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The properties of cementitious materials depend on the proportions
of unhydrated phases, hydrated phases, and pore volumes in the
paste. The Powers-Brownyard model (PB model) has been used
to estimate these volumes for ordinary portland cement (OPC)
as a function of degree of hydration. However, the PB model
was not developed for systems containing supplementary cemen-
titious materials (SCMs). This work combines the PB model and
thermodynamic calculations to predict capillary and gel porosity,
chemical shrinkage, and the volumes of all hydrated and unhy-
drated phases for OPC-SCM pastes. SCM reactivity is a dominant
factor in predicting the hydrated paste phase and pore volumes
in OPC-SCM systems. Pore refinement occurs with increasing
SCM reactivity, and the proportion of gel pores relative to solids
increases from Powers-Brownyard assumptions when SCM is used.
The proposed model provides additional information on unreacted
and reacted phase volumes.

Keywords: porosity; Powers-Brownyard model; supplementary cementi-
tious material (SCM); thermodynamic modeling.

INTRODUCTION

Replacement of ordinary portland cement (OPC) by supple-
mentary cementitious materials (SCMs) in concrete provides
a host of environmental, economic, and performance bene-
fits.!> Powers and Brownyard developed a model to predict
the volume of hydrated products.> However, this model was
limited to OPC and does not apply to OPC-SCM systems.**

The Powers-Brownyard model (PB model) is a relatively
simple, yet powerful tool that can be used to determine
the volumetric relationships between unhydrated cement,
water, and the hydrated products of cement as a function of
cement hydration®. The PB model has been used to predict
properties of concrete including strength,’ freezing-and-
thawing resistance,'? shrinkage and creep,'' and transport.'
However, the PB model does not provide information on
the exact hydrated solid phase compositions, pore solution
composition, or pore solution alkalinity.!! Further, the PB
model is generally limited to OPC systems, although there
have been prior attempts to apply it to SCMs. >3

It has been previously shown that the PB model can be
coupled with thermodynamic calculations and kinetic
models for OPC pastes to overcome some of these described
limitations.!! Thermodynamic modeling can predict the
volumes of unhydrated and hydrated solid phases and ionic
concentrations in pore solutions of cementitious systems.
On the other hand, the PB model can describe the volumes
of different pores in the system (that is, gel and capillary
water contents). Therefore, there is significant benefit of this
coupling approach to provide more comprehensive infor-
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mation about the hydrated products and pore structure of a
wide variety of cementitious systems. However, OPC-SCM
pastes present additional challenges when compared to
systems that only contain OPC binder. While it is established
that SCMs react more slowly than OPC, the precise degree
of reactivity (DoR) of an SCM is not easily obtained exper-
imentally,'® and there are presently no analytical models to
accurately predict it.'®!”

The present work demonstrates a method to extend the
PB model with thermodynamic calculations to interpret
pore volumes and predict detailed hydrated and unhydrated
phase volumes in OPC-SCM systems. The model presented
in this paper (the “pore partitioning model”) addresses the
reactivity-related challenges of the OPC-SCM systems by
treating cement degree of hydration (DoH) and SCM DoR
separately and by providing simulations for a range of SCM
DoR. The model provides information to clarify and sepa-
rate the effects of SCM replacement volume, SCM reac-
tivity, and chemical composition of the binder on resulting
phase assemblages and porosity in OPC-SCM systems as a
function of DoH. This information can be used to both aid in
the design of OPC-equivalent mixtures and in the selection
of SCMs based on the salient factors driving the evolution
of the paste properties, rather than relying solely on binder
chemical composition.

RESEARCH SIGNIFICANCE

This work extends the work of Powers-Brownyard using
thermodynamic calculations to predict capillary and gel
porosity, chemical shrinkage, and volumes of hydrated and
unhydrated phases for OPC-SCM systems. The present model
fills a critical knowledge gap by combining thermodynamic
principles with established cement kinetics to provide detailed
pore and phase volume data that can potentially be used to
design pastes that are optimized for properties such as strength,
freezing-and-thawing resistance, shrinkage, and creep. This
data could be used to elucidate structure/property relations
of hardened concrete, and to model transport properties of
concrete produced with SCMs, much like the PB model does.
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MODELING APPROACH
The following sections describe the background for
the models used in the pore partitioning model. The theo-
retical foundation of this model includes the PB model,
OPC hydration kinetics, SCM degrees of reactivity, and
thermodynamic modeling.

PB model

The classic PB model® enables the computation of phase
volumes. Specifically, this includes unhydrated cement
volume (V.), gel solids (Vg), gel water (Vg,), capillary
water (V,,), and chemical shrinkage (V). The PB model
assumes that the phase volume amounts are linearly related
to the DoH, and that the gel water is 19% of the gel solids.
A salient feature of the PB model is that ultimately all
predicted volumes depend only on the water-cement ratio
(w/c) and porosity. The model is discussed at length in prior
works.”!®!1” The normalized phase volumes are calculated
in the pore partitioning model using the PB model. The PB
model is defined by the following equations

Ve=(1-p)(1-a) (la)
v, =(1-64x10%)p, +023P< (1= pya  (1b)
P,

V. =019 (1= p)o (1c)

gw
v, =p-042P (1= pa (1d)
Ve =6.4x107p(1 — p)a (le)

/
wlc+ <
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where p is the volume fraction of initial porosity of the paste;
a is degree of hydration (%); w/c is the water-cement ratio
(kg/kg or Ib/Ib), p, p,, are the densities of cement and density
of water (kg/m3 or 1b/in.%), respectively. In the PB model, the
gel water content (g/g or in.3/in.%) is approximately 0.19 g/g
(or 0.60 in.*/in.%) of reacted cement.

OPC hydration kinetics

The Parrot and Killoh model?*?! is used to account for
the hydration kinetics of OPC. The pore partitioning model
uses the Parrot and Killoh model to calculate the dissolu-
tion rate and DoH of major cement phases. The Parrot and
Killoh model was developed for OPC and is not applicable
for SCM-blended systems. Therefore, it was used to deter-
mine the ratios of the dissolved cement phases only.

The Parrot and Killoh model describes cement hydra-
tion as a diffusion-controlled process, where the rate is
constrained by the slowest clinker phase hydration rate at
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time ¢. This rate then controls the nucleation, growth, and
ultimately diffusion processes

E(1 1

(xph(t):j min{%rph,lrph,erh,3}fw/bBHe[R[ToTD dt  (2a)

where 0,,(7) is the degree of hydration of each phase at time
t (days); rpp,; (i = 1,2,3) is the dissolution rate of each phase
due to nucleation (Eq. (2b)), diffusion (Eq. (2¢)), and growth
(Eq. (2d)); f.» 1s a function to account for the effects of water-
binder ratio (w/b), based on the total degree of hydration
of the system as a weighted average of all phases; By is an
empirical parameter that accounts for the effects of relative
humidity; 4 is the Blaine surface area (m*kg [ft*/Ib]), 4, is
the reference Blaine surface area (385 m*kg [1879.7 ft*/1b]);
E; is the activation energy for cement phase dissolution rates
(J/mol or btu/mol); R is the universal gas constant (8.314 J/
mol-K [4.38 x 1073 btu/mol-°F]); T} is the reference tempera-
ture (298.15 K [77°F]), and T is the temperature at which the
analysis is performed. Ultimately, the Parrot-Killoh model
accounts for the time dependent kinetics in OPC. The rates
of dissolution are calculated as follows

o = i (1=, 0)(~In(1~0t,, (1)) " (3a)

ph,1

K

—_— ph2i(1-0,, () (3b)
" =y(-0,0)

Tz = Kpn3(1 = 04,(1))P"3 (3¢)

where K,,; and N,,;,; (i = 1,2,3) were defined by the Parrot
and Killoh model and later refined by Lothenbach et al.?!-?
These rates are dependent on the degree of hydration of each
phase in the cement paste. The dissolution of other oxides
(for example, Na,O) are modeled proportionally with DoH.

Thermodynamic model

Thermodynamic modeling is used in the pore parti-
tioning model to independently predict phase composition
and chemical shrinkage of OPC-SCM pastes. Thermody-
namic calculations are performed using GEMS3K,* which
is an open-source software based on the Gibbs free energy
minimization technique. The CEMDATA (Version 14.01)
thermodynamic database is used in this work,?!?2243* and
the high volumes of thermodynamic computations were
performed with the aid of a Java program developed by
the authors to automate the GEMS3K calculations and the
Parrot and Killoh OPC kinetics calculations. GEMS3K
simultaneously computes the molar amounts of dependent
components (molecules and ions), their activities, and the
chemical potentials of the system. The software output
includes information on all stable solid, aqueous, and gas
phases. The Gibbs energy minimization algorithm employed
by GEMS3K first calculates the molar Gibbs free energy of
each of the components in the OPC and SCM as a function
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of pressure and temperature. The equilibrium state at that
pressure and temperature is then determined by the global
minimum of the total system’s Gibbs energy. In this way, the
software determines the unknown phase assemblages and
speciation of phases produced by the OPC and SCM reac-
tions by minimizing the total Gibbs energy of the system,
while maintaining the system mass balance. Detailed
descriptions of GEMS3K-CEMDATA and the Gibbs energy
minimization technique are presented in other works.?*-

Pore partitioning model

The pore partitioning model synthesizes the approaches
described in Sections 3.1 through 3.3 to model detailed
phase volumes, porosity, and pore solution chemistry in
OPC-SCM systems. The main assumptions and the steps of
the model are described in the following.

Assumptions and modeling process—Dissolution rates of
the OPC phases and DoH are calculated using the Parrott-
Killoh model. However, because no widely accepted
empirical model to describe SCM kinetics exists, the pore
partitioning model assumes a uniform dissolution for SCM
oxides. In other words, the same DoR is applied to all
oxides of a given SCM, which is an assumption that can be
improved in future work as more information on SCM and
cement oxide dissolution rates becomes available.’**” For
purposes of this model, a wide range of SCM DoRs were
simulated to capture the variability in composition, particle
size, crystallinity, and other factors that are known to cause
variations in the reactivity of SCM.

Thermodynamic modeling is then performed using
GEMS3K to calculate phase volumes and assemblages, as
well as the total amount of water released from major phases
at each degree hydration. The pore partitioning model blocks
hydrogarnet phases from the output because these phases
do not form at standard temperature and pressure in OPC
systems during typical service life periods.!! As a result, it
is also assumed that these phases will not form in blended
systems. Due to the limited early-age reactivity of SCMs and
imprecise kinetics rules for these systems, early ages (that is,
DoH < 30%) are not modeled.

At each step in the analysis where the w/b, DoH, and DoR
are fixed, thermodynamic calculations are performed using
GEMS3K, which independently computes the hydrated
phase volumes (solid and aqueous), as well as pore solution
composition, at any given stage of hydration.

Gel water calculations—The thermodynamic modeling
cannot independently distinguish between gel water and
capillary water but it does provide the amount of water that
remains in each system following hydration and reaction. It
also provides the amount of water that is chemically bound to
each phase following reaction. Although there is no distinc-
tion between gel and capillary water in the thermodynamic
calculation itself, it is known that only certain hydrated solid
phases will contain gel water. !

The pore partitioning model computes gel water (the
liquid water/pore solution contained in gel pores) as being
comprised of two parts: the water that is released by major
phases upon heating to 100°C (ettringite, monosulfate,
hydrotalcite), and the portion of water that remains in small
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pores of the hydrated product (that is, “gel”) following
hydration and reaction. Gel water calculation is a multistep
process that follows the following steps:

1. The calculation of released water from the major phases
using'!

" ph niHi,ph

vV,
Vv H,0

w,released = 4 V

(4a)

where V', eeasea 1S the normalized released water volume from
all phases (m*/m? or ft¥/ft%); i is the index corresponding to
a particular phase; n,ph is the number of phases; »; is the
number of moles of the respective phase, H;,, is the number
of water molecules in each phase; and Vy, is the molar
volume of water (18.015 x 10° m3/mol [632.2 x 107 ft*/
mol]); and ¥, is the total volume of the initial system (m?),
including water and unhydrated and unreacted material. The
phases which release water are ettringite, monosulfate, and,
when present, hydrogarnet and hydrotalcite. The “release”
of water occurs when the cement is dried to 0% humidity.
Because the high temperatures that result from hydration
reactions can cause these phases to lose water when at a
relative humidity of <80%, it is assumed for purposes of
this calculation that all of the water bound to these phases
is released.

The total volume of gel water in the system will be related
to the total volume of C-S-H in the system. For that reason,
total C-S-H volumes are calculated as follows

2. The calculation of total C-S-H volumes

— zizl ni (VC-S-H )i (4b)
\%

t,init

VC -S-H

where Vs is the normalized volume of total C-S-H in the
system (m*/m? [ft*/ft’]) which, according to the thermody-
namic database (CEMDATA), is comprised of the following
four variants: Jennite (Types D and H) and Tobermorite
(Types D and H) based on calcium-to-silica ratio (C/S)'; n
is the number of moles of variant i C-S-H (m*/m?® [ft¥/ft]);
(Ves-)ni 1 the molar volume of type n, C-S-H; and 7 is the
variant of C-S-H.

To apply the PB calculations of gel water volumes to
OPC-SCM, a constant, B, is introduced. The constant modi-
fies the PB gel water volume predictions with the additional
data provided by the pore partitioning models’ thermo-
dynamic calculations. The constant § is the amount of gel
water predicted by the PB model for OPC (that is, 19% of
gel solid volumes) reduced by the volume of released water
by the major phases, all taken as a ratio of the total volume
of C-S-H predicted by the thermodynamic calculations.
This approach allows for more precise calculation of gel
water volumes for OPC-SCM because it accounts for ther-
modynamically calculated volumes of C-S-H. This exten-
sion of PB for gel water volume calculation is important in
OPC-SCM systems because C-S-H phases comprise a major
portion of the hydrated phases and, consequently, contain a
major part of the gel pores, that contain the gel water.

3. The calculation of the constant, 3
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Table 1—Chemical compositions of SCMs and OPC used in this study (mass %)3%48

Si0, ALO; Fe,03 CaO SO; NayOq MgO
FAF 51.60 22.64 8.89 7.55 0.73 1.06 1.64
FAC 39.04 19.79 5.67 21.43 1.65 3.52 4.63
Slag 35.23 10.72 0.86 38.65 1.52 0.31 10.75
CsS” .S GA” C4AF” SOs NayOqq MgO
OPC 61.43 14.20 6.94 10.20 332 0.18 225

“Cement chemistry notation is used for cement phases (C is Ca0, S is SiO,, A is Al,Os, and F is Fe,05).

-V
gw,PB released
= —gwPhrelewsed 4c
B ” (4¢)

C-S-H
where Vy,, pp is the volume of gel water calculated for OPC
from PB using Eq. (1) (m? [ft*]). Note that this calculation
is performed for the base OPC system and the calculated 3
is then assumed to remain constant when a part of cement is
replaced with SCM. The PB equation for gel water volume
is used as a baseline to establish the relationship between
gel water volume and the volume of reacted material in an
OPC system. This information is used in conjunction with
the volume of C-S-H calculated by Eq. (4b), and the water
released from other hydrated phases calculated by Eq. (4a),
as obtained from the thermodynamic modeling,'' to compute
a constant value, which is used in the final step of the gel
water calculation.

4. The calculation of total gel water volume (m? [ft’]) of
the OPC-SCM system

ng = V;‘eleased + BVC-S»H (4d)

Capillary water calculations—The balance of the water in
the system is assumed to be capillary water. The pore parti-
tioning model calculates capillary water volume (m* [ft*])
as follows

Vcw = Vw - (ng - Vreleaxed) (5 )

where V., is capillary water (m® [ft*]); V,, (m® [{t®]) is excess
unreacted water from GEMS3K.

Unreacted material and chemical shrinkage calcula-
tions—The pore partitioning model computes the volumes
of unhydrated and unreacted material as well as chemical
shrinkage algebraically based on the thermodynamic results
and normalizes these results by total initial system volume.

ANALYSIS

The pore partitioning model was used to simulate blended
mixtures of OPC Type I with Class C fly ash (FAC), Class F
fly ash (FAF), and slag at a w/b of 0.42. SCM and OPC
chemical compositions were obtained as typical values from
literature’®*® and are summarized in Table 1. Blaine fineness
of the cements was assumed to be 375 m¥*kg (1830.90 ft%/
Ib), and the water density was assumed to be 1000 kg/m?
(62.43 1b/ft®). All calculations were done at room tempera-
ture (that is, 23°C [73.4°F]).

Because SCM reactivity is a major factor in the evolu-
tion of hydrating paste phases, the pore partitioning model
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was run for multiple DoR and SCM replacement levels to
capture trends and separate effects of SCM replacement
level, SCM reactivity, and SCM chemical composition on
paste properties.

First, the pore partitioning model was compared to the
classic PB model for plain OPC. Slag, Class C fly ash (FAC),
and Class F fly ash (FAF) were then added to the model and
presented in the familiar “Powers-Brownyard” format for
reasonable reactivity (40%, 20%, and 20% for slag, Class
C, and Class F fly ash, respectively) and replacement (40%
by volume) levels,* to describe the influence of the chem-
ical composition of the binder on phase and pore volumes
of the hydrating pastes. To further clarify the influence of
SCM composition on the density and gel pore structure of
the cement, gel water/gel total ratios (that is, gel water/(gel
solids + gel water)) were calculated and compared to the PB
model’s constant value of 0.28.

The influence of SCM replacement volumes on important
paste phases (gel solids, C-S-H, and C-S-H C/S) are shown
to elucidate how variable SCM replacement levels influence
the hydrating paste. The role of SCM reactivity on important
paste properties such as pore size distribution, and the
volumes of gel solids and unreacted materials were evalu-
ated using the pore partitioning model.

RESULTS AND DISCUSSION

Model validation for OPC

Figure 1 illustrates the changes in the phase volumes as
a function of the degree of hydration for OPC with w/b of
0.42. The results of the pore partitioning model (Fig. 1(b))
are compared with the PB model (Fig. 1(a)). It can be seen
that the two models show good agreement for the OPC paste
at all degrees of hydration. Phase volumes, porosity (gel
and capillary), and chemical shrinkage values are nearly
identical for the two models. The only major difference
is that the pore partitioning model shows that hydration
ceases at a DoH of 95%, whereas the PB-modeled system
fully hydrates (that is, DoH of 100%). This discrepancy is
minor and is likely a consequence of the fact that the PB
model is based on systematic empirical investigations of
the reactions of multiple cement types (based on cements
from the 1940s) and water, whereas the pore partitioning
model’s thermodynamic component incorporates the chem-
ical composition of the OPC in the calculations. Addition-
ally, the PB model assumes a constant value for chemical
shrinkage (6.5 mL/100 gram [1.8 in.%/Ib] of cement reacted),
while the pore partitioning model shrinkage results are also
a function of paste chemical composition. The chemical
composition of the cement will influence the specific hydra-
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Fig. I—Changes in phases as function of degree of hydration
Jfor OPC with w/b of 0.42: (a) Powers Model; (b) Pore Parti-
tioning Model; and (c) Pore Partitioning Model (detailed
phases).

tion products that are formed, as well as the pore structure of
the hydrating pastes.’%>!

A major benefit of the thermodynamic approach used in
the pore partitioning model is that detailed phase assem-
blages can be predicted for the unreacted and hydrating
pastes. Figure 1(c) shows this breakdown for the plain OPC
system as a function of the degree of hydration, as predicted
by the pore partitioning model. Precise information on the
volumes of phase assemblages has an important implica-
tion for modeling: the data provided by the thermodynamic
calculations can be used to modify and refine the calcula-
tions of the PB model (such as those for gel water) based
on the ability to compute the volumes of water bound to
each phase (for example, C-S-H and other gel solids). The
detailed phase assemblage information is also useful for
practical purposes. For example, because C-S-H is funda-
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mental to strength development and durability of a concrete,
it is helpful to be able to quantify the volume of C-S-H in
a hydrating paste. Similarly, the ability to predict the CH
phase is critical in the assessment of a concrete mixture’s
resistance to steel corrosion®? or salt damage.> In addition,
pH and pore solution conductivity data provided by the ther-
modynamic calculations are useful for prediction of durabil-
ity-related properties of the hardened pastes.

Agreement between the pore partitioning model and PB
has been established for the calculation of total gel volumes
of OPC pastes, which is a critical factor in resistance to
carbonation and chloride ingress.** While the PB model
predicts a constant value of 0.28 for the gel water/gel total
ratio, the pore partitioning model predicts a constant value of
0.27 in OPC (Fig. 2). This is due to slightly higher gel solid
volumes predicted by the pore partitioning model (Fig. 1(b)).
The discrepancy is minor and likely a result of the consid-
eration of chemical composition in the pore partitioning
model. Overall, it can be concluded that the pore partitioning
model shows good agreement with the PB model for OPC.

The pore partitioning model was used to simulate phase
and pore structure in pastes containing different SCMs, with
different chemical compositions. OPC systems with replace-
ment by slag, FAC, and FAF were simulated to evaluate and
separate chemical effects from dilution effects. The chemical
composition of the binder will influence the specific hydration
products formed, as well as the pore structure of the pastes.
The replacement of OPC by SCM results in a change in the
binder chemical composition as compared to plain OPC.

The addition of slag, FAF, and FAC to the pore partitioning
model shows exactly how phase and pore volumes change
in the hydrating pastes when 40% (by volume) of the OPC
is replaced by these SCMs as shown in Fig. 3. To simplify
the comparisons, DoRs representative of previously reported
literature values are used. The DoR of slag is modeled at
40%, FAC at 20%, and FAF at 20%.%>7 There are striking
differences between the phase and pore volumes of OPC
pastes versus OPC-SCM pastes as shown in Figures 2 and 3.
The volumes of gel solid are considerably lower in all of the
OPC-SCM systems as compared to OPC. This is due in part
to the lower assumed reactivity of the SCMs, and the fact
that as a consequence of this lower reactivity, the OPC-SCM
systems all have roughly 20% of the total volume comprised
of unreacted material at a DoH of 100%, whereas the OPC
system is assumed to fully hydrate. Hence, gel solid volumes
will be higher for OPC-SCM if the SCM fully reacts, as
illustrated in Fig. 4. Similarly, the capillary water volumes in
the OPC-SCM pastes are higher than OPC: again, due to the
lower assumed reactivity of SCM relative to OPC. Despite
these heterogeneities, chemical shrinkage volumes are only
slightly lower in OPC-SCM pastes than plain OPC. These
lower chemical shrinkage values in OPC-SCM systems
relative to OPC are expected: SCMs react slower than OPC
hydrates, which results in lower chemical shrinkage values.
This is also why the OPC-slag chemical shrinkage values are
higher than the OPC-fly ash values: slag reactivity is greater
than FAC or FAF.

Although the model results for the pore volumes in plain
OPC versus OPC-SCM pastes are noticeably different, the
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Fig. 2—Gel water/(gel water + gel solid) ratio for OPC and OPC-SCM systems. Simulations were done for w/b of 0.42 and at

40% (vol) SCM replacement.

differences in phase and pore volumes between the modeled
OPC-SCM systems are not as striking, despite clear differ-
ences in the SCM chemical compositions. In other words,
although the modeled SCM chemical compositions are
different from one another, the model results for all of the
OPC-SCM systems are more similar to each other than they
are to OPC. Gel solid, gel porosity, and capillary porosity
volumes are almost identical in the OPC-FAC and FAF
systems. Similarly, these volumes are closer in value to
OPC-slag than OPC-slag is to plain OPC. This suggests that
chemical composition is not the only influence on the perfor-
mance of a mixture. This is an important finding, because
ASTM C6188 considers SCM chemical composition one of
the deciding factors in whether certain SCMs are considered
be in “in-specification” and hence useable for replacing OPC
for use in concrete production.

Reviewing the model outputs for OPC-FAF (Fig. 3(b)) and
OPC-FAC (Fig. 3(c)), it is observed that chemical shrinkage,
phase, and pore volumes are nearly identical. The OPC-slag
(Fig. 3(a)) differs slightly from the OPC-fly ash pastes in that
more of the binder reacts; hence, there are lower capillary
water and higher gel volumes. Nevertheless, the OPC-slag
paste is more similar to OPC-fly ash than to plain OPC in
terms of the percent of gel solids, gel porosity and capillary
porosity, as well as chemical shrinkage.

The differences between OPC and OPC-SCM pastes are
also apparent in the gel water volume ratios ((gel water)/
(gel water + gel solid)) of the pastes (Fig. 2). Whereas the
gel water volume ratios in OPC systems are a constant value
of 0.27, the OPC-SCM values range from 0.41 to 0.34 and
tend to decrease as the systems hydrate. The decrease in this
ratio is partly due to the fact that DoR is kept constant in
the pore partitioning model as DoH increases. However, this
may also indicate a change in the proportion of gel pores
relative to overall gel as the OPC-SCM pastes hydrate. This
interpretation is supported by the pore partitioning model
results, which show a shift from short to long chained
C-S-H variants as the pastes hydrate (Fig. 4, 5, and 6). In

210

general, however, the higher gel water volume ratios in the
OPC-SCM pastes are reflective of the lower volumes of gel
solids in these systems. This is expected because SCM reac-
tivity is lower than cement degree of hydration.

Influence of SCM replacement level

The dilution of OPC by SCM can influence the hydration
products formed in the paste.”® The SCM itself is known to
create nucleation sites for the growth of hydration products,
notably C-S-H.>-¢!

Figure 4 shows how total gel solid volumes for FAF and
slag compare at replacement levels of 20, 40, 60, and 80%
as a function of both DoH and DoR, and Fig. 5 and 6 show
the particular C-S-H composition formed in these systems
for the same replacement levels. As noted earlier, the calci-
um-to-silica (C/S) ratio of C-S-H changes as replacement
levels increase, transitioning from the low-C/S C-S-H to
high-C/S C-S-H variant as volumetric replacement levels
increase. This may have important implications because the
C-S-H structure impacts the final compressive strength of
the hardened cement.®? A lower C/S ratio is associated with
improved durability and strength gain in hydrated pastes:
prior experimental work has shown that a low (<1.5) C/S
C-S-H characteristic of OPC-SCM mixtures binds alkali
better than the higher C/S C-S-H typically found in OPC
systems.®® Higher alkali binding in pastes can reduce the
potential for reactions with reactive aggregates. Similarly,
compressive strength has also been shown to increase as the
C/S of C-S-H in cement decreases below 1.5.%?

Looking at plots of gel solid volumes for 20% and 80%
replacement levels for FAF (Fig. 4(a) and 4(g)) and slag
(Fig. 4(b) and 4(h)), it is clear that gel solid volumes increase
with DoR almost proportionally in the 20% replacement level
cases. In contrast, the 80% replacement gel solid volumes
appear to increase almost linearly with DoH. The 40% and
60% cases (Fig. 4(c), 4(d), 4(e), and 4(f)) fall somewhere
between these end members. This is consistent with expecta-
tions. In the highly diluted 80% system, Calcium Hydroxide

ACI Materials Journal/September 2019



100

Capillary Water

3
=3

3

Unreacted SCM l
3 0.4 0.5 0.

Normalized Volume (m®)
s

[}
S

0. .6 0.7 0.8 0.9 1.0

A Degree of Hydration

Capillary Water

Normalized Volume (m?)

03 0.4 0.5 0.6 0.7 0.8 0.9 1.0

B Degree of Hydration

Capillary Water

Normalized Volume (m?)

03 0.4 05 0.6 0.7 0.8 0.9 1.0

Degree of Hydration

Fig. 3—Normalized volume of phases OPC + 40% SCM
systems: (a) OPC-Slag with slag DoR of 40%, (b) OPC-FAC
with FAC DoR of 20%, and (c) OPC-FAF with FAF DoR
of 20%.

(CH) production is not sufficient to react with all SCM until
higher DOHs. In the 20% system, there is a large propor-
tion of OPC and hence ample calcium hydroxide (CH) for
the pozzolanic reaction to proceed. Again, trends between
OPC-FAF and OPC-slag are strikingly similar, despite
dissimilar chemical compositions, and despite the hydraulic
character of the slag. Although it might be expected that
OPC-slag would result in gel solid volumes similar to plain
OPC (given the hydraulic character of both), the pore parti-
tioning model results indicate that the volumetric replace-
ment of OPC by SCM (regardless of SCM composition) is a
driving factor in the evolution of hydrating paste properties.

In addition to replacement volumes of SCM, the reactivity
of the SCM also influences paste properties. For example,
Fig. 4 illustrates that SCM DoR heavily influences gel solid

ACI Materials Journal/September 2019

OPC-FAF: Gel Solid Volumes (m®)
Gel Solids
0.69

0.58
0.47
0.36
0.25
0.14
0.03

OPC-Slag: Gel Solid Volumes (m®)

0
03 i H 03 =

1.0

Fig. 4—Gel solid and C-S-H volumes for pastes of varying
replacement levels A and B = 20% replacement; C and D =
40% replacement; E and F = 60% replacement; G and H =
80% replacement.

volumes: the role of SCM DoR is discussed in greater detail
in Section 5.3. In all cases, CH availability at higher SCM
replacement level is the limiting factor in the formation of
gel solids, and the pore partitioning model demonstrates how
the formation and pozzolanic consumption of CH changes
with SCM reactivity and replacement volumes.

An additional benefit of the pore partitioning model is the
ability to predict detailed phase assemblages of hydrating
pastes, including the variants of C-S-H. GEMS3K models
two major variants of C-S-H: Jennite and tobermorite, each
with two subtypes (D and H). Jennite typically has a higher
C/S* and a typically longer chain length than tobermorite.>*
The C/S and morphology of the C-S-H influence cement
strength and cement density, and hence are important prop-
erties to quantify in OPC-SCM systems. Previous work®
has established a transition from high-to-low C/S C-S-H as
OPC-SCM pastes hydrate. Generally, this is related to the
pozzolanicity of the SCM and attendant effects on pore solu-
tion alkalinity. Typically, the greater the pozzolanic reaction,
the lower the C/S ratio of the cement.®> A C/S ratio of <1.5
has been demonstrated to be optimal for the development of
compressive strength of the hardened pastes: experimental
evidence shows that compressive strengths of C-S-H pastes
increases with decreasing C/S.6%6

A reduction in the paste C/S ratio of C-S-H ratio from
fly ash replacement is a consequence of a reduction in pore
solution alkalinity from the pozzolanic reaction itself.®> The
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Fig. 5—C-S-H (Jennite) volumes for OPC-FAF and
OPC-Slag systems at varying replacement levels: A and B =
20% replacement; C and D = 40% replacement; E and F =
60% replacement; G and H = 80% replacement.

pozzolanic reaction releases more alkalis, which become
bound to C-S-H with a lower C/S.%7 The initial amounts of
CaO and SiO, in the binder impact the amount of calcium
and silica in the paste (and pore solution). When more silica
is available, the C/S ratio of the hydrates is lower. The
resulting removal of alkalis from the pore solution lowers the
overall solution alkali content. In contrast, higher calcium
levels increase the C/S ratio of the hydrates, which reduces
the amount of alkalis removed from the solution and creates
a high-alkali pore solution.

Figures 6(a), 6(c), 6(¢e), and 6(g) illustrate the effect of
pozzolanicity on C-S-H C/S. Examining these figures on
the y-axis, moving from bottom to top (which represents
increasing DoR/pozzolanicity), it is apparent that at all
fly ash replacement levels, the volume of C-S-H tober-
morite (low C/S) increases. This indicates that as expected,
the more reactive the fly ash, the greater the C/S ratio of
the pastes. This effect is not as strongly observed in the
OPC-slag system (Fig. 5(b), 5(d), 5(f), and 5(h)), which is
likely a consequence of the hydraulic character of the slag.

It is noteworthy that the C-S-H tobermorite (low C/S)
variant tends only to form at intermediate-to-high SCM DoR
and DoH, particularly in the fly ash systems. In contrast,
C-S-H jennite (Fig. 5) is most responsive to changes in
cement DoH. These results suggest that C-S-H jennite may
be less impacted by the SCM addition than C-S-H tober-
morite. These results may also help explain why the gel
water ratio shown in Fig. 3 decreases as pastes hydrate.
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Fig. 6—C-S-H (Tobermorite) volumes for OPC-FAF and
OPC-Slag systems at varying replacement levels A and B =
20% replacement; C and D = 40% replacement; E and F =
60% replacement; G and H = 80% replacement.

Influence of SCM DoR

Figures 7(a) and 7(b) show how SCM reactivity influ-
ences the relative proportions of hydrated paste phase and
pore volumes that form at a 40% SCM replacement level.
Figure 7(a) shows the proportions of unreacted material, gel
solids, and total porosity normalized to the total material
volume for each system. Total porosity is the sum of capil-
lary and gel porosities, and chemical shrinkage. Transposed
on top of the pore partitioning model results in Fig. 7(a) are
three lines, representing data fitted from nine data points.
The first two data points, shown in the plot as the upper-
most points on the bottom (x) and right (z) axes, are the
results predicted by PB for a plain OPC system with a w/b
0f 0.30 at DoH = 0 and DoH = 100%. DoH = 50% is plotted
near the middle of the line. The second set of points, found
below the 0.30 w/b case are PB’s predictions for a w/b of
0.42 at DoH = 0, DoH = 50%, and DoH = 100%; and the
third set are the predictions for a w/b of 0.54 at DoH = 0,
DoH = 50%, and DoH = 100%. The purpose of these lines
is to provide a benchmark for the expected phase and pore
volumes in an equivalent OPC system. The specific w/b
were chosen to illustrate how OPC-SCM pastes of a constant
0.42 w/b compare with plain OPC pastes of reasonably
higher and lower w/b. The reason for this comparison is that
an OPC-SCM paste must have comparable phase and pore
volumes to a plain OPC system for the mixture to be truly
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Fig. 7—(a) relative normalized proportions of unreacted
material, total porosity, and gel solids for multiple hydrated
OPC-SCM systems of various SCM reactivities modeled
by pore partitioning model. All SCM replacement levels
are 40% by volume, and all cement in OPC-SCM is fully
hydrated,; and (b) relative normalized proportions of gel
porosity, capillary porosity, and chemical shrinkage for
multiple hydrated OPC-SCM systems of various reactivities
as modeled by pore partitioning model. All SCM replace-
ment levels are 40% by volume, and all cement in OPC-SCM
is fully hydrated. Black lines transposed on figure show PB
model results for plain OPC systems of w/b of 0.30, 0.42.
Stars present 0.54 at 0%, 50%, and 100% DoH.

equivalent. The lines also allow for rapid determination of
how the addition of SCMs of various compositions (at a w/b
of 0.42) and reactivities compare to plain OPC mixtures.
The first observation to make from Fig. 7(a) is that
although the SCM containing pastes are designed at a w/b
of 0.42, the FAF and FAC containing pastes tend to plot
between the lines for OPC w/b 0.42 and 0.54 at modeled
SCM reactivity levels of 40% and 60%. The FAC paste
modeled at 80% DoR plots exactly on the 0.54 line. In other
words, these SCM containing mixtures are more equivalent
to a plain OPC system designed with a w/b of 0.54 than to
their w/b of 0.42, in terms of total porosity and gel solid
volumes. Considering that these pastes have higher volumes
of both unreacted material and water (as less is consumed
by the reactions) than plain OPC, this result makes sense.
In contrast, the slag systems tend to plot closer to the 0.42
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line: this is likely a result of the hydraulic nature of slag,
which may result in a system more similar to OPC than one
designed with a pozzolan.

A second observation to make from Fig. 7(a) is that the
relative volumetric proportions of the gel solids, unreacted
material, and total porosity for each modeled OPC-SCM
system have more in common with the other OPC-SCM
systems (that is, various SCMs) of the same modeled reac-
tivity than with the systems containing the same SCM but
different reactivities. SCM reactivity is represented on the
plot by a shape fill gradient (with the highest reactivity
SCMs having a solid fill, and lowest reactivities having an
empty fill, and so on). SCM type is represented on the plots
by shape geometry (that is, FAC is a triangle, slag is a circle).
There is a clear clustering of data points based on reactivity,
but not based on SCM type. This is indicative of the critical
role SCM reactivity plays in driving the evolution of paste
properties. If chemical composition were the primary factor
driving the hydrated paste phase and pore assemblages, then
the data points would cluster more based on SCM type than
reactivity. This is an important observation because SCM
chemical composition is a primary consideration under
ASTM C618 in determining whether a pozzolan is consid-
ered to be “in specification” and useable as a replacement
for OPC. These results suggest that paste properties may
be driven more by the reactivity of SCM than by chemical
composition and suggest that performance-based approaches
for SCM specifications ought to be evaluated. Although
ASTM C618%® does also have a physical performance-based
element in that a certain strength activity index (SAI) must
be achieved, the SAI can be significantly affected by the
cement used in the test and the chemical composition restric-
tions imposed by ASTM C618% still disqualify a consider-
able fraction of SCM, which could otherwise potentially be
useable as a partial replacement for OPC. As such, reactivity
tests may be more important than a Class C or Class F deter-
mination for evaluating SCM for use in cements.'®

Another observation to make from Fig. 7(a) is that for the
FAF-, FAC-, and slag-containing systems, as the reactivity
of the SCM increases, the proportion of unreacted material
decreases, and the volume of gel solid increases, and this
increase can be substantial. Total pore volume proportions
also tend to decrease with increasing DoR, but the differ-
ences are small. However, it is noteworthy that although
total pore volumes of the pastes do not substantially differ
based on DoR, the pores do tend to become refined at higher
modeled SCM reactivities (that is, there is a higher volume
of gel pores to total pores) (Fig. 7(b)).

Figure 7(b) shows the relative distribution of pore sizes
(capillary, gel, and chemical shrinkage) for the same
OPC-SCM pastes, as well as a plain OPC paste designed at
w/b of 0.42. With the exception of FAF modeled at an 80%
DoR, all of the OPC-SCM pastes transition from capillary
pore dominated systems at DoR of 20% and 40%, to gel pore
dominated systems at modeled DoRs of 60% and 80%. FAC
with a DoR modeled at 80% is nearly identical to plain OPC
in terms of the pore size distribution. This transition from
capillary to gel pore dominated systems with increasing
DoR is indicative of the fact that more material is reacting
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at higher DoR (Fig. 7(a)) and is exactly the result that would
be expected.

Finally, as shown in Fig. 7(b), at DoRs modeled at 20%
and 40%, the relative pore size distributions are nearly iden-
tical for OPC-FAC, OPC-FAF, and OPC-slag. Some hetero-
geneities are observed between SCMs as DoR increases to
60% and 80%. Nevertheless, the SCM reactivity (as opposed
to the SCM composition) again appears to be the primary
control on pore size distributions. If chemical composi-
tion were the driving factor, then the data points would be
expected to cluster based on SCM type rather than SCM
reactivity. Here, it is apparent that until unrealistically
high, (that is, 60+%) modeled reactivities, the OPC-SCM
pastes are clustering based on the SCM reactivity and not
SCM type.

CONCLUSIONS

Thermodynamic calculations were used to extend the
Powers-Brownyard model to estimate phase and pore
volumes in hydrating OPC-SCM pastes. The model compared
well to the classic PB model for OPC phase volume predic-
tions. The influence of SCM chemistry, replacement level,
and reactivity were evaluated.

The pore partitioning model allows for direct comparison
between the evolution of paste phase and pore volumes in
hydrating OPC and OPC-SCM systems. This addresses a
major need in cement science insofar as the development of
OPC-equivalent OPC-SCM pastes relies on a detailed under-
standing of how hydration products and different types of
porosity develop when different binders, replacement levels,
and w/b are used. Because the pore partitioning model can
separate and clarify effects of OPC and SCM reaction rates
and OPC and SCM compositions, it was possible to simulate
the effects of varying these properties for a large number of
modeled pastes.

The model results show that the SCM reactivity is a
driving influence on the pastes. While all of the modeled
OPC-SCM systems developed different phase and pore
volumes compared to OPC, the differences between SCM
types are less pronounced when considering only differences
in chemical composition of the SCM. However, SCM reac-
tivity is a key factor in the formation of the observed phase
and pore volumes in hydrated OPC-SCM pastes and should
be considered a critical parameter in a performance-based
specification for use of SCM in cementitious systems. When
OPC-SCM systems with a w/b of 0.42 are compared to plain
OPC, the pore partitioning model shows that most of the
OPC-SCM hydrated paste properties have phase and pore
volume proportions that are more similar to OPC with a
higher w/b. Furthermore, the pore partitioning model demon-
strates that the reactivity and replacement level of the SCM
has a considerable influence on the type and morphology of
the gel solids that are formed. The more reactive the SCM,
the lower the C/S ratio of the C-S-H. This is of fundamental
importance to the development of durability-related proper-
ties of cements.

The model presented in this work is of substantial impact
in furthering the understanding of the reactions between
OPC and different SCMs. The model fills a critical knowl-
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edge gap by incorporating thermodynamic principles with
established cement kinetics and empirical knowledge
embodied in the work and modeling of Powers-Brownyard
to provide detailed predictions on pore and phase volumes,
which can be used to design pastes optimized for durability
performance, and to elucidate structure/property relation-
ships of hardened concrete.
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