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Abstract

A new model of 3D cement paste microstructure development is described
and used to simulate the influence of leaching on hydrated cement pastes.
In contrast to recent leaching models that have used empirical rules for
phase dissolution, this model uses continual thermodynamic speciation and
phase stability calculations to guide the microstructural changes that happen
throughout hydration and subsequent exposure to low-pH solutions. This
novel aspect of the model enables it to predict not only the well-known
phase instability of calcium hydroxide at the onset of leaching, but also the
detailed compositional and volumetric changes of C–S–H gel and other cal-
cium, aluminate, and sulfate phases. Besides tracking the compositional and
microstructural changes, we use the evolving microstructure as input to cal-
culate changes in the relative diffusivity and effective Young’s modulus of
the binder using established finite difference and finite element models. The
results are broadly consistent with previous experimental and modeling in-
vestigations of leaching. In particular, the leaching process can be roughly
divided into initial, intermediate, and final stages, each of which have distinct
degradation characteristics and consequences for mechanical and transport
properties. The thermodynamic basis of the model makes it readily exten-
sible to simulate a wide range of cementitious materials and degradation
phenomena, so we discuss its potential as a virtual microprobe for use with
continuum-scale service life models of concrete elements.
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1. Introduction

Replacement or rehabilitation of existing concrete structures costs about
$18 billion to $21 billion each year in the U.S. alone [1? ]. Chemical dete-
rioration of the cementitious binder is a primary reason for these high costs
and represents a major challenge to increased sustainability of the civil in-
frastructure. Among the various kinds of chemical deterioration, leaching
is a progressive extraction of calcium from the cementitious binder caused
by contact with moisture having pH significantly lower than that of the
alkaline pore solution [2]. As calcium leaches from concrete, its reactions
with air or dissolved sulfates can cause efflorescence (i.e., the surface forma-
tion of calcium carbonate or calcium sulfate). More importantly, the loss
of calcium from the system also leads to dissolution of calcium hydroxide
and a corresponding increase in porosity and transport properties of surface
concrete [3, 4], so it can lead to accelerated degradation by other forms of
chemical attack as well.

Investigations of leaching mechanisms by laboratory experiments are usu-
ally difficult and time consuming [5, 6], so a considerable effort has been spent
on modeling the process. Bentz [3] and Marchand [7] both modeled the in-
fluence of the dissolution of portlandite (i.e., calcium hydroxide) on pore
structure and transport properties. Aspects of these models were incorpo-
rated into computational studies of the mechanical and transport properties
of leached cement paste and mortar [8, 9, 10, 11, 12]. Berner [13] was perhaps
the first to suggest the importance of thermodynamic equilibrium between
the pore solution and the solid phases in the cement paste for determin-
ing the chemical evolution of a leached binder, and this concept has since
been used in several models to describe the mass balance of calcium in the
liquid and solid phases [14, 15, 16, 17, 18, 19]. Those kinds of models have
provided considerable insight into the nature of leaching, its influence on cap-
illary pore volume, and the corresponding changes in transport properties.
Even so, the size distribution and connectivity of the capillary porosity, not
just total pore volume, are important in determining transport properties.
Furthermore, a detailed knowledge of the assemblage of solid phases in the
binder microstructure can enable accurate calculations of composite proper-
ties (e.g., elastic moduli, relative diffusivity) using 3D microstructure-based
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software tools such as the Virtual Cement and Concrete Testing Laboratory
(VCCTL) [20, 21].

In this paper, we extend a thermodynamically guided microstructure
model of cement hydration [22] to simulate leaching of well-hydrated ce-
ment. The approach differs from previous models in three ways. First, we
use full geochemical thermodynamic equilibrium calculations to assess both
the volume fractions and compositions of the various solid binder phases
and the speciation of the pore solution. Second, we link these equilibrium
calculations to a digital-image model of 3D microstructure to track changes
in the binder microstructure as leaching proceeds. And finally, we use the
evolving microstructure explicitly to calculate, using finite element and finite
difference models, the changes in Young’s modulus and the relative diffusiv-
ity of the binder, respectively. In the remainder of the paper, we describe the
modeling approach and apply it to simulate leaching of a Type I portland
cement. Model predictions of chemical evolution, capillary porosity, Young’s
modulus, and relative diffusivity are presented and compared to results of
previous experimental or modeling investigations.

1.1. Prior Investigations of Leaching

At least 15 previous studies of leaching, both experimental and modeling,
have been reported in the past 20 years, using either plain calcium silicate
systems [13, 14, 17] or portland cement systems [3, 4, 6, 7, 8, 9, 12, 15, 16,
23, 24]. In general, these investigations have observed three main stages of
leaching in well-hydrated systems [9, 13, 17]:

• An initial stage, in which dilution of calcium, alkali, and hydroxyl
ions in the leachate causes dissolution of portlandite (CH). During this
stage, excess solid CH buffers the solution with respect to calcium and
hydroxyl ions, thereby minimizing the dissolution of any other solid
phases;

• An intermediate stage, which commences as soon as all CH has dis-
solved and can no longer buffer the solution. At this point the solu-
tion pH decreases and initiates the progressive decalcification of C–S–H
gel [9, 13, 16, 17];

• A final stage, in which most of the calcium content of C–S–H has been
lost, leaving behind a high-silica amorphous phase [13]. In principal,
other low-solubility calcium aluminate phases may become unstable
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and dissolve in this stage, too. Much of the material’s original mass
has been leached away by this stage, making it weak and subject to
disintegration.

The computational model used in this paper recovers these three stages. In
that sense, the current model does not reveal significantly new phenomena
or mechanisms of leaching. However, with the model we are now able to
analyze the coupling of the chemical evolution and accompanying changes
in microstructure and properties that leaching causes. Modeling of leached
microstructures and properties has been reported in the past [3, 9, 8], but
lacked a firm basis in chemical thermodynamics to guide the accompanying
phase changes, especially with regard to the decalcification of C–S–H and
loss of aluminate phases. Part of our purpose in this paper, therefore, is
to compare the results of the current model to those earlier results and to
establish better ties between the chemical driving forces for leaching and the
ensuing microstructure and property development. Moreover, the model,
once validated for leaching phenomena, can be readily extended to analyze
other types of degradation such as sulfate attack and carbonation.

2. Model Description and Technique

2.1. Simulation of hydration

The model used here is based on the Thermodynamic Hydration and
Microstructure Evolution (THAMES) model recently developed at the Na-
tional Institute of Standards and Technology (NIST) [22]. THAMES has
three main components: (1) a kinetic model of cement clinker phase dissolu-
tion, which determines the time dependence of elemental concentrations in
the pore solution; (2) thermodynamic equilibrium calculations to determine
the composition and abundance of phases other than clinker minerals, includ-
ing pore solution composition and speciation, corresponding to a minimum
in Gibbs free energy; and (3) a digital image model for spatially distribut-
ing these various phases to represent the 3D microstructure of the binder.
The dissolution rate of each of the four major clinker phases in portland
cement (i.e., C3S, C2S, C3A, and C4AF)2 is calculated at each time interval
using an empirical model proposed by Parrot and Killoh (PK) [25]. The PK

2Cement chemistry notation is used throughout, according to which C = CaO, S =
SiO2, A = Al2O3, and F = Fe2O3.
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model uses equations to describe alternate mechanisms which could control
the rate of hydration at any moment, including nucleation, growth of hy-
dration phases, and diffusion of solute species. These rate equations depend
on the instantaneous degree of hydration, the powder’s specific surface area
as measured by the Blaine fineness, the water-to-cement mass ratio (w/c),
temperature, and six empirical parameters that are fit from observations on
a wide range of portland cement pastes. The rate is calculated by evaluating
the rate equation for each available mechanism and selecting the one that
yields the minimum rate.

The thermodynamic component of THAMES is based on the GEMIPM2K
thermodynamic model [26], supplemented with a thermodynamic database
for the major minerals and hydration products found in cementitious materi-
als [27]. This component is identical to that described elsewhere by Lothen-
bach [27, 28]. Briefly, everything except the clinker minerals is treated as a
closed thermodynamic system; the clinker minerals are taken to be outside
the thermodynamic system, and their extent of dissolution at any time sets
the chemical composition of the thermodynamic system itself. Within the
thermodynamic system, three types of matter are defined: (1) independent
components (IC), which are chemical elements and electrical charge; (2) de-
pendent components (DC), which are compounds or moieties composed of
one or more ICs (e.g., Ca(OH)2, SO2 –

4(aq)); and (3) phases, which are com-

posed of one or more DCs (e.g., gypsum, aqueous solution). The model
constrains the moles of each IC to be fixed at any time step, and the equilib-
rium distribution of the ICs among the possible DCs and phases, including
solution speciation and partitioning of end members in solid solutions, is cal-
culated by “dual-thermodynamic” calculations that minimize the Gibbs free
energy [29]. At each time step, the instantaneous elemental composition of
the pore solution, based on the amount of dissolution calculated in that time
step by the PK model, defines the moles of each IC. Again, we repeat for
clarity that the undissolved portions of the clinker phases are not part of the
thermodynamic system.

An important point for this study is that the calcium silicate hydrate
(C–S–H) gel is modeled as a nonstoichiometric phase with Ca/Si molar ra-
tio varying continuously between 0 and 1.67, and its actual composition at
equilibrium is determined by minimizing the Gibbs free energy according
to the dual-thermodynamic methods used by the GEMIPM2K model. The
solid solution model for C–S–H is similar to that proposed by Kulik and
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Kersten [30]. Their original solid solution model was composed of two sub-
systems, a silica-rich subsystem with end members that are analogous to
amorphous silica (Ca/Si = 0) and to a tobermorite-like form (Ca/Si = 0.83),
and a calcium-rich subsystem with end members that are tobermorite-like
(Ca/Si = 0.83) and jennite-like (Ca/Si = 1.67). However, recent NMR data
indicate that C–S–H composition is captured more accurately by using only
the calcium-rich solid solution subsystem for Ca/Si ≥ 0.8, which exists in
equilibrium with amorphous silica for Ca/Si < 0.8 [31]. The composition,
molar masses, and molar volumes of these three components are shown in
Table 1.

The 3D microstructure is modeled using a regular cubic lattice and as-
signing a single phase to each lattice site (or voxel) using a unique integer
identifier for each phase. The initial microstructure of unhydrated cement
paste was created using VCCTL software [20, 21], which uses generalized
versions of NIST’s CEMHYD3D models [32]. Complete details of how the
virtual microstructure is generated, including particle size and shape distri-
bution and statistical distribution of phases within multiphase particles, are
provided elsewhere [32, 20]. The microstructure is modeled using 100 voxels
in each dimension (i.e., 106 total voxels), with each voxel having a volume of
1 µm3. Voxels at interfaces between different phases are identified and stored
in two different lists for each solid phase m. The dissolution list, {D}m, is the
set of voxels of solid phase m that are eligible to dissolve because they share
at least one face or edge with a water voxel. Likewise, the growth list for solid
phase m, {G}m, is the set of water voxels that have at least one neighbor of
solid phase m, and therefore are eligible to convert to solid phase m by accre-
tion. Once the lists {D}m and {G}m are established, each member of each
list is assigned an “affinity” for dissolution or growth, respectively, based on
the phases defining the interface, the interface’s local mean curvature [33],
and a predefined tendency for a phase to adopt particular morphologies dur-
ing hydration. For example, equiaxed growth morphologies can be produced
by favoring the growth of solid voxels at interface regions of low mean cur-
vature, while needle-like growth morphologies can be encouraged by favoring
the growth of solid voxels at positions of high mean curvature.

At each time step, the thermodynamic calculation determines the pre-
dicted volume change of each solid phase in the microstructure, which is
converted to a net change in the number of voxels of that phase. The mi-
crostructure is updated phase by phase by querying {D}m or {G}m, to find
the sites with greatest affinity for dissolution or growth, respectively. After
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the dissolution and growth sites have been selected for a given time step, the
affected voxels are changed to their new phases and the interface lists are
updated accordingly. For example, dissolving voxels chosen from {D}m are
switched from solid phase m to water. Likewise, growing voxels of phase m
selected from the list {G}m are switched from water to solid phase m. If solid
phase m is predicted to grow during a time step but {G}m is empty, then
nucleation of that phase occurs. For phases like portlandite (CH) and ettrin-
gite, nucleation is assumed to occur randomly throughout the pore solution;
for C–S–H, ample experimental evidence indicates that nucleation happens
on the surface of clinker grains [34, 35], so the current model biases the nu-
cleation probability to prefer clinker surfaces, as described fully in Ref. [22].
These procedures for dissolution, growth, and nucleation keep the volume
fraction of each phase to within ±0.1 % of its equilibrium value.

2.2. Simulation of leaching

Fig.1 shows the general algorithm for the leaching model we use. The
cementitious system is hydrated, using exactly the procedures already de-
scribed in [22] to produce a mature simulated paste microstructure. At a
predefined time—100 d of hydration in this paper— hydration is stopped
and the simulation of leaching is started. The entire capillary pore space of
the microstructure, including saturated and empty porosity, is filled at once
with a dilute aqueous solution by extracting the calcium and alkali species.
Ideally, one would like to accomplish this by simply modifying the molar
concentrations of these species in the aqueous solution, but our thermody-
namic model specifies input chemical composition solely in terms of the total
moles of each IC for the whole system. The solution speciation is strictly
an output of the equilibrium calculation, so it cannot be modified directly
as input to the thermodynamic model. Therefore, we adopt a somewhat
roundabout procedure for flushing the pore solution. First, the total mass
of water in the aqueous solution phase is retrieved from the current equilib-
rium state, as are molal concentrations of Ca2+, Na+, and K+. From these
data, we calculate the number of moles of Na+, K+, and SO2 –

4 that must
be removed from the solution to reduce their molal concentrations each to
0.5 mmol/(kg water)or less, a value chosen to avoid numerical instabilities
in the thermodynamic calculations while still enabling significant dilution of
the solution. Next, we determine the number of moles of Ca2+ that must
be removed from the solution to set its molar concentration to a prescribed
value between 0.5 mmol/(kg water) and 20 mmol/(kg water). Finally, we
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calculate the number of moles of OH – that must be removed at the same
time to maintain charge balance. From this information, we set the num-
ber of moles of the elements Ca, Na, K, O, and H corresponding to this
dilution, re-calculate the equilibrium state, and update the microstructure
accordingly. Note that in this dilution process, we ignore the presence of ion
complexes such as CaOH+, CaSO0

4, and NaOH0, which are typically present
in significantly lower concentrations than the lone ions. The net elemental
concentrations of calcium and alkali species will therefore be slightly greater
than what we are approximating by this procedure, but this will have little
impact on the driving force for leaching.

Equilibration of the diluted pore solution with the solids increases the
concentration of calcium and alkali in solution as the solids partially dis-
solve, so the model repeats the process of flushing, re-equilibration, and
microstructure updates until the equilibrium solution composition does not
change appreciably with further cycles. The inevitable loss of solid volume
due to leaching in any one of these cycles is replaced with an equal volume
of water by adding the appropriate moles of H and O before the next cycle.
The actual time associated with each of these leaching cycles would be de-
termined by (1) the time required to exchange the pore solution with fresh
solution, and (2) the time required for the fresh solution to reach equilibrium
with the remaining solids. Either of these processes could, in principle, con-
trol the time scale of a given leaching cycle. In typical leaching experiments,
dilution of the pore solution is accomplished by immersing the cement in a
water bath of fixed composition, so solute diffusion from the interior cap-
illary pore space probably controls the rate of leaching everywhere except
very near the exterior surface, where the rate is likely controlled by mineral
dissolution. The present simulations do not attempt to capture these kinetic
complexities. Instead, we intend only to shed light on the overall course
of degradation of the microstructure without reference to a particular time
scale.

3. Results and Discussion

3.1. Cement paste composition and microstructure development

A Type I ordinary cement (proficiency sample cement 168 from the Ce-
ment and Concrete Reference Laboratory), was selected for these simula-
tions. The cement has a fineness of 408 m2/kg ± 10 m2/kg as measured by
ASTM C 204 [36], with a median particle size of 13.7 µm as measured by
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laser scattering from a dilute powder suspension in isopropanol. The min-
eralogical composition of the cement is shown in Table 1, and is based on
average mass fractions obtained using X-ray powder diffraction with Rietveld
refinement [22].

Virtual pastes based on this cement powder, with w/c of 0.40, 0.45, or
0.50 were constructed using VCCTL software. Sealed hydration of each paste
for 100 d at a fixed temperature of 25 ◦C was simulated using the methods
described in the previous section. The hydrated microstructures were then
subjected to the iterative leaching algorithm. The microstructure, solid phase
composition, and solution composition were tracked continuously during the
simulation.

Fig. 2 shows the course of 3D microstructure development during hydra-
tion and leaching of a simulated paste with w/c = 0.45. The image (b) in this
figure corresponds to the end of the 100 d hydration period. Fig. 3 shows
the evolution of the capillary porosity and solid phases during the hydra-
tion period for the paste with w/c = 0.45, and Table 2 lists the predicted
volume fractions, on a total volume basis, of the porosity, clinker phases,
and hydration products at the end of 100 d for all three pastes. Experimen-
tal measurements of the phase assemblage at this late age are not available
for direct comparison, but experimental measurements at times up to 7 d
have been made on this cement using XRD with Rietveld refinement and
are consistent with the hydration kinetics predicted by this model, as de-
scribed fully in a previous paper that focused on modeling the hydration of
this cement [22].

The capillary porosity in all three pastes decreases rapidly during the first
five days because of the nucleation and growth of solid hydration products
in the solution and on the cement particles. After this initial period, the
porosity decreases at a much slower rate, reflecting the lower rates of hydra-
tion at later ages. Continual decreases in hydration rates are caused in these
simulations by the assumption of the PK kinetic model that formation and
thickening of hydration product layers around the remaining clinker grains
increasingly resists diffusive mass transport between the dissolving grains
and the pore solution.

The primary objective of this paper is to examine the simulation of leach-
ing in mature pastes, so we do not elaborate further on the as-hydrated
microstructures or their properties. Complete details of simulated and mea-
sured hydrated microstructures and properties of this cement are available
elsewhere [22].
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Fig. 2 (c) and (d) show the microstructure of the hydrated paste with w/c
= 0.45 at different stages of leaching, in which one may readily observe the
disappearance of CH and increase in porosity. To analyze the composition
more quantitatively, we begin by plotting the combined Ca/Si molar ratio
of the solid phases as a function of calcium concentration in the leaching
solution. The same kind of plot has been used in previous leaching stud-
ies [13, 17, 24], so Fig. 4 compares the results of our simulations both with
experimental data collected on leaching from multiple studies in Ref. [14]
and with an empirical model, shown as a dashed curve from Ref. [13].3 The
chemical equilibria between the solution and solids were found in our simula-
tions to be effectively independent of w/c ratio over the range studied, as one
would expect. Therefore, all our simulation results fall onto the single solid
curve shown in Fig. 4. The plot confirms that the current leaching simula-
tion results are within the range of the experimental data at every calcium
concentration, although more toward higher Ca/Si values than the majority
of the measurements. However, it is important to note that the experimen-
tal data in the plot were obtained on calcium silicate hydrates composed of
C–S–H gel and, at higher calcium concentrations, portlandite (CH). The cur-
rent simulations were made on portland cement pastes, so our calculations of
the solid phase Ca/Si ratio include not only C–S–H and CH but also small
amounts of other calcium-bearing phases with no silicate component such
as ettringite, monosulfate, and hydrotalcite. As such, one would expect the
current simulations to yield slightly larger Ca/Si values than measurements
obtained on pure calcium silicate systems.

One can discern three major stages of leaching in the shape of the curve
shown in Fig. 4, as described in the Introduction. At the highest calcium
concentrations in solution, about 18 mmol/(kg water) to 20 mmol/(kg wa-
ter), leaching begins by progressive dissolution of solid CH. In Fig. 4 this
is indicated by a decrease in Ca/Si ratio in the solids at constant calcium
concentration. After all the CH dissolves, it can no longer buffer the calcium
and hydroxyl ions in solution. Thereafter, a gradual decrease in Ca/Si ratio
of the solids is observed with decreasing calcium concentration in solution.
We call this behavior intermediate-stage leaching, and it is due primarily to

3The experimental data and the empirical model in the plot express solution concen-
tration in units of mmol/(L solution) instead of mmol/(kg water). At the dilute concen-
trations of the leaching solutions, there is a negligible difference between these two sets of
units.
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decalcification of C–S–H gel. Fig. 5 shows that the volume fraction of C–S–H
decreases steadily during this stage, while every other solid hydration prod-
uct retains a nearly constant volume fraction. If C–S–H was dissolving at
constant composition, the combined Ca/Si ratio of solids would be increasing
because it is the only silicate-bearing phase in the system. Therefore, the
C–S–H itself must be undergoing decalcification so that its Ca/Si ratio of
remaining C–S–H decreases throughout the intermediate stage. When much
of the calcium has been leached from C–S–H, at a solution concentration of
about 2 mmol/(kg water), there is another steep change in solid Ca/Si ratio.
We call this final-stage leaching, and it is observed only at very low calcium
concentrations and low pH. As shown in Fig. 5, the remainder of the C–S–H
dissolves. In addition, the remaining low-solubility calcium phases, ettringite
and hydrotalcite, also become unstable and dissolve.

The solid curve in Fig. 4 shows only the final equilibrium Ca/Si values
after repeated flushing with the leaching solution until the calcium concen-
tration in solution does not change. However, we can also obtain a picture
of how leaching progresses as it approaches equilibrium with a low-calcium
leaching solution. Figures 6 and 7 plot the hydrated phase volume fractions
and the solution concentrations, respectively, as a function of the number of
leaching cycles (i.e., solution flushes) as the hydrated system is repeatedly
flushed with a 0.5 mmol/(kg water) calcium solution. For approximately the
first 2200 leaching cycles, portlandite steadily dissolves while the volume of
every other phase remains constant. Afterward, the intermediate stage is
characterized by a reduction of the calcium-rich end member with Ca/Si =
1.67 together with a partial replacement of its volume by the tobermorite-like
end member with Ca/Si = 0.83. This behavior continues until approximately
4300 leaching cycles (provisional calcium concentration of 2 mmol/(kg wa-
ter)), at which point the calcium-rich end member has dissolved completely
and a smaller volume of the tobermorite-like end member has taken its place.
Immediately afterward, as the provisional equilibrium calcium concentration
decreases from 2 mmol/(kg water), the tobermorite-like end member itself
becomes thermodynamically unstable and begins to dissolve, being partially
replaced in this stage by amorphous silica. The conversion to amorphous
silica is complete by approximately cycle 4800.

We emphasize that the C–S–H solid solution model is not intended to
convey actual structural information about the material. Instead, the solid
solution model is a thermodynamically consistent way to model the compo-
sition of C–S–H and its dependence on the chemical potential of calcium and
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silicates in solution. It has been demonstrated to accurately reproduce such
compositional dependences [30, 31]. More recent efforts have been directed
at improving the correspondence of the solid solution model to the struc-
ture of C–S–H [37]. However, for our purposes in simulating the chemical
degradation by leaching, such correspondence with molecular structure is not
included.

3.2. Diffusivity and conductivity

A 3D finite difference model for solving Ohm’s law on random composite
media [38] was used to calculate the relative DC conductivity, σr, of the
microstructure as leaching progresses. The relative conductivity is defined as

σr ≡
σ

σo
(1)

where σ is the DC conductivity of the paste and σo is the DC conductivity
of the bulk pore solution at the same temperature. By its definition, σr
is a dimensionless quantity that is a property of the microstructure. We
also can define a similar dimensionless microstructure property, the relative
diffusivity, Dr, of any solution component,

Dr ≡
D

Do

(2)

where D is the diffusivity of some solution component in the paste and Do

is the diffusivity of that component in the bulk pore solution at the same
temperature. Moreover, Dr ≡ σr [39], and we state the results that follow in
terms of Dr. In fact, for direct comparison with experimental measurements
of calcium diffusivity in leached pastes by Mainguy [15], we approximate the
effective diffusivity for calcium in the leaching solution by multiplying the
calculated values of Dr by Do for Ca2+ in water at infinite dilution at 25 ◦C,
which is 7.92× 10−10 m2/s [40]. This is known to be a rough approximation
because the effective diffusivity of ions in electrolytes varies considerably with
composition and ionic strength.

In the current simulations, every phase in the microstructure was assumed
to have a relative conductivity of zero except for saturated porosity (Dr = 1
by definition) and C–S–H, which was assumed to have Dr = 0.0025 based on
prior modeling studies using digital image representations of cement paste
microstructure [3, 41]. The changing structure and composition of C–S–H
during leaching may likely influence its value of Dr, but we do not include
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any such dependence for lack of experimental data on the magnitude of such
changes.

Fig. 8 shows the calculated calcium diffusivity for the 0.40, 0.45, 0.50
w/c cement paste plotted against capillary porosity. The open diamonds
are experimental data measured in Ref. [15], and the solid line shows the
following empirical exponential relationship between the effective diffusivity
and the capillary porosity, φ, proposed in that work:

D = e9.95φ−29.08 (3)

The current leaching model agrees fairly well with the experimental mea-
surements, within a factor of two at all points, although it appears to mod-
estly overestimate the diffusivity at larger porosities. The model predictions
appear to be consistent with the observations, considering the likely uncer-
tainties in the reported experimental measurements and the fact that the
cement paste modeled here differs from that used in the experimental work.
In addition, our estimate of calcium ion diffusivity may be too high for leach-
ing solutions with finite ionic strength [42], perhaps by as much as 15 %.

In the plot of diffusivity versus porosity in Fig. 8, the calculated values
for all three w/c ratios fall very nearly on a single curve. The inset shows
that this is not entirely accurate in the intermediate porosities of 0.2 to 0.4
(which is discussed below) but the overall behavior appears to be nearly in-
dependent of w/c. The curve shape in Fig. 8 reveals three distinct regions of
behavior predicted by the model. First, at the lowest porosities (i.e., initial
stage of leaching), log(D) increases fairly linearly with porosity until reaching
a porosity of about 0.20, above which the slope increases. Prior microstruc-
ture modeling studies using digitized images indicate a percolation threshold
in capillary porosity at porosities in this same range [43, 44], and we expect
that the sudden slope change in in Fig. 8 at 0.20 porosity is caused by this
same phenomenon. To confirm this, we used a burning algorithm [45] to as-
sess the connectivity of capillary porosity in the microstructures as a function
of porosity both during hydration (decreasing porosity) and during leaching
(increasing porosity). Fig. 9 shows the fraction of interconnected capillary
porosity as a function of porosity for w/c = 0.50. The porosity clearly passes
a percolation threshold at about 0.20. The influence on relative diffusivity
is most noticeable for the paste with w/c = 0.4 because it is the only paste
that began the leaching process with porosity significantly below 0.18. The
pore percolation threshold is crossed during leaching due solely to the disso-
lution of CH, which leaves relatively large pores behind. Fig. 10 shows the
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volume fraction of the major hydration products as a function of porosity as
leaching progresses. It indicates that CH is not fully dissolved (for a w/c =
0.45) until the capillary porosity is about 0.28. Therefore, the pore percola-
tion phenomenon is a feature of initial-stage leaching, and it has significant
implications for the decreased resistance of the material to additional degra-
dation; once the percolation threshold is crossed, further erosion of the solid
products produce relatively greater changes in the diffusivity.

Bentz and Garboczi [3] reported a significant hysteresis in the percolation
curves when modeling hydration and leaching with digitized microstructure
models, and the effect became more pronounced with decreasing w/c ratio.
In contrast, we observe little if any hysteresis in the curves at any of the three
w/c ratios used in this study; the differences in Fig. 9 for w/c = 0.50 are
typical and similar to those seen in Ref. [3] for w/c = 0.6. We are unaware of
any experimental data to support or refute a significant hysteresis between
hydration and leaching, and the differences in this regard between our model
and that in Ref. [3] can likely be attributed to differences in the stochastic
rules each model uses to distribute CH during hydration [3, 22]. However,
although we observe minor hysteresis in the percolation of capillary porosity
between hydration and leaching, there is a distinct difference between the
calculated relative diffusivity of a hydrated microstructure and the leached
microstructure at equal porosity, both below and above the pore percolation
threshold during the initial stage of leaching. Fig. 11 indicates that, for all
three w/c ratios studied, the leached microstructure exhibits greater relative
diffusivity at any porosity than the hydrated microstructure at the same
porosity. The effect is most pronounced at the lower w/c ratios and at
lower porosities, as much as a factor of five for the w/c = 0.40 when the
porosity is approximately 0.18. This behavior indicates that the pore network
itself, even after crossing the percolation threshold, offers less resistance to
diffusion at any leached porosity than in the hydrated microstructure at
the same porosity. The minor hysteresis in percolation behavior is largely
responsible for this, although we also expect that the pore size distribution
of the interconnected porosity is weighted more toward larger pores during
initial-stage leaching, when only large crystallites of CH are dissolving, than
during hydration.

The second region of interest in Fig. 8 occurs in the porosity range of 0.2
to 0.4, during which an abrupt decrease in the slope of log(D) vs. porosity
can be observed (see inset to Fig. 8). The porosity at which this change
occurs increases with increasing w/c of the paste (e.g., 0.22, 0.28, and 0.32
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for w/c = 0.40, 0.45, and 0.50, respectively, indicated by the vertical dashed
lines). We note that these are the porosities at which portlandite (CH) is
completely consumed by leaching, as shown in Fig. 10 for the paste with w/c
= 0.45. During hydration, CH forms in fairly large domains in the capillary
porosity, so its ongoing dissolution during leaching opens up large pores that
represent fast diffusion paths. When CH is fully consumed, further leaching
of C–S–H happens rather uniformly throughout its finer morphology. The
attending increases in porosity are in the form of finer and more tortuous
pathways, so log(D) increases more gradually with leaching at these higher
porosities. This change of slope therefore corresponds to the transition from
initial-stage leaching (i.e.CH dissolution only) to intermediate-stage leaching
(i.e.progressive decalcification of C–S–H).

The third region of behavior occurs for very high porosities (i.e., intermediate-
stage and final-stage leaching), at which the microstructure is progressively
less able to resist diffusion and D converges to its value for the bulk solution.
As noted earlier, these severely leached materials have very high porosities
and can therefore be expected to be weak enough to easily disintegrate by me-
chanical abrasion. Therefore, it is unclear whether the final stage of leaching
is ever reached in practice before failure of the material.

In comparing the calculated diffusivity values to earlier studies, we note
that, in addition to the experimentally measured values from Ref. [15] shown
in Fig. 8, a recent model of leaching [9] predicted values of D for a “well-
hydrated” portland cement paste (w/c = 0.4), and for the same paste leached
to the point of disappearance of CH, of 2.76×10−12 m2/s and 8.66×10−11 m2/s,
respectively. These values both are comparable to the values calculated by
this model for the paste with w/c = 0.40 (see Fig. 8). More detailed com-
parisons to that study [9] are not possible because that study did not report
values of degree of hydration of the paste and because that study appears to
have assumed a different ranking of phase instabilities after CH dissolution
than the ranking calculated thermodynamically in the current study.

3.3. Young’s modulus

A 3D finite element model tailored for computing linear elastic moduli of
random composite media [38] was used to calculate the changes in Young’s
modulus, E, as a function of capillary porosity, during both hydration and
subsequent leaching. As detailed in Ref. [38], the finite element model uses
the full 3D microstructure as input, representing each voxel as a trilinear
cubic mesh element. Each microstructure phase is assigned a value for its
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Young’s modulus and Poisson ratio; values of these properties for most ce-
ment phases have been generally accepted in the literature and are tabulated
in Ref. [46]. In particular, the Young’s modulus and Poisson’s ratio for C–
S–H are assumed to be 22.4 GPa and 0.25, respectively. These values may
likely depend on C–S–H composition and structure [47, 48], both of which are
changing significantly during leaching, but we lack reliable data for such an
effect. Therefore, for simplicity we assume that the values of C–S–H mod-
uli are fixed. Consequently, we expect that the model predictions of bulk
Young’s modulus may overestimate the actual value in the latter stages of
leaching where severe calcium depletion is likely to compromise the mechan-
ical integrity of the C–S–H gel.

Model calculations of E are summarized for all three w/c ratios in Fig. 12,
where the open symbols are values calculated during hydration and the filled
symbols connected by lines are values calculated during leaching. The figure
indicates significant qualitative and quantitative differences in the depen-
dence of E on porosity during hydration compared to leaching. Specifically,
E increases approximately linearly as the porosity decreases during hydra-
tion, and the slope of the relation is about the same at each w/c ratio. At
a given capillary porosity, the paste with lowest w/c has the greatest pro-
portion of clinker minerals in the solid, which are stiffer than the hydration
products, so the paste with lowest w/c has the greatest E at any porosity.
This behavior is consistent with the results of an earlier modeling study of
the influence of hydrated microstructure on linear elastic properties [46].

The dependence of E on porosity is significantly different during leach-
ing. Fig. 12 indicates that the calculated moduli decrease more rapidly with
increasing porosity during leaching than during hydration. Recall that, when
leaching starts, the paste has been almost fully hydrated, so there is a negli-
gible fraction of clinker phases in the microstructure. Therefore, the elastic
stiffness of the paste is due primarily to C–S–H and CH. CH is the stiffer of
these two phases, having a Young’s modulus of 42.3 GPa [49, 50] compared
to 22.4 GPa for C–S–H [46]. The loss of only CH in the early stage of leach-
ing corresponds to a stronger dependence of E on porosity than is observed
throughout hydration, when mostly C–S–H and some CH is precipitating in
the pore space.

A second noticeable difference in the behavior of E during leaching is
the abrupt decrease in slope at intermediate porosities in Fig. 12. Careful
examination of the figure reveals that this change in slope occurs at a different
porosity for each w/c ratio. In fact, the porosities at which the slope change
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occurs (0.22, 0.28, and 0.32 for w/c = 0.40, 0.45, and 0.50, respectively) are
the same as those observed for the relative diffusivity in Fig. 8. As described
in the previous section, these are the porosities at which CH is completely
leached from the microstructure, and continued leaching to higher porosities
occurs by dissolution of C–S–H, which is more elastically compliant than
CH. Therefore, replacement of C–S–H by porosity has less of an effect on the
composite value of E than when CH is replaced by porosity in the early stage
of leaching. Again, the details of the order in which phases are removed from
the microstructure by leaching has a modest but noticeable influence on the
evolution of transport and mechanical properties of the material.

This subsection and the previous one demonstrate how the evolving mi-
crostructure can be linked to the evolving mechanical and transport proper-
ties of the material, by direct input of the digital image microstructures in
finite difference and finite element models that can compute the relative con-
ductivity (or diffusivity) and linear elastic moduli, respectively. As expected
qualitatively, the relative diffusivity increases and Young’s modulus decrease
with increasing extent of leaching, both trends being directly attributable to
increases in capillary porosity. However, these properties have a distinctly
different dependence on porosity during hydration, when the porosity is de-
creasing, than during leaching. These differences can be attributed to the
physics of the two processes: hydration in its latter stages occurs by a gradual
infilling of the smallest capillary pores by C–S–H, aluminosulphate phases,
and portlandite, whereas the early stages of leaching are characterized by the
formation of larger pores by the removal of large portlandite masses.

3.4. Leaching Kinetics

As a first step, this study has modeled leaching as a sequence of quasi-
static steps from one equilibrium state to another by successive flushings
of the pore solution with a dilute leaching solution. During each flushing
step, the system was allowed to reach equilibrium before the next flushing
step occurred, without regard to the length of time associated with that
equilibration. However, in future studies it should be possible to model the
kinetics of leaching more directly by accounting for the kinetics of dissolution
of the solid phases. For example, early stage of leaching is characterized
primarily by the dissolution of portlandite, so the time associated with each
flushing cycle could be linked with the time required for dissolution of the
amount of portlandite needed to achieve equilibrium with the pore solution.
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The dissolution rate can be estimated by a classical first-order rate law,

Ṅ = kS(1− Q

K
) (4)

where Ṅ is the molar dissolution rate of portlandite, k is the dissolution rate
constant (about 6.3 µmol/m2/s for portlandite [51]), S the reactive surface
area of portlandite, Q is the ion activity product {Ca2+}{OH−}2, and K
is the solubility product for the reaction Ca(OH)2 −→ Ca2+ + 2 OH−, about
6.31× 10−6. The dissolution rate of portlandite could therefore be estimated
by interrogating the microstructure to determine S. The value ofQ is initially
determined by the composition of the flushing solution at the beginning of
each flushing cycle, but will gradually asymptote to K as equilibrium is
approached. In like manner, the kinetics during the latter stages of leaching
could be estimated by using estimates for the calcium leaching rate constant
and solubility product of C–S–H.

3.5. Relation to Existing Leaching Models

Sophisticated computer models are available for predicting the perfor-
mance and service life of concrete structural elements [52]. However, these
kinds of models are macroscopic reaction-transport models that do not re-
solve the structure of the material either at the aggregate or cement paste
scale. The connection of these models to material properties is therefore nec-
essarily based on significant calibration to experimental data that establish,
for example, the dependence of the transport properties on porosity. A mod-
eling approach like that described here, which resolves structure-property
relationships at the cement paste scale, offers an attractive supplement to
macroscopic service life prediction models because it can calculate local mi-
crostructure, elastic properties, and transport properties at selected critical
locations in the larger element. That is, the spatial distribution of impor-
tant properties can be calculated and updated throughout the life of a con-
crete structure exposed to aggressive chemical environments. In this sense,
the current modeling approach is not only a valuable tool for understand-
ing microstructure-property relationships during chemical degradation, but
also represents a “virtual microprobe” that can be used within the context of
larger software packages for service life prediction, especially when the model
has been enhanced to include portlandite dissolution kinetics as described
earlier. In addition, the same ideas can be applied to simulate other degra-
dation phenomena, such as sulfate attack, carbonation, and chloride binding
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in portland cement binders. The microstructure model and the thermody-
namic database already include the necessary information on phases such as
Friedel’s salt and brucite that characteristically form during these kinds of
chemical attack. The growth forms and spatial distribution of these phases
will need to be calibrated in the microstructure model based on compari-
son to experimental examination of microstructures with scanning electron
microscopy or X-ray computed tomography, but the modeling approach it-
self should still be valid and could result in a generalized tool for simulating
degradation in generalized service conditions.

4. Conclusion

We have demonstrated how a model which couples geochemical ther-
modynamic equilibrium calculations with a model of 3D cement paste mi-
crostructure can be applied to simulate both hydration and leaching of a
Type I portland cement concrete binder. The simulations agree with prior
studies that leaching of portland cement pastes occurs in three stages, begin-
ning with the dissolution of portlandite, which can buffer the solution with
respect to calcium at about 18 mmol/(kg water) until it is fully consumed
(Stage 1). After the dissolution of portlandite, this buffering capability is lost
and further leaching occurs by loss of C–S–H and a reduction in its Ca/Si
molar ratio (Stage 2). Ultimately, when most of the calcium has been re-
moved from C–S–H, at about 2 mmol/(kg water), the model indicates that
the remaining low-solubility calcium-bearing phases such as ettringite and
hydrotalcite become unstable and dissolve, leaving behind an amorphous sil-
ica remnant of the original C–S–H as the only solid phase (Stage 3). If
exchange between the leaching solution and the interior is slow enough that
the pore solution can reach provisional equilibrium with the solid phases, the
dissolution of ettringite and the remaining calcium in C–S–H can promote
a transient driving force for precipitation of gypsum, although one expects
this phenomenon to be quite brief.

In addition to simulating microstructure changes due to leaching, we have
also applied finite element and finite difference models directly to the mi-
crostructures to calculate the changes in the elastic moduli and relative dif-
fusivity of the binder, respectively. The calculated values of these properties,
and how they change with progressive leaching, generally agree with measure-
ments reported in the literature. Therefore, the current model provides an
explicit link between the chemical driving forces for microstructure changes

19



and the consequences for material performance. Furthermore, the same ther-
modynamic database and microstructure modeling algorithms can be applied
to simulate other degradation phenomena such as sulfate attack and carbon-
ation. Current research to link the microstructure evolution to a physical
time scale, by modeling the dissolution kinetics of portlandite and the rate
of solute transport out of the system, should make this modeling approach
useful as a virtual microprobe for calculating time dependent changes in lo-
cal properties of structural elements in the context of macroscopic models of
service life prediction.
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Figure 2: Microstructure development of hydration calculated by THAMES for a paste
with w/c = 0.45: (a) initial microstructure; (b) hydration for 100 d (97 % degree of
hydration); (c) leached until disappearance of portlandite; (d) continued leaching until
equilibrium Ca concentration of 3 mmol/(kg water). Phase colors are C3S = brown, C2S
= light blue, C3A = dark grey, C4AF = white, C–S–H = beige, CH = dark blue, calcite
= green, ettringite and monosulfate = olive, hydrotalcite = light grey, capillary porosity
= black.
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Figure 3: Solid phases in the cement paste (w/c = 0.45) during the 100 d hydration period,
prior to leaching. (a) Capillary porosity and clinker phase volume fractions; and (b) major
solid hydration products C–S–H, CH, ettringite, and monosulfate.
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Figure 4: Calcium equilibrium between pore solution and solid phase, plotted as the
equilibrium Ca/Si molar ratio of solids as a function of the total calcium concentration
in solution. The solid curve is the current model’s results; the dashed curve is predicted
by Berner’s model [13] for incongruent dissolution of C–S–H; points are measured by
experiments on dissolution in pure calcium silicate systems as recorded in Ref. [14].
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Figure 5: Equilibrium relationship between volume fraction of solid phases and total
calcium in solution.
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Figure 6: Predicted mass change of solid phases with increased leaching of a paste with
w/c = 0.45.

33



Figure 7: Predicted changes in provisional equilibrium solution concentrations at the end
of each leaching cycle for a paste with w/c0̄.45.
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Figure 8: Effective diffusivity of the leached cement paste as a function of capillary poros-
ity. Experimental measurements on a different portland cement paste with w/c = 0.4 and
leached at 20 ◦C (open symbols) and an empirical model based on the same data (straight
line), are taken from Ref. [15] and shown for comparison purposes only.
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Figure 9: Fraction connected of capillary porosity versus capillary porosity for w/c = 0.50
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Figure 10: Volume fraction evolution of each phase as a function of porosity for w/c =
0.45.
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Figure 11: Effective diffusivity of cement pastes during hydration and leaching as a func-
tion of capillary porosity.
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Figure 12: Calculated Young’s modulus as function of porosity
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Table 1: End member compositions, molar masses, and molar volumes used in the C–S–H
solid solution model [30].

End Member Composition Molar Mass Molar Volume
(kg/mol) (10−5 m3/mol)

Amorphous Silica S 0.0609 2.9
Tobermorite-like C–S–H (Si-rich) C0.833SH1.333 0.1308 5.87

Jennite-like C–S–H (Ca-rich) C1.667SH3.833 0.2256 11.28
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Table 2: Mineralogical composition of the simulated cement.

Phase/Mineral Name Mass Fraction (%)
C3S 54.5
β-C2S 15.7

C3A (cubic) 8.0
C4AF 7.0

Bassanite (hemihydrate) 2.25
Anhydrite 0.19
Arcanite 1.07

Langbeinite 0.45
Aphthitalite 1.33

MgO (periclase) 3.2
CaCO3 (calcite) 1.1

Present as solid solution in clinker phases
Na2O 0.11
MgO 0.7
SO3 0.77
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Table 3: Predicted volume fractions of porosity and solid hydration products at the end
of the 100 d hydration period for cement pastes with w/c = 0.40, 0.45, and 0.50.

Volume Fraction
Phase/Mineral Name w/c = 0.40 0.45 0.50

Capillary pores 0.089 0.139 0.186
C3S 0.015 0.012 0.010
β-C2S 0.017 0.016 0.015

C3A (cubic) 0.003 0.003 0.003
C4AF 0.005 0.004 0.004
C–S–H 0.456 0.428 0.403

CH 0.198 0.183 0.170
Ettringite 0.024 0.044 0.058

Monosulfate 0.093 0.077 0.065
Calcite 0.031 0.029 0.027

Hydrotalcite 0.068 0.064 0.059
Degree of Hydration 0.897 0.901 0.905
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