT
model indicated that the mass transport of cadmium followed
a moving dissolution front. The value of solid cadmium at the
dissolution front was seen to decrease with cycle wetting and

Ž .storage. Over the six intermittent wetting cycles �94 days ,
the simulated penetration of the cadmium dissolution front
was approximately 0.06 mm.

Lead. Comparisons of IMT model simulations and exper-
imental data for lead flux are presented in Figure 7 for each
of the three intermittent wetting cases and continuous leach-
ing case. Once the effective diffusivity of lead was regressed
for the case of intermittent wetting with storage in an atmo-
sphere of 23% relative humidity, the simulations for other
cases showed good agreement to experimental data. Al-
though lead, like cadmium, is susceptible to chloride com-
plexation, the effect was less substantial for lead release from
this matrix.

In a similar manner to cadmium, the profile of the lead
Ž .activity in the liquid phase Figure 9c was affected by both

relaxation of continued lead mass transfer and pH gradients
relaxation. If calcium hydroxide alone had been used to pro-
vide the pH value, it would be expected that the local activity
of pH-dependent species would remain at the initial pore

Ž .condition until Ca OH had been depleted. Since the value2
of the local pH was based on both dissolution of calcium hy-
droxide and mass transport of highly soluble alkaline salts,
the pH and, hence, the activity of lead, within the core of the

Ž .matrix was not constant, even when Ca OH solid was pre-2
Ž .sent. The profile of solid concentration Figure 9d shows that

the mass transport of lead was dominated by dissolution from
a lead precipitate very near the surface at approximately 0.03
mm. This source of solid-phase lead was a direct result of the
solubility of lead as a function of pH and the transport of
hydroxide ions. The precipitated lead was replenished by dis-
solution of solid lead from the core of the matrix. During
leaching intervals, the amount of this lead precipitate was
decreased due to dissolution near the surface; however, the
mechanism for mass transport within the matrix remained in-
tact throughout the intermittent wetting process as a result of
continued mass transport over the intermittent storage inter-
val.

Conclusions
The IMT model adequately describes the release of both

highly soluble species and trace metals from a cementitious
matrix under intermittent wetting conditions without consid-
eration for matrix carbonation. The model parameters for
each species were fit for a single case of intermittent wetting
with storage at 23% RH and use to assess intermittent wet-
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Figure 8. Component activity profiles from IMT model
at end of leaching or storage intervals.
Ž . Ž . Ž . Ž .a Calcium, b sodium, e potassium, and d chloride. La-
bels ‘‘L�’’ and ‘‘S�’’ equate to ‘‘Leaching cycle�’’ and ‘‘Stor-
age cycle�,’’ respectively.

Figure 9. Component activity and concentration pro-
files from IMT model at end of leaching or
storage intervals.
Ž . Ž . Ž .a Aqueous phase Cd, b aqueous phase Pb, c solid phase

Ž .Cd, and d solid phase Pb. Labels ‘‘L�’’ and ‘‘S�’’ equate to
‘‘Leaching cycle�’’ and ‘‘Storage cycle�,’’ respectively.
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ting release when storage is conducted over a range of con-
stant RH values. It was shown, however, that a 3-D model
more accurately describes the release of a highly soluble
species under the conditions of continuous leaching. This ob-
servation was explained by a depletion of the species from
the matrix and the relative application of 1-D and 3-D mod-
els to small sample geometries.

Under the assumption that solution pH is provided solely
by the dissolution of calcium hydroxide, the IMT model does
not accurately simulate the release of hydroxide from the ce-
ment matrix and the simulated leachate pH data were con-
sistently lower than the experimental values, especially at the
beginning of leaching. Thus, an adjustment was made to ac-
count for the diffusion of highly soluble alkaline salts that

Ž .would 1 be initially present in the pore water at relatively
Ž .high concentration, 2 suppress the activity of calcium ions

Ž .in the initial pore solution, 3 increase the local pH values
until depletion of the alkaline salt had occurred. After ad-
justment of the pH equation, the IMT model provided sub-
stantially better simulation of leachate pH. Accurate simula-
tion of local pH is important when the release of sparingly

Ž .soluble species Pb, Cd is a concern.
Simulations of activity profiles using the IMT model indi-

cate that the liquid activity profile for highly soluble species
such as sodium, potassium, and chloride come to nearly com-
plete relaxation within relatively short storage intervals in all
studied intermittent wetting cases. Complete gradient relax-
ation led to a reduction in species activity at the core of the
matrix that progressed with each intermittent leaching cycle.
In addition, species release in the subsequent leaching inter-
val was accelerated because the driving force for flux across
the solid�leachate interface is maximized at the beginning of
subsequent leaching periods. This mechanism can explain why
intermittent wetting of highly soluble species leads to more
rapid depletion of species activity than observed for conti-
nous leaching when the same cumulative duration of leaching
is considered. Complete relaxation of the activity profile
within a relatively short storage period also allows for the
possibility of an alternative modeling approach using a sim-
ple semi-infinite diffusion approach over short leaching inter-
vals.

For metal species, liquid activity profiles were influenced
by both relaxation of the activity gradients as well as relax-
ation of the pH gradient within the pore water. Profiles of
the solid phase concentration of trace metals were examined
to provide an indication of principal mass-transport mecha-
nisms. The IMT model indicated that cadmium release was
controlled by the movement of a cadmium dissolution front,
while lead mass transfer occurred via dissolution from a spike
in solid lead concentration just inside the bulk solid inter-
face.

Ž .Application of the IMT model could be used to 1 simu-
late the release of matrix constituents with a variety of intrin-

Ž .sic solubility behaviors, 2 account for the effect of nonleach-
ing intervals with storage conducted over a range of relative

Ž .humidity values, 3 point out controlling mechanism for mass
Ž .transport during leaching and storage intervals, and 4 ex-

tend the characteristic release behavior of experimental data
over the chosen assessment interval in order to provide the
long-term release of COPCs from cementitious materials.
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Notation
Asfitted activity model parameter in the Davies relation

� 4A sm� m array of equation coefficients used in the Thomas
method

a smass activity of species k in liquid phase, mgrLk
a smass activity of species k in leaching solution, mgrLk , l
aeq smass activity of species k in equilibrium with the solidk

phase, mgrL
Bsfitted activity model parameter in the Davies relation

w xb sm-sized vector of known values at time ts t used in the
Thomas method

� 2q 4Ca sactivity of calcium ions in solution, mgrL
c smeasured concentration of species k in solution, mgrLk

c smeasured concentration of species k in the leachate, mgrLk , l
Deffseffective diffusivity of species k in the cement matrix, m2rsk

Dobs sobserved moisture diffusivity at a relative humidity of100%
100%, m2rs

dsequivalent half-length of the 3-D matrix in one-dimension,
m

F srate of generation or loss of species k in the liquid phase,k
kgrm3� s

Hsrelative humidity
H srelative humidity of the ambient atmosphereamb
H srelative humidity at the bulk solid surfacesurf

h svalue of humidity corresponding to the drop in the S-c
shaped curve of Dobs

H
Isionic strength of the solution, molrL

Ca ŽOH.2 Ž .K skinetic solubility constant of Ca OH solids p 2
K H 2Oskinetic dissociation constant of watera
� 4X sactivity of sodium- and potassium-based alkaline salts in

solution, mgrL
L sliquid concentration of species k on a global basis,k

kgrm3
matrix

M smolar mass of species k in the liquid phase, grmolk
M smolar mass of the species p in the solid phase, grmolp

m snumber of simultaneous equations solved in the
numerical method

nsexponent characterizing the spread of the drop in the S-
shaped curve of Dobs

H
� y 4OH sactivity of hydroxide in solution, molrL

S ssolid concentration of species p on a global basis,p
kgrm3

matrix
SRSE s‘‘sum of the residual square errors’’ for IW cycle jj

SRSE s‘‘sum of the residual square errors’’ used as an overall sim-sim
ulation fit statistic

t sduration of IW cycle j, sj
t sduration of the total simulation, ssim

Vsmatrix volume, m3
matrix

V svolume of the leaching solution, Ll
w ssimulation fit criteria weighing function coefficient for cy-j

Ž .cle j w s trtj j sim
w xx sm-sized vector of unknown values at time ts tqdt used

in the Thomas method
Ž 2 .y slog of the experimental flux at location i, log kgrm � si,exp

Ž 2 .y slog of the simulated flux at location i, log kgrm � si,sim
z svalence charge of species k in the liquid phasek

Greek letters
� sparameter representing the ratio of D to D in theo min max

S-shaped curve of Dobs
H
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� sfirst-order kinetic rate constant for the dissolution of thek
solid phase p, 1rs

� ssingle-ion activity coefficient of species k in the liquidk
phase

�smatrix porosity, m3 porerm3
matrix


smass-transfer coefficient of water vapor across the interfa-
cial boundary layer, kgrm2 s

�srelative saturation of the matrix pore space, m3liqrm3
pore

0 Ž 0 . 3 3� sinitial value of matrix saturation � s1 , m liqrm pore
� svalue of matrix saturation at capillary saturation,cap

m3liqrm3
pore

� svalue of matrix saturation at insular saturation,ins
m3liqrm3

pore
� sdensity of the liquid solution, kgrm3

liq liquid
	 smatrix surface area exposed to leaching solution or ambi-

ent conditions, m2

Subscripts
Žissubscript index for location into the 1-D matrix is0 at

.the bulk surface
Žj s subscript index for the IW cycle j s 0 at

.initial condition
kssubscript index for liquid-phase species
pssubscript index for solid-phase species
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