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ABSTRACT

Thermodynamic modeling was used to study the performance of portland-limestone cements
(PLC) when it was combined with supplementary cementing material (SCM). The type of cement
(i.e., L, IL, II1, V) did not substantially affect the porosity; however, cements with a greater alumina
content, resulted in more ettringite formation than low alumina cements in systems with similar
porosity. Alumina in clinker or SCM was predicted to react with calcite to form
hemi/monocarbonate phases when calcium hydroxide is available, and stratlingite if calcium
hydroxide is depleted. The decrease in the porosity was greater in the PLC+metakaolin systems
due to the higher available reactive alumina than PLC+fly ash and PLC+slag systems. SCMs can

be beneficially used with PLC.

Keywords: Supplementary Cementitious Materials; Clinker; Limestone; Portland Limestone

Cement; Thermodynamic modeling.
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INTRODUCTION

The use of portland-limestone cements (PLC) as a replacement for ordinary portland cement
(OPC) in concrete has been gaining momentum due to inherent environmental benefits associated
with the reduction of CO> emissions during production (1, 2). ASTM C150/ASHTO MS8S5 typically
allows up to 5% ground limestone content in OPCs (3, 4), and ASTM C595/AASHTO M240
permits up to 15% limestone additions to the clinker (1, 5-7). Although some consider limestone
an inert material, it can affect the reaction products of hydrated OPC systems (7-12). For example,
in typical OPC systems, limestone content can stabilize ettringite and result in the formation of
monocarbonate instead of monosulfate (8, 9, 12-14). This change in the phase assemblage of
reaction products due to the presence of limestone can sometimes directly impact the porosity and
pore volume distribution in concrete as ettringite is a more space-filling phase (1, 15). Matschei et
al. (15) showed that the porosity of OPC-Limestone systems decreased (accompanied by an
increase in compressive strength) when the limestone content increased from 0% to 2%, but any
further increase in limestone content led to an increase in the porosity above the minimum porosity
(and a decrease in compressive strength). It is worth noting that even at a 15% limestone content,
the porosity of PLC systems is lower than the porosity of an OPC system with 0% limestone (15).
Several authors have then experimentally studied the synergistic effect of using alumina containing
supplementary cementitious materials (SCMs) such as fly ash or metakaolin with limestone on the

compressive strength of concrete (14, 16).

This work studies the impact of clinker chemistry and SCM addition on the reaction
products and porosity of OPC-limestone systems. Concrete performance can be related to its
porosity, pore volume distribution, and the chemical composition of its hydrated phases and pore

solution. Porosity is a key feature that can be related to engineering properties (17). For example,
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the strength of concrete made with OPC has been historically related to the water-to-cement ratio
(w/c) through models such as Abram’s model (18), Bolomey’s model (19), or Feret’s model (20).
In these models, w/c was mainly used as a surrogate for the porosity of concrete. In recent years,
Thermodynamic modeling has gained popularity as a tool to predict reaction products and porosity
in cementitious systems (8, 21-23). Thermodynamic modeling has also been coupled with the
Powers-Brownyard model to accurately calculate the porosity of pastes made of OPC (24) and
OPC-SCM mixtures (25). The Powers-Brownyard model accounts for pores of two sizes (gel and
capillary) in OPC systems using the gel-to-space ratio to predict the compressive strength (26, 27).
The Powers-Brownyard approach coupled with thermodynamic modeling can therefore be used to
calculate the strength of OPC-SCM systems (28, 29). Micromechanical modeling has also been
used to predict the strength of cementitious systems by relating the strength to the porosity, pore
volume distribution, and phase assemblage of these systems (30-33). While authors have attempted
to extend these models to systems with limestone, Bentz et al. (34, 35) also examined the role of
limestone on porosity and strength and DeLarrad (36) presented an approach that accounted for

the acceleration and reaction effects of limestone fillers.

While the relationship between porosity and strength is well established, concrete's
transport properties can also be related to the microstructure of concrete through the formation
factor (F) (37-42). The formation factor is a microstructural property of a porous material related
to the material’s porosity and pore connectivity (43). Previous work has linked the formation factor
of concrete to the transport properties of concrete, such as its ionic diffusivity (37, 38, 44), water
permeability (45, 46), and sorption (47, 48). The transport processes can be used to predict the
time to corrosion (40, 42, 49, 50) or the freeze-thaw performance (23, 40). It is also well established

that these properties are positively affected by the presence of SCMs in the mixtures (28, 29, 51,
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52). While several reports have stated that in general limestone improves transport properties
Barrett et al. (53) noted some inconsistencies in PLC systems. As such, the role of limestone on
the porosity, pore volumes, and pore connectivity need to be studied in OPC-Limestone-SCM

systems.

The calcium hydroxide (CH) and pore solution in concrete can be related to key durability
issues. First, the CH content directly related to deicing salt damage with CaClz, and MgCl salts
are used (54-58). The CH also acts as a pH buffer for the pore solution and affects the resistance
of concrete to steel corrosion initiation and propagation (59) and carbonation (13), and along with
the pore solution pH, the CH content affects the resistance of concrete to aggregate-silica reaction
(ASR) damage (51, 60, 61). Pozzolanic reactions of SCMs consume CH in the system due to the
presence of reactive silica and alumina. In addition, the reduction of the clinker phase may dilute
the pore solution. This study will examine how the CH and pore solution vary when a portion of

clinker is replaced with limestone and SCMs.

In this work, the impact of partial replacement of clinker with limestone in OPC-SCM
systems is studied using thermodynamic modeling for different clinker and SCM chemistries.
First, the effect of clinker chemistry (clinker used to make Type I/IIl and II/V cement) on OPC-
Limestone systems' performance is studied. Next, the impact of partial replacement of the OPC-
Limestone binder with 100% amorphous silica and 100% amorphous alumina (ideal SCM
materials) is studied. Next, replacing a portion of the OPC-Limestone binder with commercial
SCMs like fly ash, metakaolin, and slag is studied. Conclusions are drawn based on the
performance of these systems with respect to the total porosity, CH content, unreacted calcite
content, and pH of the pore solution. Finally, recommendations are made on the direct replacement

of a portion of the clinker with limestone in OPC-SCM systems.



oNOYTULT D WN =

10

11

12

13

14

15

16

17

18

19

20

21

22

ACl Journal Manuscript Submission

RESEARCH SIGNIFICANCE

This paper examines the influence of cement clinker chemistry on PLC performance.
Specifically, simulations were performed using clinkers typical of those used in the manufacture
of Type I, 11, III, and V cement. The first portion of this paper compares OPC and PLC systems
made with clinkers typical of different cement types to determine the significance of clinker
chemistry with respect to PLC performance. The second portion of the research examines the
influence of 100% alumina and silica (ideal SCMs) in systems where the limestone content is
increased to 30%. This is done to provide insight on general trends that could be expected with
SCMs. The third phase extended the model to commercially available SCMs at typical
replacement levels. The work discusses how replacing OPC with PLC may impact the concrete

performance and specifications.

MODELING FRAMEWORK

Thermodynamic Modeling

The GEMS3K (62) software is used to perform thermodynamic modeling, and it is coupled
with the CEMDATA thermodynamic database (8). Thermodynamic modeling is performed by
calculating the phase assemblage at equilibrium, which minimizes the system’s Gibbs Free
Energy. The GEMS-CEMDATA framework has been used to calculate the volumes and
compositions of solids, liquid, and gaseous products at thermodynamic equilibrium. The
framework has been used previously to obtain the reaction product volumes and pore solution
composition of OPC (21, 22) and OPC+SCM systems (63). While all phases are available to form

in the GEMS-CEMDATA framework, in this work, siliceous hydrogarnet (24, 63, 64), hydrotalcite

6
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(24), and carbonate-ettringite phases (10, 65, 66) are blocked from forming based on empirical
evidence from the literature that these phases do not form in significant quantities in cementitious

systems at typical temperatures (less than 60°C) in the time frames studied (<20 years).

Kinetic Models

Thermodynamic models calculate only the phase assemblage of the systems studied at
equilibrium (i.e., the final phases). In practice, most cementitious systems do not reach
thermodynamic equilibrium. Kinetic models, such as the Parrot-Killoh model for OPC-clinker (67)
or the Modified Parrot-Killoh Model for clinker + SCM (68), are often used to predict the mass
fraction of the clinker that reacts at a given age. Thermodynamic models are often coupled with
kinetic models to predict the reaction products of cementitious systems at a given age. The
literature has shown that the phase assemblage of cementitious systems depends on the amount of
clinker, SCM, and limestone available to react (8), and the kinetics of dissolution of the three
components of the systems studied (i.e., clinker, SCM, limestone) are essential to understand and

described in the following sections

Modified Parrot Killoh Model for Clinker and SCM

The Modified Parrot Killoh (MPK) model (68, 69) is used to predict the mass fraction of
the clinker phases (C3S, C2S, C3A, CsAF) and oxide phases in SCMs (Si02, Al>O3, CaO) that react
at a given age. The main inputs to the MPK model are: (i) the chemical composition of the OPC-
clinker and SCM used, (i1) the reactivity of the SCM (fraction of SCM that can react at equilibrium,

usually the amorphous fraction of the SCM (69)), (iii) water-to-cementitious materials ratio

7
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(w/cm), and (iv) the temperature of curing. Other inputs include the fineness of the cement and
SCM used. Note that the fineness of the cement used in this study is kept constant as studying the

impact of fineness is beyond the scope of this study.

The MPK model outputs are the degree of reaction of the clinker phases (C3S, C2S, C3A,
C4AF) and pozzolanic oxide phases (SiO2, Al,O3, CaO) as a function of time. The degree of
reaction of each phase at a given time (DORy,, (t)) is the fraction of the component that is available
to react at that time. The dissolution of the minor oxide phases in the clinker (Na>O, K>O, MgO,
SO3) are scaled based on their distribution in the clinker phases obtained from the literature (70).
The dissolution of alkali oxide phases from the SCM were scaled with the reactivity (DOR™) of
the SCM and the degree of reaction of the SCM. The degree of reaction of the system (DORyys) is
the mass averaged degree of reaction of clinker and SCM oxide phases (CsS, CoS, C3A, CsAF,
Si02, Al203, Ca0). Note: While the MPK model has only been validated for silica fume and fly
ash, the authors believe that it may be used in this work to model other commercial SCMs such as
slag and metakaolin. The MPK kinetic model is limited in its ability to capture the effects of
particle packing and phase-specific local kinetic effects that may dominate in some special

OPC+SCM systems (68, 69).

Modeling the Dissolution of Limestone

The mass of limestone available to react is an essential input parameter to thermodynamic
calculations, impacting the phase assemblage (8) and porosity (9, 15, 71) of these systems. In this
work, the amount of CaCO3 available to react at any given time is considered the total amount of

CaCOs in the system. Crystalline calcium carbonate is capable of dissolving at ambient

Page 8 of 115



Page 9 of 115

oNOYTULT D WN =

10

11

12

13

14

15

16

17

18

19

20

21

22

ACl Journal Manuscript Submission

temperature (14, 65, 72). The total volume and fineness of calcite also play only a role in the
amount of calcium carbonate dissolved at equilibrium (73). It has also been observed that the
solubility of limestone in the pore solution of typical OPC+SCM systems is high enough to saturate
the solution with carbonates within a few hours (74, 75), and often the effects of limestone
dissolution kinetics disappear after the first hour of mixing (76). Therefore, limestone dissolution
is governed by the kinetics of product formation and not the rate at which limestone dissolves. In
this work, since the thermodynamic calculations are performed at ages greater than one day
(typically DOR;,,s > 30%), the entire mass of calcium carbonate is considered to be available to
react at all times. The portion of the calcium carbonate that does not react simply reprecipitates in
the output of the thermodynamic model as calcite (which we assume would be undissolved) (8).
While some of the calcium carbonate can be encapsulated by reaction products rendering the rest
of the calcite unable to react, it is assumed in this work that this does not occur to a significant
degree in the systems studied as the limestone is fine and generally sufficient limestone remains

in the system.

Pore Partitioning Model

Thermodynamic modeling calculates the total volume of water that remains in the system
at a given age. As such, it is unable to differentiate the size of pores that the water occupies.
Recently, thermodynamic models have been combined synergistically with concepts from the
Powers-Brownyard model to determine the volume of gel pores and capillary pores in OPC (24)
and OPC+SCM systems (25). This is called the “Pore Partitioning Model” and is used in this work

to determine the volumes of the Powers-Brownyard phases: unhydrated binder (of volume fraction
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Vyp in the hydrated paste), gel solids (vys), gel water (v, water in pores less than 5 nm in

diameter), capillary water (v,,,, pores between Snm and a few microns in diameter in the paste),

and chemical shrinkage (v,,). The total porosity of the cementitious paste (¢pqste) is calculated as

the sum of the gel pores, capillary pores, and pores due to chemical shrinkage, such that:

¢paste = Vgw + Vew + Vcs (D

NUMERICAL INVESTIGATION

This work describes several thermodynamic calculations to provide insight into the effects

of limestone addition to OPC-SCM systems:

(1)

The impact of clinker chemistry is studied on the performance of cements that contain
limestone (PLCs). Two cements, Cement A (intended to be representative of the clinker
used to make ASTM Type I/IIIl cement commercially and its composition is calculated
as the mean composition of Type I and Type III cements from (77)), and Cement B
(intended to be representative of the clinker used to make ASTM Type II/V cement
commercially and its composition is calculated as the mean composition of Type Il and
Type V cements from (77); the clinker used to make this cement has a lower C3A
content than Cement A) are studied in systems where the cement contains varying
amounts of limestone (limestone content in the cement varies from 0% to 30% by
mass). This provides insight into the impact of calcium carbonate on the phase
assemblage (such as ettringite, monosulfate, hemi/monocarbonates, and CH) and pore

volumes of typical PLC systems.

10
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(i1) The impact of the partial replacement of 0-30% of the OPC or PLC with 100%
amorphous silica (SiO2) and 100% amorphous alumina (Al2O3) is studied on the bulk
properties of pastes. This provides insight on the impact of the main pozzolanic
components in SCMs on the bulk properties of pastes made with PLCs and SCMs.

(ii1))  The impact of partial replacement of PLCs of different limestone contents (0-30%) with
commercially available SCMs like fly ash (FA), metakaolin (MK), and, slag (SL).
These SCMs are chosen to demonstrate the impact of SCM composition on the

behavior of PLC systems.

The w/cm is held constant at 0.42 (note that the mass of ‘cementitious materials’ used in
calculating the w/cm is the sum of masses of cement, SCM and limestone) and the simulations are
performed at an age of 56-days (the degree of hydration, DOH, is calculated to be about 71%).
The compositions of the simulated clinker and SCMs are listed in Table 1. The composition of
cement A (intending to represent the clinker used to produce Type I/IIl cements in the US) and
cement B (intending to represent the clinker used to produce Type II/V cements in the US) is
calculated as the mean composition of the typical ASTM Type I/Ill and ASTM Type II/V cements
obtained from a literature study of 363 cements (77). Limestone is considered in these simulations
to be calcium carbonate. Note that if the limestone is not pure, the total mass of CaCOj3 present in
the limestone should be considered as limestone that is reported. The compositions of the fly ash
and slag are based on the statistically average compositions of the SCMs obtained from the
literature (78). The maximum degree of reaction (DOR*) values are chosen based on the typical
reactivity of these materials observed in the lab (fly ash typically has a DOR* between 20% and
60%, MK has a DOR* between 55% and 100%, and slag typically has a DOR* between 25% and

75%, calculated from the pozzolanic reactivity test data available in the literature (79)).

11
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RESULTS AND DISCUSSION

Influence of Limestone on Performance With Cements Having Two C3A Contents

Figure 1 (a) and (b) show the predicted phase assemblage of cement pastes made with
cement A (higher C3A; intending to represent the clinker used to produce Type I/IIl cements in the
US) and cement B (lower C3A; intending to represent the clinker used to produce Type II/V
cements in the US)) with increasing limestone contents in the binder. In both systems, the model
predicts that as the limestone content is increased from 0% to 2%, hemicarbonates and
monocarbonates form at the expense of monosulfates, which is consistent with the literature (8, 9,
15). Ettringite is also predicted to be stable when limestone is present in the system (8, 9). As the
limestone content is increased beyond 3%, the modelling indicates that the volumes of major
hydrate phases (calcium silicate hydrate or C-S-H, CH, hemi-/monocarbonate and ettringite)
slightly decrease due to the dilution of clinker with limestone. Slightly more ettringite and hemi-
/monocarbonate phases (~2% by volume) are predicted to be produced when clinker used to make
Type I/IIl cements (cement A) is used when compared to clinker used to make Type II/V cements

(cement B) due to a higher reacted aluminate from the clinker (see Table 1).

Figure 2 (a) and (b) show the predicted hydration products that form for cement pastes
made with cements A and B with increasing limestone contents. Figure 2 (c) shows the predicted
porosity of both systems as the limestone content increases. From Figure 2 (a) and Figure 2 (b), it
can be seen that as the limestone content is increased from 0% (no limestone) to 2%, the predicted
volume of gel solids increases by approximately 5%, and the predicted volume of capillary water
decreases by approximately 4%. The model predicts the minimum porosity occurs at

approximately 2% limestone by mass (Figure 2 (c)), consistent with the observations of Matschei

12
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et al. (15). This is due to the formation of more “space-filling” phases (8, 9, 11), e.g., ettringite and
hemi/monocarbonate form instead of monosulfates. This also leads to a reduction in the total
porosity. The model predicts that the amount of gel water between a 0% and 2% limestone content
remains nearly constant as the total volume of the phases that contribute to gel-water (monosulfate
+ ettringite + C-S-H) remain nearly constant. This leads to a lower predicted porosity of the gel
phase between a 0% and 2% limestone content. The reduction in the predicted porosity of the gel
phase is due to the formation of reaction products in the hydrated cement gel with lower porosity
(carboaluminates) at the expense of higher porosity phases like monosulfates below a 2%

limestone content.

For the reader’s reference, a study of 68 commercial cements from North America showed
that the average limestone contents in OPCs that contain limestone as an added ingredient is 3.1%
(80). For both cements, the model predicts that above about 3% to 4% limestone content any
additional limestone present in the system generally does not react. This causes a reduction in the
volumes of gel solids and gel water due to dilution of reactive clinker with unreacted limestone.
Despite the slightly different volumes of reaction products that form when cements with different
C3A contents are used, there is no significant difference in the predicted volumes of gel solids, gel
water, or capillary water in the systems (each of these values are within 1% vol. fraction for both
clinkers). This translates to nearly identical predicted total porosity for either system at a given
limestone content, which can be seen in Figure 2 (c). Note that if the purity of the limestone is
lower than 100%, the location of the point of minimum porosity shifts to a higher limestone content
in a roughly linear manner (e.g., if the limestone is 100% calcite, the minimum porosity occurs at
2% limestone, and if the limestone only contains 50% CaCO3, the minimum porosity would occur

at around 4% limestone content).

13



oNOYTULT D WN =

10

11

12

13

14

15

16

17

18

19

20

21

22

ACl Journal Manuscript Submission

Influence of Silica and Alumina on the Performance Properties of PLC systems

Porosity

Figure 3 (a) and (b) are plots of the predicted total porosity (using the PPM) of cementitious
pastes made with higher C3A clinker, typical of that used to produce Type I/IIl cement (see cement
A in Table 1) blended with increasing weight fractions of limestone, with 100% amorphous silica
and 100% amorphous alumina added as ‘ideal” SCM’s. The w/cm is 0.42 and the simulations are

shown at an age of 56-days to allow for a significant pozzolanic reaction.

Figure 3 (a) shows the impact of the replacement of a fraction of the PLC with 100%
amorphous silica. An increase in the limestone content causes a sharp decrease in the predicted
porosity when the limestone replacement is increased from 0% (no limestone) to 1-2%, due to the
formation of space filling phases (e.g., ettringite). The modeling results indicate that an increase
in limestone content beyond 1-2% causes an increase in the predicted porosity of the paste due to
clinker dilution. As the silica content in the pastes is increased, the model predicts that the porosity
remains nearly the same up to a replacement level of around 25%, which is greater than most
practical ranges. This is due to the competing effects of (i) dilution of PLC with silica (DOR ;jinker
is between 70% and 80% for the studied age and replacement levels, DOR;;;., 1s between 40%
and 50% at the studied age and replacement levels, even though the silica is 100% reactive due to
kinetic effects, calculated with the MPK model), and, (ii) the pozzolanic reaction of the silica
which decreases capillary porosity. Any additional added silica (above 25%) results in the

formation of stratlingite, which causes a reduction in the predicted porosity.

Figure 3 (b) shows the impact of replacing a fraction of the PLC with 100% amorphous

alumina. The model predicts that if no alumina is present, an increase in limestone from 0-2%

14
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causes a decrease in porosity from 38% to 34%, and at higher limestone concentrations (>2%), the
porosity increases due to dilution. The model predicts that when alumina is added, and as long as
the CH is not depleted, the alumina can react with limestone to form carboaluminate phases. These
carboaluminate reactions decrease porosity as hemi-/monocarbonates are formed instead of
monosulfates, and the synergistic reactions between alumina and limestone occur up to a ‘critical
limestone content’, which is the maximum amount of limestone that can react for a given alumina
content. The model predicts this critical limestone content to be 0% limestone for 0% alumina
added, 2% limestone for 5% alumina, 5% limestone for 7.5% alumina, and 10% limestone for 9%
alumina. This forms a low porosity ‘wrinkle’ in the contour plot of predicted porosity. This
synergistic effect between limestone and alumina is shown more clearly in Figure 3 (c), which
plots the porosity of 0%, 2.5%, 5%, and 7.5% alumina systems against the limestone addition. It
can be seen that the point of minimum porosity moves to higher limestone contents when alumina
is present, and the minimum porosity also reduces. The minimum paste porosity is 28% and occurs
at the critical limestone content of 4% and an alumina content of 7.5%. This reduction occurs
primarily due to the perfect balance of carbonates and alumina in the system, which results in the
maximum amount of carboaluminate and ettringite phases forming (nearly 28% of the total volume
is occupied by hemi-/monocarbonate phases and 8.5% by ettringite). If the alumina content is
increased above 7.5%, even if limestone is available to react, the predicted porosity increases as
there is an insufficient amount of sulfate to form ettringite. Instead, in this region
(7.5%<A1,03<9% and 4%<Ls<10%) more monosulfate forms rather than space-filling ettringite.
At alumina concentrations >9%, the calcium hydroxide is depleted and stratlingite forms instead
of monocarbonates, and the predicted porosity decreases (16). The minimum paste porosity occurs

when alumina>9% is 26% and occurs at a limestone content of 10% and an alumina content of

15
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30%. At all alumina levels, above the critical limestone content, the predicted porosity increases

due to dilution.

Unreacted Calcite

Figure 4 (a) is a plot of the mass of unreacted calcite in the PLC + silica system obtained
from thermodynamic modeling. First, it should be remembered our limestone is 100% calcite. For
low levels of limestone addition (up to 2%) all of the limestone reacts. This is due to the initial
reaction of limestone with the aluminate-containing clinker phases. As the limestone content
increases (above a 2% limestone content), the model predictions show that the alumina appears to
be reacted entirely (in this system, the only source of alumina is the cement), and there are no other
phases available to react with the limestone. At high silica contents, a relatively negligible impact
is observed on the amount of limestone that reacts (due to competing effects of dilution and filler

effect).

Figure 4 (b) is a plot of the mass of unreacted calcite in the PLC - alumina system obtained
from the thermodynamic model. As the amount of alumina in the system increases, the amount of
limestone that can react also increases, consistent with what is expected in the literature (11). This
can be seen as all of the unreacted calcite moving in a bilinear fashion with alumina additions of
below 10% alumina having the amount of calcite remaining being directly is proportional to the
amount of alumina added. When the alumina content is greater than 10%, the consumption of
calcite is independent of the addition of more alumina (the maximum consumption of calcite
appears to be 10% by mass irrespective of the amount of alumina added. This reaction limitation
can be explained as follows. When the alumina content is below 10%, as the amount of limestone

is increased, the model predicts that the calcite in the limestone reacts with the alumina and CH to

16

Page 16 of 115



Page 17 of 115

oNOYTULT D WN =

10

11

12

13

14

15

16

17

18

19

20

21

22

23

ACl Journal Manuscript Submission

form hemicarbonates and monocarbonates. When the alumina content is greater than 10%, the
model predicts that complete consumption of CH can occur (see Figure 5) leading to the remaining
alumina being preferentially bound in phases like stratlingite (16). The beneficial effects of using

SCMs containing a significant amount of alumina when PLCs are used is evident from these plots.

Calcium Hydroxide (CH) Content

Figure 5 (a) and (b) show the CH content of pastes made with PLC and silica/alumina as
predicted by the thermodynamic model. In both cases, the model predicts that an increase in the
addition of silica or alumina causes a decrease in CH due to the pozzolanic reactions. The alumina-
based pozzolanic reaction consumes about twice the amount of CH (at the same SCM replacement
level) as the silica-pozzolanic reaction. In the silica system, the model predicts that CH is depleted
at a 20% silica content, and in the alumina system, the model predicts that CH is depleted at a 10%
alumina content. Note that thermodynamic models cannot account for CH that is not available to
react; therefore, it is possible to have some disparity between experimental and modelling results.
It is likely that when the CH content in the paste is low, physical availability and kinetic effects
dominate, and there will be some measurable CH in the system that is not available to participate
in reactions (29, 55). This observation is consistent with literature where the CH content in pastes
containing silica fume and limestone are compared to pastes containing metakaolin and limestone
(16, 81). As the limestone content in the systems are increased from 0% to 2%, CH content slightly
decreases and the increases due to the formation of hemicarbonates and subsequently
monocarbonates. Any further increase in the limestone causes the CH content to steadily decrease

due to dilution of the clinker (CH in these systems is produced due to clinker hydration).
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Pore Solution pH

Figure 6 (a) and (b) are plots of the pH of the pore solution of pastes made with PLCs and
silica or alumina as predicted by the thermodynamic model. In Figure 6 (a), as the silica content
of the pastes is increased, the model predicts that the pore solution pH decreases due to the
increased alkali binding and lower initial alkali in pore solution (due to dilution of clinker).
Beyond a 20% silica addition by mass, the predicted pH drops rapidly due to the complete
consumption of CH. As the limestone content is increased (up to approximately 2%), the predicted
pH slightly increases (due to a reduction in solution volume). When the limestone is greater than
approximately 2% the pH decreases due to the initial slight decrease in capillary water (which
increases the concentration of hydroxyl ions in solution) and then subsequent dilution of clinker
with limestone. In Figure 6 (b), as the alumina content of the pastes is increased, the predicted pH
increases due to the reduction in the amount of C-S-H and the formation of stratlingite (stratlingite
does not bind Na" and K" in the model used). As the limestone content in the pastes is increased,
the predicted pH slightly increases and then decreases due to the initial slight decrease in the
predicted volume of capillary water (which increases the concentration of hydroxyl ions in
solution) and then subsequent dilution of clinker with limestone. This behavior is consistent with

experimental observations (82).

Influence of Commercial SCMs on Performance Properties of PLC systems

The third part of this work is to study the impact of the addition of commercial SCMs like

fly ash, metakaolin, and slag on the performance of cement+limestone systems. Simulations are
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run from limestone fractions of 0% to 30%. The replacement of the cement+limestone binder with

commercial SCMs is studied from 0% to 50% replacement by mass.

Fly Ash

Figure 7 contains plots of several performance properties of cementitious pastes made with
varying weight fractions of limestone and fly ash (FA). Figure 7 (a) is a plot of the predicted
porosity of the hydrated cement paste. As the amount of FA in the system increases, the predicted
porosity uniformly increases due to dilution, as seen in experiments (29). When no FA is present,
as the limestone content of the PLC increases from 0% to 2%, the predicted porosity initially
decreases from 39% to 34% due to the formation of ettringite and monocarbonate, and if the
limestone is increased above approximately 2% the predicted porosity increases due to dilution.
When FA is present, the model predicts that the point of minimum porosity increases to higher
limestone contents as the alumina in the FA can react with the calcite. This limestone content for
minimum porosity is 2% when no FA is present, 3% for a 20% FA content, and 4-5% for a 40%
FA content. These predicted trends reflect the near perfect balance of silica and alumina present

in fly ash to synergistically react with calcite (limestone) to reduce the porosity.

Figure 7 (b) is a plot of the unreacted calcite present in the paste. The model predicts that
as the amount of FA in the paste increases, the amount of reactive aluminate increases, and hence
the amount of reacted calcite increases (and amount of unreacted calcite decreases). The model
predicts that the unreacted calcite content follows a bilinear curve, with the unreacted calcite being
zero up to the critical limestone content of 2% when no FA is present, 3% at a FA content of 20%
and 4-5% for FA contents of 40% and above. Above a FA content of 40%, the maximum amount
of limestone that can react as predicted by the model is 5% as the CH is depleted. Above the critical

limestone content, the unreacted calcite is equal to the difference amount of calcite added and the
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critical limestone content at that FA content. The model predicts that the amount of unreacted

calcite increases proportional to the limestone content in the PLC.

Figure 7 (c) is a plot of the predicted CH content in the paste. The model predicts that as
the amount of FA in the paste increases, the CH in the paste decreases due to the pozzolanic
reactions. The model predicts that for the FA studied, the CH is completely depleted at a FA
content of 40%. An increase in the limestone content of the PLC slightly decreases the CH due to

the dilution of clinker (approximately 1.5g/100gpinder lower CH for a 10% increase in limestone).

Figure 7 (d) is a plot of the predicted pore solution pH in the system. As the amount of FA
in the paste increases, the predicted pore solution pH decreases due to an increase in the amounts
of alkali binding (more C-S-H is formed with a lower C/S). The model results indicate that an
increase in the limestone content of the PLC slightly decreases the pH due to the dilution of clinker

(lower mass of clinker translates to a lower mass of alkalis released into the pore solution).

Metakaolin

Figure 8 contains plots of several performance properties of cementitious pastes made with
varying weight fractions of limestone and metakaolin (MK). Figure 8 (a) is a plot of the predicted
porosity of the paste. As MK contains a significant fraction of reactive alumina, the model predicts
that it is able to react with the limestone and cause a decrease in porosity when CH is present in
the system (e.g. the point of minimum porosity, called “critical limestone content”, when no MK
is present is 2% limestone, and when 15% MK is present is 4% limestone). Below a 15% MK
content, if the limestone is increased beyond the critical limestone content, the predicted porosity

increases due to dilution. Above a 15% MK content, thermodynamic modeling predicts that the
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system runs out of CH and stratlingite forms rather than carboaluminate phases (formation of
hemi/monocarbonates from alumina requires the presence of CH (16)), which cause a decrease in
porosity as the MK content is increased. The minimum porosity in this region is 24% and occurs
at 10% limestone + 40%MK. While this may improve mechanical properties and transport
properties by greatly reducing the porosity, there is no CH to buffer against carbonation and
corrosion. When MK>15%, the point of minimum porosity remains at 10% limestone content
irrespective of the MK content, and any increase in the limestone content increases porosity due

to dilution.

Figure 8 (b) is a plot of the unreacted calcite present in the paste obtained as the output of
thermodynamic modeling. As the amount of MK in the paste increases, the model predicts that the
amount of reacted calcite first increases and then decreases, which causes the amount of unreacted
calcite to first decrease then increase. This appears to be due to reactions of the aluminate from the
MK at lower replacement levels (MK<20%) with the carbonates in the limestone to form hemi-
/monocarbonates. At higher replacement levels (MK>20%), the model predicts that as the amount
of MK increases the amount of stratlingite increases in the system and it appears that the aluminate
from the MK reacts with the silica present in the metakaolin in the absence of CH to form
stratlingite (as it is unable to form hemi-/monocarbonates), which causes the amount of unreacted
calcite to increase. The formation of stratlingite in OPC+Ls+MK pastes has been documented in
the literature (16). As the amount of limestone in the PLC increases, the model predicts that all
calcite that is able to react at a given MK replacement level reacts. Any additional calcite remains
unreacted, and the amount of unreacted calcite increases proportional to the limestone content in

the PLC.
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Figure 8 (¢) is a plot of the CH content in the paste as predicted from thermodynamic
modeling. As the amount of MK in the paste increases, the predicted mass of CH in the paste
decreases due to the pozzolanic reactions of the alumina and silica from the MK. The CH is
completely depleted when MK>20%. The model shows that an increase in the limestone content
of the PLC slightly decreases the CH due to the dilution of clinker (approximately 1.5g/100gpinder

lower CH for a 10% increase in limestone).

Figure 8 (d) is a plot of the pore solution pH in the system, predicted using thermodynamic
models. As the amount of MK in the paste increases, the predicted pH of the pore solution
decreases due to an increase in the amounts of alkali binding (the model predicts that more C-S-H
is formed with a lower C/S) and a decrease in the initial amounts of alkalis in the PLC+MK blend
that go into solution. An increase in the limestone content of the PLC slightly decreases the
predicted pH due to the dilution of clinker (lower mass of clinker translates to a lower mass of

alkalis released into the pore solution).

Slag

Figure 9 contains plots of several predicted performance properties of cementitious pastes
made with varying weight fractions of limestone and slag (SL). Figure 9 (a) is a plot of the
predicted porosity of the paste. As the amount of SL in the system increases, the predicted porosity
remains nearly constant due to the competing effects of (i) dilution, and, (ii) reactions between the
Ca0, Si02, and Al,O3 in the SL. When no SL is present, an increase in limestone from 0-2% causes
the porosity to drop from 39% to 34%, and an increase in limestone above 2% causes an increase
in porosity due to dilution. When SL is present, the model predicts that the alumina in the SL can

react with the limestone in the presence of CH to produce carboaluminates and ettringite that
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decrease the predicted porosity up to a critical limestone content. This critical limestone content
as predicted by the model is 2% when no SL is present, 3.5% at a 25% SL content, and 5-6% at a
50% SL content. The minimum predicted porosity is 34-35% and occurs at the critical limestone
content. The value of minimum porosity does not appear to be significantly affected by the SL

content.

Figure 9 (b) is a plot of the predicted mass of unreacted calcite present in the paste. As the
amount of SL in the paste increases, the amount of reactive aluminate increases and hence the
model predicts that the amount of reacted calcite increases (and amount of unreacted calcite
decreases). Since the addition of even 50% slag does not cause complete consumption of CH
according to the model predictions, the reacted limestone increased with increasing slag content
(up to 7.5% limestone reacts at a 50% slag content). The model also predicts that as the amount of
limestone in the PLC increases, all calcite that is able to react at a given SL replacement level
reacts. Any additional calcite remains unreacted, and the amount of unreacted calcite increases

proportional to the limestone content in the PLC.

Figure 9 (c) is a plot of the predicted mass of CH present in the paste. As the amount of SL
in the paste increases, the predicted mass of CH in the paste decreases due to the pozzolanic
reactions. The model outputs show that this decrease is much lower than the decrease when FA or
MK are used as the slag studied contains a significant portion of calcium that is able to react to
form CH. An increase in the limestone content of the PLC has the following trend: (i) an initial
decrease due to the formation of hemi-carbonates instead of C-A-H phases, (ii) a slight increase
due to formation of monocarbonates rather than hemicarbonates as more carbonates are available
to react in the system (notice that the point of minimum predicted porosity occurs in this same

region), and, (iii) a decrease in the CH due to the dilution of clinker.

23



oNOYTULT D WN =

10

11

12

13

14

15

16

17

18

19

20

21

ACl Journal Manuscript Submission

Figure 9 (d) is a plot of the predicted pore solution pH in the system. As the amount of SL
in the paste increases, the predicted pH of the pore solution slightly decreases due to an increase
in the amounts of alkali binding (more C-S-H is formed with a lower C/S). The model predicts that
an increase in the limestone content of the PLC slightly decreases the pH due to the dilution of

clinker (lower mass of clinker translates to a lower mass of alkalis released into the pore solution).

CONCLUSIONS

PLC (ASTM C595, Type IL) has been proposed as a direct replacement for OPC (ASTM
C150). While ACI 318 and some state highway agencies permit the use of PLC after the 2012
revision of ASTM C595, some agencies have not adopted these cements yet. Questions have been
raised on whether the clinker composition (clinkers used to make OPC Type I through V) or SCM
use impacts the PLC's performance. This paper uses thermodynamic modeling to address these
questions. A variety of limestone and SCM replacement levels in two types of clinker systems
have been modeled to obtain properties of the hydrated systems such as porosity, pH, unreacted

limestone (as calcite), and CH.

The use of cements with different C3A contents (higher C3A cements typical of ASTM
Type I/III, and lower C3A cements typical of Type I1/V) to make PLC resulted in nearly identical
porosity. For example, the porosity has been calculated as 38%, 34%, and 37% when 0%, 3%,
and 15% by mass of limestone is respectively used to replace clinker. The reduction in porosity
in PLC systems at low replacement levels appears to be due to the stabilization of ettringite and

the formation of hemi/monocarbonate instead of monosulfate.
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The performance of ‘ideal’ SCMs (100% alumina and 100% silica) is simulated for
limestone contents between 0 and 30%. While thermodynamic models show that both the alumina
and silica systems have reduced porosity, the porosity is shown to be lower in the system
containing alumina due to the synergistic reactions between alumina and calcite to form
hemi/monocarbonate phases when CH is available, and the formation of stratlingite when CH is
depleted. Calcium hydroxide is reduced in both systems due to the pozzolanic reaction, as one

may expect, irrespective of the limestone content.

The performance of PLCs is modeled with three typical commercially available SCMs: fly
ash (FA), metakaolin (MK), and slag (SL) for various proportions. The decrease in the predicted
porosity is most significant in PLC+MK due to the reactive alumina available. An increase in the
amount of SCM in the PLC+FA system causes an increase in the estimated porosity, while an
increase in the amount of SL in the PLC+SL system does not have a significant impact on the
predicted porosity. The reduction in predicted mass of CH with increasing SCM replacement level
is most significant in PLC+MK systems due to the higher pozzolanic reactivity. The model predicts
that the decrease in CH is the least in PLC+SL systems due to the large amount of CaO available
to react (hydraulically) in the slag. It is also found through modeling that the amount of calcite that
reacts when CH is not depleted is roughly proportional to the mass of alumina that is available in
the PLC+SCM systems. When CH is depleted, thermodynamic modeling predicts that stratlingite

phases form as the formation of hemi/monocarbonate phases requires CH as a reactant.

In summary, SCM can be beneficially used with PLC. The model shows that alumina
containing SCMs provide the most synergistic behavior when used with PLC systems. CH
depletion would only occur at very high replacement levels and not those typically used in mixtures

typically used in common building or state highway agency applications. As such, thermodynamic
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modeling shows that PLCs can be used as a replacement for OPCs both without and with SCM.
Future works include experimental work to validate the porosity and pore connectivity of pastes
containing high volumes of limestone and SCMs. The current work also only looks at the mean
compositions of the typical Type I/IIl cements (cement A) and Type II/V cements (cement B);
future work will include a Monte-Carlo analysis of studying the variability of the compositions of
these clinkers on the variation in the performance parameters of concrete made with PLCs and

SCMs.
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1? 6 Calcite, (¢) Calcium Hydroxide Content, and, (d) Pore solution pH.
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22 8 Table 1. Compositions of cements and SCMs used in this study. All values are given
23

;‘; 9 in wt. %unless otherwise mentioned.
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;é Constituent | Cement A | Cement B | Limestone Fly ash | Metakaolin Slag
29 (made (made (Ls) (FA) (MK) (SL)
30 with with

31 clinker clinker

32 used to used to

33 produce produce

e Type Il | Type II/V

36 cements) cements)

37 Si02 20.00 20.28 0 51.60 49.09 35.23
38 ALO; 4.79 4.44 0 22.64 40.45 10.79
39 FexO3 2.95 3.50 0 8.89 1.45 0.86
p CaO 63.31 63.63 0 7.55 0.16 38.65
) Na;O 0.16 0.16 0 1.06 0.09 0.31
43 K>0O 0.61 0.54 0 2.57 0.16 0.49
44 MgO 2.16 2.02 0 1.64 0.09 10.75
45 SO3 3.52 2.94 0 0.73 0.04 1.52
2? CaCO; 0 0 100 0 0 0
48 DOR* -N/A- - N/A- - N/A- 40% 80% 60%
49 Specific 3.15 3.15 2.71 2.56 2.36 2.20
50 Gravity

51 CsS 5791 59.13 - N/A- - N/A- - N/A- - N/A-
52 CaS 13.49 13.18 - N/A- - N/A- - N/A- - N/A-
- C:A 7.68 5.82 - N/A- - N/A- - N/A- - N/A-
55 C4AF 8.90 10.63 - N/A- - N/A- - N/A- - N/A-
56 10

57
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ABSTRACT

Thermodynamic modeling was used to study the influence of elinker{FypetHand HAHalumina
in _cements and supplementary cementing material (SCM) chemistry on the performance of
Pertland-portland-Elimestone Cements-cements (PLC). Clinker-The Cement-type-C3A content of
cement did not affect the porosity; however, FypetH-elinkers;cements with their-larger alumina

contents, resulted in more ettringite formation than FypeH/V—elinkerslow alumina cements in

systems with similar porosity. Alumina in clinker or SCM was shews-predicted to bereaetivereact
with calcite to form hemi/monocarbonate phases when calcium hydroxide is available, and
stratlingite when-if calcium hydroxide is depleted. The decrease in the porosity was greater in the
PLC+metakaolin systems due to the reaetive-higher available reactive alumina than PLC+fly ash

and PLC+slag systems. SCMs can be beneficially used with PLC:-however,earemustbetakento

Keywords: Supplementary Cementitious Materials; Clinker; Limestone; Portland Limestone

Cement; Thermodynamic modeling.
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INTRODUCTION

The use of Pertland Limestone-Cement-portland-limestone cements(PLC) as a replacement for

Ordinary—ordinary Pertland—portland Cement—cement (OPC) in concrete has been gaining
momentum due to inherent environmental benefits associated with the reduction of CO» emissions
during production (1, 2). ASTM C150/ASHTO M85 typically allows up to 5% ground limestone
content in OPCs (2-3.4), and ASTM C595/AASHTO M240 permits up to 15% limestone additions
to the clinker (1, 5-7). Although some consider limestone an inert material, it can affect the reaction
products of hydrated OPC systems (7-12). For example, in typical OPC systems, limestone content
can stabilize ettringite and result in the formation of monocarbonate instead of monosulfate (8, 9,
12-14). This change in the phase assemblage of reaction products due to the presence of limestone
can sometimes directly impact the porosity and pore volume distribution in concrete as ettringite
is a more space-filling phase (1, 15). Matschei et al. (15) showed that the porosity of OPC-
Limestone systems decreased (accompanied by an increase in compressive strength) when the
limestone content increased from 0% to 2%, but any further increase in limestone content led to

an increase in the porosity ierease-above the minimum porosity (and a decrease in compressive

strength). It is worth noting that even at a 15% limestone content, the porosity of PLC systems is

lower than the porosity of an OPC system with 0% limestone (15). Several authors have then

experimentally studied the synergistic effect of using alumina containing supplementary
eementingcementitious materials (SCMs) such as fly ash or metakaolin with limestone on the

compressive strength of concrete (14, 16).

This work studies the impact of clinker chemistry and SCM addition on the reaction
products and porosity of OPC-limestone systems. Concrete performance can be related to its

porosity, pore volume distribution, and the chemical composition of its hydrated phases and pore
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solution. Porosity is a key feature that can be related to engineering properties (17). For example,
the strength of concrete made with OPC has been historically related to the water-to-bindercement
ratio (w/bc) through models such as Abram’s model (18), Bolomey’s model (19), or Feret’s model
(20). In these models, w/b-c was mainly used as a surrogate for the porosity of concrete. In recent
years, Thermodynamic modeling has gained popularity as a tool to predict reaction products and
porosity in cementitious systems (8, 21-23). Thermodynamic modeling has also been coupled with
the Powers-Brownyard model to accurately calculate the porosity of pastes made of OPC (24) and

OPC-SCM mixtures (25). Pewers—and Brownyard’sThe Powers-Brownyard model accounts for

pores of two sizes (gel and capillary) in OPC systems using the gel-to-space ratio to predict the
compressive strength (26, 27). The Powers—and—Brownyard approach coupled with
thermodynamic modeling can therefore be used to calculate the strength of OPC-SCM systems
(28, 29). Micromechanical modeling has also been used to predict the strength of cementitious
systems by relating the strength to the porosity, pore volume distribution, and phase assemblage
of these systems (30-33). While authors have attempted to extend these models to systems with
limestone, Bentz et al. (34, 35) also examined the role of limestone on porosity and strength and
DeLarrad (36) presented an approach that accounted for the acceleration and reaction effects of

limestone fillers.

While the relationship between porosity and strength is well established, concrete's
transport properties can also be related to the microstructure of concrete through the formation
factor (F) (37-42). The formation factor is a microstructural property of a porous material related
to the material’s porosity and pore connectivity (43). Previous work has linked the formation factor
of concrete to the transport properties of concrete, such as its ionic diffusivity (37, 38, 44), water

permeability (45, 46), and sorption (47, 48). The transport processes can be used to predict the
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time to corrosion (40, 42, 49, 50) or the freeze-thaw performance (23, 40). It is also well established
that these properties are positively affected by the presence of SCMs in the mixtures (28, 29, 51,
52). While several reports have stated that in general limestone improves transport properties
Barrett et al. (53) noted some inconsistencies in PLC systems. As such, the role of limestone on

the porosity, ard-pore volumes, and pore connectivity need to be studied in OPC-Limestone-SCM

systems.

The calcium hydroxide (CH) and pore solution in concrete can be related to key durability
issues. First, the CH content directly related to deicing salt damage with CaCl, and MgCl salts
are used (54-58). The CH also acts as a pH buffer for the pore solution and affects the resistance
of concrete to steel corrosion initiation and propagation (59) and carbonation (13), and along with
the pore solution pH, the CH content affects the resistance of concrete to aggregate-silica reaction
(ASR) damage (51, 60, 61). Pozzolanic reactions of SCMs consume CH in the system due to the
presence of reactive silica and alumina. In addition, the reduction of the clinker phase may dilute
the pore solution. This study will examine how the CH and pore solution vary when a portion of

clinker is replaced with limestone and SCMs.

In this work, the impact of partial replacement of clinker with limestone in OPC-SCM

systems is studied using thermodynamic modeling for different clinker and SCM chemistries.

First, the effect of clinker chemistry (FypetAHH-andType H \V—-elinkersclinker with lower C;A

content and clinker with higher C3A content) on OPC-Limestone systems' performance is studied.

Next, the impact of partial replacement of the OPC-Limestone binder with pure-100% amorphous
silica and pure-100% amorphous alumina (ideal SCM materials) is studied. Next, replacing a
portion of the OPC-Limestone binder with commercial SCMs like fly ash, metakaolin, and slag is

studied. Conclusions are drawn based on the performance of these systems with respect to the total
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z 1 porosity, ealeinm-hydroxideCH content, unreacted calcite content, and pH of the pore solution.
5 . . . . . .

6 2 Finally, recommendations are made on the direct replacement of a portion of the clinker with
7

8 3 limestone in OPC-SCM systems.

9

10
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14 5 RESEARCH SIGNIFICANCE

15

16

17 6 This paper examines the influence of cement clinker chemistry on PLC performance.
18

19 7  Specifically, simulations were performed using clinkers typical of those used in the manufacture
20

;; 8 of Type I, I, III, and V cement. The first portion of this paper compares OPC and PLC systems
23

24 9 made with clinkers typical of different cement types to determine the significance of clinker
25

26 10 chemistry with respect to PLC performance. The second portion of the research examines the
27

;S 11 influence of pure-100% alumina and silica (ideal SCMs) in systems where the limestone content
30 .. .. cq e N .
31 12 isincreased to 30%. This is done to provide insight on general trends that could be expected with
32

33 13 SCMs. The third phase extended the model to commercially available SCMs at typical
35 14  replacement levels. The work discusses how replacing OPC with PLC may impact the concrete

15  performance and specifications.
16

17 MODELING FRAMEWORK
47 18  Thermodynamic Modeling

50 19 The GEMS3K (62) software is used to perform thermodynamic modeling, and it is coupled

32 20  with the CEMDATA thermodynamic database (8). Thermodynamic modeling is performed by

55 21  calculating the phase assemblage at equilibrium, which minimizes the system’s Gibbs Free
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Energy. The GEMS-CEMDATA framework has been used to calculate the volumes and
compositions of solids, liquid, and gaseous products at thermodynamic equilibrium. The
framework has been used previously to obtain the reaction product volumes and pore solution
composition of OPC (21, 22) and OPC+SCM systems (63). While all phases are available to form
in the GEMS-CEMDATA framework, in this work, siliceous hydrogarnet (24, 63, 64), hydrotalcite
(24), and carbonate-ettringite phases (10, 65, 66) are blocked from forming based on empirical
evidence from the literature that these phases do not form in significant quantities in cementitious

systems at typical temperatures (less than 60°C) in the time frames studied (<20 years).

Kinetic Models

Thermodynamic models calculate only the phase assemblage of the systems studied at
equilibrium (i.e., the final phases). In practice, most cementitious systems do not reach
thermodynamic equilibrium. Kinetic models, such as the Parrot-Killoh model for OPC-clinker (67)
or the Modified Parrot-Killoh Model for clinker + SCM (68), are often used to predict the mass
fraction of the clinker that reacts at a given age. Thermodynamic models are often coupled with
kinetic models to predict the reaction products of cementitious systems at a given age. The
literature has shown that the phase assemblage of cementitious systems depends on the amount of
clinker, SCM, and limestone available to react (8), and the kinetics of dissolution of the three
components of the systems studied (i.e., clinker, SCM, limestone) are essential to understand and

described in the following sections
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Modified Parrot Killoh Model for Clinker and SCM

The Modified Parrot Killoh (MPK) model (68, 69) is used to predict the mass fraction of
the clinker phases (C3S, C2S, C3A, C4AF) and oxide phases in SCMs (Si02, Al>O3, CaO) that react
at a given age. The main inputs to the MPK model are: (i) the chemical composition of the OPC-
clinker and SCM used, (i1) the reactivity of the SCM (fraction of SCM that can react at equilibrium,

usually the amorphous fraction of the SCM (69)), (iii) water-to-cementitious materials ratio

(w/cm)w#b, and (iv) the temperature of curing. Other inputs include the fineness of the cement and

SCM used. Note that the fineness of the cement used in this study is kept constant as studying the

impact of fineness is beyond the scope of this study.

The MPK model outputs are the degree of reaction of the clinker phases (CsS, C2S, C3A,
C4AF) and pozzolanic oxide phases (SiO2, AlbO3, CaO) as a function of time. The degree of
reaction of each phase at a given time (DOR,,(t)) is the fraction of the component that is available
to react at that time. The dissolution of the alkali-minor oxide phases in the clinker (Na,O, K>O,
MgO, SO3) are scaled based on their distribution in the clinker phases obtained from the literature
(70). The dissolution of alkali oxide phases from the SCM were scaled with the reactivity (DOR™)
of the SCM and the degree of reaction of the SCM. The degree of reaction of the system (DORy,,5)
is the mass averaged degree of reaction of clinker and SCM oxide phases (C3S, CoS, C3A, C4AF,
Si0,, AbO3, Ca0). Note: While the MPK model has only been validated for pure-silica_fume and
fly ash, the authors believe that it may be used in this work to model other commercial SCMs such

as slag and metakaolin with reasonable accuracy. The MPK kinetic model is limited in its ability

to capture the effects of particle packing and phase-specific local kinetic effects that may dominate

in some special OPC+SCM systems (68, 69).
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Modeling the Dissolution of Limestone

The mass of limestone available to react is an essential input parameter to thermodynamic
calculations, impacting the phase assemblage (8) and porosity (9, 15, 71) of these systems. In this
work, the amount of CaCOj3 available to react at any given time is considered the total amount of
CaCOs in the system. Crystalline calcium carbonate is capable of dissolving at ambient
temperature (14, 65, 72). The total volume and fineness of calcite also play only a role in the
amount of calcium carbonate dissolved at equilibrium (73). It has also been observed that the
solubility of limestone in the pore solution of typical OPC+SCM systems is high enough to saturate
the solution with carbonates within a few hours (74, 75), and often the effects of limestone
dissolution kinetics disappear after the first hour of mixing (76). Therefore, thekineties—of
limestone dissolution is governed by the kinetics of product formation and not the rate at which
limestone dissolves. In this work, since the thermodynamic calculations are performed at ages
greater than one day (typically DOR;,s > 30%), the entire mass of calcium carbonate is
considered to be available to react at all times. The portion of the calcium carbonate that does not
react simply reprecipitates in the output of the thermodynamic model as calcite (which we assume
would be undissolved) (8). While some of the calcium carbonate can be encapsulated by reaction
products rendering the rest of the calcite unable to react, it is assumed in this work that this does
not occur to a significant degree in the systems studied as the limestone is fine and generally

sufficient limestone remains in the system.
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Pore Partitioning Model

Thermodynamic modeling calculates the total volume of water that remains in the system
at a given age. As such, it is unable to differentiate the size of pores that the water occupies.
Recently, thermodynamic models have been combined synergistically with concepts from the
Powers-Brownyard model to determine the volume of gel pores and capillary pores in OPC (24)
and OPC+SCM systems (25). This is called the “Pore Partitioning Model” and is used in this work
to determine the volumes of the Powers-Brownyard phases: unhydrated binder (of volume fraction
Vyp in the hydrated paste), gel solids (vys), gel water (v, water in pores less than 5 nm in
diameter), capillary water (v,,,, pores between Snm and a few microns in diameter in the paste),

and chemical shrinkage (v,,). The total porosity of the cementitious paste (¢pqste) is calculated as

the sum of the gel pores, capillary pores, and pores due to chemical shrinkage, such that:

¢paste = Vgw + Vew + Vcs (D

NUMERICAL INVESTIGATION

This work describes several thermodynamic calculations to provide insight into the effects

of limestone addition to OPC-SCM systems:

(1) The impact of clinker chemistry is studied on the performance of cements that contain

limestone (PLCs). Two cements, Cement A (intended to be representative of the clinker

used to make ASTM Type VIl cement commerciallyASTM—Fype—HE and the

composition of this cement is calculated as the mean composition of Type I and Type

[1I cements from (77): the clinker used to make this cement has a higher C3A content).

and Cement B (intended to be representative of the clinker used to make ASTM Type

10
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[I/V_cement commercially Fype H-V-elinkers-and the composition of this cement is

calculated as the mean composition of Type Il and Type V cements from (77); the

clinker used to make this cement has a lower C3A content) are studied in systems where

the cement contains varying amounts of limestone (limestone content replaces-in the

cement varies from 0% to 30% efthe-eementby mass). This provides insight into the
impact of calcium carbonate on the phase assemblage (such as ettringite, monosulfate,
hemi/monocarbonates, and CH) and pore volumes of typical PLC systems.

The impact of the partial replacement of 0-30% of the OPC or PLC with pure-100%
amorphous silica (SiO2) and pure-100% amorphous alumina (Al203) is studied on the
bulk properties of pastes. This provides insight on the impact of the main pozzolanic
components in SCMs on the bulk properties of pastes made with PLCs and SCMs.
The impact of partial replacement of PLCs of different limestone contents (0-30%) with
commercially available SCMs like fly ash (FA), metakaolin (MK), and, slag (SL).
These SCMs are chosen to demonstrate the impact of SCM composition on the

behavior of PLC systems.

The w/b-cm is held constant at 0.42 (note that the mass of ‘cementitious materials’ used in

calculating the w/cm is the sum of masses of cement, SCM and limestone) and the simulations are

performed at an age of 56-days (the degree of hydration, DOH, is calculated to be about 71%).

The compositions of the simulated clinker and SCMs are listed in Table 1. The mear-composition

of ASTM-FypetHHand ASTM-Type HA¢elinkerscement A (intending to represent the clinker

used to produce Type I/IIl cements in the US) and cement B (intending to represent the clinker

used to produce Type 1I/V cements in the US) is calculated as the mean composition of the typical

ASTM Type I/III and ASTM Type I1/V cements obtained from based-en-a literature study of 363

11
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cements is-tsed-(77). Limestone is considered in these simulations to be pure-calcium carbonate.
Note that if the limestone is not pure, the total mass of CaCOj3 present in the limestone should be
considered as limestone that is reported. The compositions of the fly ash and slag are based on the
statistically average compositions of the SCMs obtained from the literature (78). The maximum
degree of reaction (DOR*) values are chosen based on the typical reactivity of these materials
observed in the lab (fly ash typically has a DOR* between 20% and 60%, MK has a DOR* between
55% and 100%, and slag typically has a DOR* between 25% and 75%, calculated from the

pozzolanic reactivity test data available in the literature (79)).

RESULTS AND DISCUSSION

Influence of Limestone on Mixtures with Fype A -and-Type H/V ClinkersCements with

lower C3A and higher C3A

Figure 1 (a) and (b) show the predicted phase assemblage of cement pastes made with Fype

AHcement A (higher C3A: intending to represent the clinker used to produce Type I/III cements

in the US) and Fype HV-ehnkerscement B (lower C3A; intending to represent the clinker used to

produce Type II/V cements in the US)) with increasing limestone contents in the binder. In both

systems, the model predicts that as the limestone content is increased from 0% to 2%,

hemicarbonates and monocarbonates form at the expense of monosulfates, which is consistent with

the literature (8, 9, 15). Ettringite is also predicted to be stableilized when limestone is present in

the system (8, 9). As the limestone content is increased beyond 3%, the modelling indicates that

the volumes of major hydrate phases (calcium silicate hydrate or C-S-H, CH, hemi-

/monocarbonate and ettringite) slightly decrease due to the dilution of clinker with limestone.

12
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Slightly more ettringite and hemi-/monocarbonate phases (~2% by volume) are predicted to be

produced when FypetAHelinkerclinker used to make Type I/I1I cements (cement A) is used when

compared to Fype HAehnkerclinker used to make Type [I/V cements (cement B) due to a higher

reacted aluminate from the clinker (see Table 1).

Figure 2 (a) and (b) show the_predicted hydration products that form for cement pastes

made with FypetAH-and-Fype H V-<elinkercements A and B with increasing limestone contents.

Figure 2 (c) shows the predicted porosity of both systems as the limestone content increases. From
Figure 2 (a) and Figure 2 (b), it can be seen that as the limestone content is increased from 0% (no
limestone) to 2%, the predicted volume of gel solids increases by approximately 5%, and the

predicted volume of capillary water decreases by approximately 4%. The model predicts the

minimum porosity occurs at approximately 2% limestone by mass (Figure 2 (c)), consistent with
the observations of Matschei et al. (15). This is due to the formation of more “space-filling” phases
(8,9, 11), fe.g., ettringite and hemi/monocarbonate —form instead of monosulfates}. This also

leads to a reduction in the total porosity. The model predicts that the amount of gel water between

a 0% and 2% limestone content remains nearly constant as the total volume of the phases that

contribute to gel-water (monosulfate + ettringite + C-S-H) remain nearly constant. This leads to a

lower predicted porosity of the gel phase between a 0% and 2% limestone content. The reduction

in the predicted porosity of the gel phase is due to the formation of reaction products in the hydrated

cement gel with lower porosity (carboaluminates) at the expense of higher porosity phases like

monosulfates below a 2% limestone content.

For the reader’s reference, a study of 68 commercial cements from North America showed

that the average limestone contents in OPCs_that contain limestone as an added ingredient is 3.1%

(80). For both ehinkerscements, the model predicts that above a-about 3-% to 4% limestone content;

13
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any additional limestone present in the system generally does not react. This causes a reduction in
the volumes of gel solids and gel water due to dilution of reactive clinker with unreacted limestone.

Despite the slightly different volumes of reaction products that form when FypetAH-elinkersand

Fype HAehinkerscements with different C3A contents are used, there is no significant difference
in the predicted volumes of gel solids, gel water, or capillary water in the systems (each of these
values are within 1% vol. fraction for both clinkers). This translates to nearly identical predicted
total porosity for either system at a given limestone content, which can be seen in Figure 2 (c).
Note that if the purity of the limestone is lower than 100%, the location of the point of minimum
porosity shifts to a higher limestone content in a roughly linear manner (e.g., if the limestone is
100% calcite, the minimum porosity occurs at 2% limestone, and if the limestone only contains

50% CaCOs3, the minimum porosity would occur at around 4% limestone content).

Influence of Pure-Silica and Pure-Alumina on the Performance Properties of PLC systems

Porosity

Figure 3 (a) and (b) are plots of the predicted total porosity (using the PPM) of cementitious

pastes made with FypetH-elinkerhigher C3A clinker, typical of that used to produce Type I/III

cement (see cement A in Table 1) blended with increasing weight fractions of limestone, with pure

100% amorphous silica and ex100% amorphous alumina added as ‘ideal’ SCM’s. The w/b-cm is

0.42 and the simulations are shown at an age of 56-days to allow for a significant pozzolanic

reaction.

Figure 3 (a) shows the impact of the replacement of a fraction of the PLC with pure-100%

amorphous silica. An increase in the limestone content causes a sharp decrease in the predicted

14
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porosity when the limestone replacement is increased from 0% (no limestone) to 1-2%, due to the

formation of space filling phases (e.g., ettringite). The modeling results indicate that An—an

increase in limestone content beyond 1-2% causes an increase in the predicted porosity of the paste

due to clinker dilution. As the silica content in the pastes is increased, the_ model predicts that the

porosity remains nearly the same up to a replacement level of around 25%, which is greater than
most practical ranges. This is due to the competing effects of (i) dilution of PLC with silica
(DOR jinker 1s between 70% and 80% for the studied age and replacement levels, DOR;jicq 18
between 40% and 50% at the studied age and replacement levels, even though the silica is 100%
reactive due to kinetic effects, calculated with the MPK model), and, (ii) the pozzolanic reaction
of the silica which decreases capillary porosity. Any additional added silica (above 25%) results

in the formation of stratlingite, which causes a reduction in the predicted porosity.

Figure 3 (b) shows the impact of replacing a fraction of the PLC with pure—100%

amorphous alumina. The model predicts that H-if no alumina is present, an increase in limestone

from 0-2% causes a decrease in porosity from 38% to 34%, and at higher limestone concentrations

(>2%), the porosity increases due to dilution. The model predicts that Wher-when alumina is

added, and as long as the CH is not depleted, the alumina can react with limestone to form
carboaluminate phases. These carboaluminate reactions decrease porosity as hemi-
/monocarbonates are formed instead of monosulfates, and the synergistic reactions between

alumina and limestone occur up to a ‘critical limestone content’, which is the maximum amount

of limestone that can react for a given alumina content. The model predicts this critical limestone

content is-to be 0% limestone for 0% alumina added, 2% limestone for 5% alumina, 5% limestone

for 7.5% alumina, and 10% limestone for 9% alumina. This forms a low porosity ‘wrinkle’ in the

contour plot of predicted porosity. This synergistic effect between limestone and alumina is shown

15
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more clearly in Figure 3 (c), which plots the porosity of 0%, 2.5%, 5%, and 7.5% alumina systems
against the limestone addition. It can be seen that the point of minimum porosity moves to higher
limestone contents when alumina is present, and the minimum porosity also reduces. The
minimum paste porosity is 28% and occurs at the critical limestone content of 4% and an alumina
content of 7.5%. This reduction occurs primarily due to the perfect balance of carbonates and
alumina in the system, which results in the maximum amount of carboaluminate and ettringite
phases forming (nearly 28% of the total volume is occupied by hemi-/monocarbonate phases and
8.5% by ettringite). If the alumina content is increased above 7.5%, even if limestone is available
to react, the predicted porosity increases as there is an insufficient amount of sulfate to form
ettringite. Instead, in this region (7.5%<A1203<9% and 4%<Ls<10%) more monosulfate forms
rather than space-filling ettringite. At alumina concentrations >9%, the calcium hydroxide is
depleted and stratlingite forms instead of monocarbonates, and the predicted porosity decreases
(16). The minimum paste porosity occurs when alumina>9% is 26% and occurs at a limestone
content of 10% and an alumina content of 30%. At all alumina levels, above the critical limestone

content, the predicted porosity increases due to dilution.

Unreacted Calcite
Figure 4 (a) is a plot of the mass of unreacted calcite in the PLC + silica system_obtained

from thermodynamic modeling. First, it should be remembered our limestone is 100% calcite. For

low levels of limestone addition (up to 2%) all of the limestone reacts. This is due to the initial
reaction of limestone with the aluminate-containing clinker phases. As the limestone content

increases (above a 2% limestone content), the model predictions show that the alumina appears to

be reacted entirely (in this system, the only source of alumina is the cement), and there are no other
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phases available to react with the limestone. At high silica contents, a relatively negligible impact
is observed on the amount of limestone that reacts (due to competing effects of dilution and filler

effect).

Figure 4 (b) is a plot of the mass of unreacted calcite in the PLC - alumina system_obtained

from the thermodynamic models. As the amount of alumina in the system increases, the amount

of limestone that can react also increases, consistent with what is expected in the literature (11).
This can be seen as all of the unreacted calcite moving in a bilinear fashion with alumina additions
of below 10% alumina having the amount of calcite remaining being directly is proportional to the
amount of alumina added. When the alumina content is greater than 10%, the consumption of
calcite is independent of the addition of more alumina (the maximum consumption of calcite
appears to be 10% by mass irrespective of the amount of alumina added. This reaction limitation
can be explained as follows. When the alumina content is below 10%, as the amount of limestone

is increased, the model predicts that the calcite in the limestone reacts with the alumina and ealeivm

hydrexideCH to form hemicarbonates and monocarbonates. When the alumina content is greater

than 10%, the model predicts that complete consumption of ealeim-hydrexideCH can occur (see

Figure 5) leading to the remaining alumina being preferentially bound in €E+4A)-S-H-phases flike
stratlingite} (16). The beneficial effects of using SCMs containing a significant amount of alumina

when PLCs are used is evident from these plots.

Calcium Hydroxide (CH) Content
Figure 5 (a) and (b) show the ealeizm-hydroxideCH content of pastes made with PLC and

silica/alumina as predicted by the thermodynamic models. In both cases, the model predicts that

an increase in the addition of silica or alumina causes a decrease in-the-caleivm-hydroxide CH due

17
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to the pozzolanic reactions. The alumina-based pozzolanic reaction consumes about twice the
amount of CHealernm-hydrexide (at the same SCM replacement level) as the silica-pozzolanic

reaction. In the silica system, the model predicts that CH is depleted at a 20% silica content, and

in the alumina system, the model predicts that CH is depleted at a 10% alumina content. Note that

thermodynamic models cannot account for CH that is not available to react; therefore, it is possible

to have some disparity between experimental and modelling results. It is likely that when the CH

content in the paste is low, physical availability and kinetic effects dominate, and there will be

some measurable CH in the system that is not available to participate in reactions (29, 55). This

observation is consistent with literature where the Caletwm—ealernmCH Hydroxide hydroxide
content in pastes containing silica fume and limestone are compared to pastes containing
metakaolin and limestone (16, 81). As the limestone content in the systems are increased from 0%
to 2%, CH content the-ealetum-hydroxide-slightly decreases and the increases due to the formation
of hemicarbonates and subsequently monocarbonates. Any further increase in the limestone causes
the ealerumhydrexideCH content to steadily decrease due to dilution of the clinker (ealerm

hydrexideCH in these systems is produced due to clinker hydration).

Pore Solution pH
Figure 6 (a) and (b) are plots of the pH of the pore solution of pastes made with PLCs and

silica or alumina as predicted by the thermodynamic models. In Figure 6 (a), as the silica content

of the pastes is increased, the model predicts that the pore solution pH decreases due to the

increased alkali binding and lower initial alkali in pore solution (due to dilution of clinker).
Beyond a 20% silica addition by mass, the predicted pH drops rapidly due to the complete

consumption of ealeim-hydroxideCH. As the limestone content is increased (up to approximately
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2%), the predicted pH slightly increases (due to a reduction in solution volume). When the
limestone is greater than approximately 2% the pH decreases due to the initial slight decrease in
capillary water (which increases the concentration of hydroxyl ions in solution) and then
subsequent dilution of clinker with limestone. In Figure 6 (b), as the alumina content of the pastes
is increased, the predicted pH increases due to the reduction in the amount of C-S-H and the
formation of stratlingite (stratlingite does not seemto-bind Na" and K in the model used). As the
limestone content in the pastes is increased, the predicted pH slightly increases and then decreases

due to the initial slight decrease in the predicted volume of capillary water (which increases the

concentration of hydroxyl ions in solution) and then subsequent dilution of clinker with limestone.

This behavior is consistent with experimental observations (82).

Influence of Commercial SCMs on Performance Properties of PLC systems

The third part of this work is to study the impact of the addition of commercial SCMs like
fly ash, metakaolin, and slag on the performance of OPC-cementt+Elimestone systems.
Simulations are run from limestone fractions of 0% to 30%. The replacement of the OPC-
Ecement+limestone binder with commercial SCMs is studied from 0% to 50% replacement by

mass.

Fly Ash
Figure 7 contains plots of several performance properties of cementitious pastes made with
varying weight fractions of limestone and fly ash (FA). Figure 7 (a) is a plot of the_predicted

porosity of the hydrated cement paste. As the amount of FA in the system increases, the predicted

porosity uniformly increases due to dilution, as seen in experiments (29). When no FA is present,

19
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as the limestone content of the PLC increases from 0% to 2%, the_predicted porosity initially
decreases from 39% to 34% due to the formation of ettringite and monocarbonate, and if the
limestone is increased above approximately 2% the predicted porosity increases due to dilution.

When FA is present, the model predicts that the point of minimum porosity increases to higher

limestone contents as the alumina in the FA can react with the calcite. This limestone content for
minimum porosity is 2% when no FA is present, 3% for a 20% FA content, and 4-5% for a 40%
FA content. These predicted trends reflect the near perfect balance of silica and alumina present

in fly ash to synergistically react with calcite (limestone) to reduce the porosity.

Figure 7 (b) is a plot of the unreacted calcite present in the paste. The model predicts that

As-as the amount of FA in the paste increases, the amount of reactive aluminate increases, and
hence the amount of reacted calcite increases (and amount of unreacted calcite decreases). The

model predicts that the unreacted calcite content follows a bilinear curve, with the unreacted calcite

being zero up to the critical limestone content of 2% when no FA is present, 3% at a FA content
of 20% and 4-5% for FA contents of 40% and above. Above a FA content of 40%, the maximum

amount of limestone that can react as predicted by the model is 5% as the ealernm-hydroxideCH

is depleted. Above the critical limestone content, the unreacted calcite is equal to the difference

amount of calcite added and the critical limestone content at that FA content. The model predicts

that the amount of unreacted calcite increases proportional to the limestone content in the PLC.

Figure 7 (c) is a plot of the predicted ealeinm-hydrexideCH content in the paste. The model
predicts that As-as the amount of FA in the paste increases, the ealeium-hydrexideCH in the paste

decreases due to the pozzolanic reactions. The model predicts that for the FA studied, the ealeium

hydrexideCH is completely depleted at a FA content of 40%. An increase in the limestone content
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of the PLC slightly decreases the ealeium—hydrexideCH due to the dilution of clinker

approximate . binder IOWETr ora o Increase 1n limestone).
(approximately 1.5g/100gbinder lower CH for a 10% i in li )

Figure 7 (d) is a plot of the predicted pore solution pH in the system. As the amount of FA

in the paste increases, the predicted pore solution pH ef-the-pere-selution-decreases due to an

increase in the amounts of alkali binding (more C-S-H is formed with a lower C/S). The model

results indicate that A#-an increase in the limestone content of the PLC slightly decreases the pH

due to the dilution of clinker (lower mass of clinker translates to a lower mass of alkalis released

into the pore solution).

Metakaolin
Figure 8 contains plots of several performance properties of cementitious pastes made with
varying weight fractions of limestone and metakaolin (MK). Figure 8 (a) is a plot of the predicted

porosity of the paste. As MK contains a significant fraction of reactive alumina, the model predicts

that it is able to react with the limestone and cause a decrease in porosity when CH is present in
the system (e.g. the point of minimum porosity, called “critical limestone content”, when no MK
is present is 2% limestone, and when 15% MK is present is 4% limestone). Below a 15% MK
content, if the limestone is increased beyond the critical limestone content, the predicted porosity

increases due to dilution. Above a 15% MK content, thermodynamic modeling predicts that the

system runs out of CH and stratlingite forms rather than carboaluminate phases (formation of
hemi/monocarbonates from alumina requires the presence of ealeivm-hydrexideCH (16)), which
cause a decrease in porosity as the MK content is increased. The minimum porosity in this region
is 24% and occurs at 10% limestone + 40%MK. While this may improve mechanical properties

and transport properties by greatly reducing the porosity, there is no CH to buffer against

21
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carbonation and corrosion. When MK>15%, the point of minimum porosity remains at 10%
limestone content irrespective of the MK content, and any increase in the limestone content

increases porosity due to dilution.

Figure 8 (b) is a plot of the unreacted calcite present in the paste_obtained as the output of

thermodynamic modeling. As the amount of MK in the paste increases, the model predicts that the

amount of reacted calcite first increases and then deereases:decreases, which causes the amount of
unreacted calcite to first decrease then increase. This appears to be due to reactions of the aluminate
from the MK at lower replacement levels (MK<20%) with the carbonates in the limestone to form

hemi-/monocarbonates. At higher replacement levels (MK>20%), the model predicts that as the

amount of MK increases the amount of E-A)-S-Hstratlingite increases in the system and it appears
that the aluminate from the MK reacts with the silica present in the metakaolin in the absence of
ealeim—hydrexideCH to form €EAA)-S-Hstratlingite (as it is unable to form hemi-
/monocarbonates), which causes the amount of unreacted calcite to increase. The formation of &-
A)-SHphasestike-stratlingite in OPC+Ls+MK pastes has been documented in the literature (16).

As the amount of limestone in the PLC increases, the model predicts that all calcite that is able to

react at a given MK replacement level reacts. Any additional calcite remains unreacted, and the

amount of unreacted calcite increases proportional to the limestone content in the PLC.

Figure 8 (c) is a plot of the ealeium-hydroxideCH content in the paste_as predicted from

thermodynamic modeling. As the amount of MK in the paste increases, the predicted mass of

ealetnm-hydroxideCH in the paste decreases due to the pozzolanic reactions of the alumina and

silica from the MK. The CH is completely depleted when MK>20%. The model shows that An-an

increase in the limestone content of the PLC slightly decreases the ealeinm-hydrexideCH due to

the dilution of clinker (approximately 1.5g/100gpinder lower CH for a 10% increase in limestone).
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Figure 8 (d) is a plot of the pore solution pH in the system, predicted using thermodynamic

models. As the amount of MK in the paste increases, the predicted pH of the pore solution

decreases due to an increase in the amounts of alkali binding (the model predicts that more C-S-H

is formed with a lower C/S) and a decrease in the initial amounts of alkalis in the PLC+MK blend
that go into solution. An increase in the limestone content of the PLC slightly decreases the
predicted pH due to the dilution of clinker (lower mass of clinker translates to a lower mass of

alkalis released into the pore solution).

Slag

Figure 9 contains plots of several predicted performance properties of cementitious pastes
made with varying weight fractions of limestone and slag (SL). Figure 9 (a) is a plot of the
predicted porosity of the paste. As the amount of SL in the system increases, the predicted porosity
remains nearly constant due to the competing effects of (i) dilution, and, (ii) reactions between the
Ca0, SiO», and AbO3 in the SL. When no SL is present, an increase in limestone from 0-2% causes
the porosity to drop from 39% to 34%, and an increase in limestone above 2% causes an increase

in porosity due to dilution. When SL is present, the model predicts that the alumina in the SL can

react with the limestone in the presence of CH to produce carboaluminates and ettringite that
decrease the predicted porosity up to a critical limestone content. This critical limestone content

as predicted by the model is 2% when no SL is present, 3.5% at a 25% SL content, and 5-6% at a

50% SL content. The minimum predicted porosity is 34-35% and occurs at the critical limestone
content. The value of minimum porosity does not appear to be significantly affected by the SL

content.
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Figure 9 (b) is a plot of the predicted mass of unreacted calcite present in the paste. As the

amount of SL in the paste increases, the amount of reactive aluminate increases and hence the

model predicts that the amount of reacted calcite increases (and amount of unreacted calcite

decreases). Since the addition of even 50% slag does not cause complete consumption of CH

according to the model predictions, the reacted limestone increased with increasing slag content

(up to 7.5% limestone reacts at a 50% slag content). The model also predicts that As-as the amount

of limestone in the PLC increases, all calcite that is able to react at a given SL replacement level
reacts. Any additional calcite remains unreacted, and the amount of unreacted calcite increases

proportional to the limestone content in the PLC.

Figure 9 (c) is a plot of the predicted mass of ealeinm-hydroxideCH eententpresent in the

paste. As the amount of SL in the paste increases, the predicted mass of ealetum-hydrexideCH in

the paste decreases due to the pozzolanic reactions. The model outputs show that Fhis-this decrease

is much lower than the decrease when FA or MK are used as the slag studied contains a significant
portion of calcium that is able to react to form ealeism-hydrexideCH. An increase in the limestone
content of the PLC has the following trend: (i) an initial decrease due to the formation of hemi-
carbonates instead of C-A-H phases, (i1) a slight increase due to formation of monocarbonates
rather than hemicarbonates as more carbonates are available to react in the system (notice that the

point of minimum predicted porosity occurs in this same region), and, (iii) a decrease in the

ealeinm-hydroxideCH due to the dilution of clinker.

Figure 9 (d) is a plot of the predicted pore solution pH in the system. As the amount of SL
in the paste increases, the predicted pH of the pore solution slightly decreases due to an increase

in the amounts of alkali binding (more C-S-H is formed with a lower C/S). The model predicts that
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Asan increase in the limestone content of the PLC slightly decreases the pH due to the dilution of

clinker (lower mass of clinker translates to a lower mass of alkalis released into the pore solution).

CONCLUSIONS

PLC (ASTM C595, Type IL) has been proposed as a direct replacement for OPC (ASTM
C150). While ACI 318 and some state highway agencies permit the use of PLC after the 2012
revision of ASTM C595, some agencies have not adopted these cements yet. Questions have been
raised on whether the clinker composition (clinkers used to make OPC Type I through V) or SCM
use impacts the PLC's performance. This paper uses thermodynamic modeling to address these
questions. A variety of limestone and SCM replacement levels in two types of clinker systems
have been modeled to obtain properties of the hydrated systems such as porosity, pH, unreacted

limestone (as calcite), and CH.

The use of cements with different C3A contents (lower C3A cements typical of ASTM Type

I/I1, and higher C3A cements typical of Type II/V )-elinker to make PLC resulted in nearly identical

porosity. For example, the porosity has been calculated as 38%, 34%, and 37% when 0%, 3%,
and 15% by mass of limestone is respectively used to replace clinker. The reduction in porosity
in PLC systems at low replacement levels has—been—shownto—eeeurappears to be due to the

stabilization of ettringite and the formation of hemi/monocarbonate instead of monosulfate.

The performance of ‘ideal”’ SCMs (pure-100% alumina and 100% silica) is simulated for

limestone contents between 0 and 30%. While thermodynamic models show that both the alumina

and silica systems have reduced porosity, the porosity is shown to be lower in the system

containing alumina due to the synergistic reactions between alumina and calcite to form
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hemi/monocarbonate phases when CH is available, and the formation of stratlingite when CH is
depleted. Calcium hydroxide is reduced in both systems due to the pozzolanic reaction, as one

may expect, irrespective of the limestone content.

The performance of PLCs is modeled ferwith three typical commercially available SCMs:
fly ash (FA), metakaolin (MK), and slag (SL) for various proportions. The decrease in the predicted
porosity is most significant in PLC+MK due to the reactive alumina available. An increase in the
amount of SCM in the PLC+FA system causes an increase in the estimated porosity, while an
increase in the amount of SL in the PLC+SL system does not have a significant impact on the

predicted porosity. The reduction in predicted mass of CH with increasing SCM replacement level

is most significant in PLC+MK systems due to the higher pozzolanic reactivity. The model predicts
that the decrease in CH is the least in PLC+SL systems due to the large amount of CaO available

to react (hydraulically) in the slag. It is also found through modeling that the amount of calcite that

reacts when CH is not depleted is roughly proportional to the mass of alumina that is available in
the PLC+SCM systems. When CH is depleted, thermodynamic modeling predicts that EA)-S-
Hstratlingite phases form as the formation of hemi/monocarbonate phases requires CH as a

reactant.

In summary, SCM can be beneficially used with PLC. The model shows that Alemina

alumina containing SCMs provide the most synergistic behavior when used with PLC systems. 1a

CH depletion isnetentirely-depleted-however; this

would only occur at very high replacement levels and not those typically used in ACI 318 or state

highway agency applications. As such, thermodynamic modeling shows that PLCs can be used as

a replacement for OPCs both without and with SCM._Future works include experimental work to

validate the porosity and pore connectivity of pastes containing high volumes of limestone and
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SCMs. The current work also only looks at the mean compositions of the typical Type I/I1I cements

(cement A) and Type II/V cements (cement B): future work will include a -Monte-Carlo analysis

of studving the variability of the compositions of these clinkers on the variation in the performance

parameters of concrete made with PLCs and SCMs.
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1  Figure 6 — pH of the ehnkercementtlimestone systems with: (a) 100% pure-amorphous silica,

2 and, (b) 100% pure-amorphous alumina.
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9 3 Figure 7 — Performance of ehnker,—cement+limestone and fly ash systems: (a) Porosity, (b)

1 4 Unreacted Calcite, (¢) Calcium Hydroxide Content, and, (d) Pore solution pH.

14 ‘ 5  Figure 8 — Performance of elinker,cement+-limestone and metakaolin systems: (a) Porosity, (b)

16 6  Unreacted Calcite, (c) Calcium Hydroxide Content, and, (d) Pore solution pH.

19 ‘ 7  Figure 9 — Performance of elnker,cementt—limestone and slag systems: (a) Porosity, (b)

Unreacted Calcite, (c) Calcium Hydroxide Content, and, (d) Pore solution pH.
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are given in wt. %unless otherwise mentioned.

Constituent Clinker Clinker Limestone | Fly ash | Metakaolin Slag
Fype Fype (Ls) (FA) (MK) (SL)
FHHCement | HAVCement
A (made B (made
with clinker with
used to clinker
produce used to
Type I/I11 produce
cements) Type 1I/V
cements)
Si0» 20.00 20.28 0 51.60 49.09 35.23
ALO; 4.79 4.44 0 22.64 40.45 10.79
Fe O3 2.95 3.50 0 8.89 1.45 0.86
CaO 63.31 63.63 0 7.55 0.16 38.65
Na,O 0.16 0.16 0 1.06 0.09 0.31
K>0O 0.61 0.54 0 2.57 0.16 0.49
MgO 2.16 2.02 0 1.64 0.09 10.75
SO3 3.52 2.94 0 0.73 0.04 1.52
CaCOs3 0 0 100 0 0 0
DOR* -N/A- - N/A- - N/A- 40% 80% 60%
Specific 3.15 3.15 2.71 2.56 2.36 2.20
Gravity
CsS 57.91 59.13 - N/A- - N/A- - N/A- - N/A-
CaS 13.49 13.18 - N/A- - N/A- - N/A- - N/A-
GCA 7.68 5.82 - N/A- - N/A- - N/A- - N/A-
CsAF 8.90 10.63 - N/A- - N/A- - N/A- - N/A-
41
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Figure 1. The model predicted Phase Assemblage of clinker + limestone systems made with

[98)

(a) typical Fype A -elinkercement A (higher C3A clinker, representative of clinkers used

24 4 to produce Type I/II1 cement), and, (b) typical Fype HV-elinkercement B (lower C3A

26 5 clinker, representative of clinkers used to produce Type II/V cement).
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41 1 Figure 2. Powers-Brownyard phases of clinker + limestone systems made with (a) typieal

44 2 FypelH-ehinkercement A (higher C3A clinker, representative of clinkers used to produce

46 3 Type I/I1I cement), and, (b) typical Fype H/V-¢clinkercement B (lower C3A clinker,

48 4 representative of clinkers used to produce Type II/V cement); (c) Plot of total porosity of

51 5 the PLC systems made with Fype tAH-and-Type H/V-elinkercement A and cement B.
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Figure 4. Unreacted calcite in systems made with Fype A H-elinkercement and varying
levels of limestone and (a) 100% pure-amorphous silica, and, (b) 100% pure-amorphous

alumina.
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2 Porosity, (b) Unreacted Calcite, (¢) Calcium Hydroxide Content, and, (d) Pore solution pH.
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Unreacted Calcite, (¢) Calcium Hydroxide Content, and, (d) Pore solution pH.
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2

Reviewer: 2

Comments and Suggestions for the Author(s).

Pg

Ln

Review

Response

The authors applied thermodynamics
model to predict the performance of
PLC with different clinker and SCM.
This is a necessary step before
conducting experimental works to
gain fundamental understand. In my
opinion, there are some remaining
works that can be completed in the

future. It is better to add some future

works in the conclusion section.

Thank you for these comments. We have
updated the conclusions to include future

work.

3

Reviewer: 3

Comments and Suggestions for the Author(s) See attached Additional review comments.doc

Pg

Ln

Review

Response

The IDs "Type I/III clinker" and "Type
II/V clinker" are a bit of a misnomer:
Type I is a cement defined
predominantly by its fineness and
sulfate content. This might more
accurately classified as the "clinker

with the higher alumina content."

Further, Table 1 indicates that this
would be likely be a Type II cement
based on its C3A content, and the

Thank you very much for this comment;
we agree that we need to reduce confusion
on this. As recommended, we have
updated this for clarity. The simulated
cements were named to be ‘Cement A’ for
the cement with higher C3A content and
‘Cement B’ for the cement with the lower
C3A content as well as included the

description of the clinker.
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"Type II/V clinker" in this paper
would NOT meet requirements for
Type V cement, but would also be a
Type II clinker. Given that some of the
results are rather comparable, this is
supporting information, but roughty
2% difference in C3A content is not as
big of a change as implied by the
"Type IUII" vs. "Type II/V"
nomenclature here. Suggest these
identifiers be changed throughout for

accuracy.

In addition, the SO3 contents in Table
1 would appear to indicate that these
are cement analyses rather than
clinker. Recommend the word
"clinker" throughout be replaced by
"cement" or perhaps "base cement" or

something similar.

Perhaps simplest would be to replace
the IDs with Cement A and Cement B

throughout.

For additional clarification, we would like
to note that we used the statistics of the
compositions of the Type I&III and Type
[1&V cements from the report “Chemical
and Physical Characteristics of US
Hydraulic Cements: 2014 by Dr. Paul
Tennis to calculate the mean composition
of a typical Type I/Ill and Type 1I/'V
cement. This confusion arises as we have
combined the statistics of these cements,
1.e., lumped all Type I and Type III
cements into one class of ‘Type I/111
cement’ and lumped all the Type II and
Type V cements into the class of “Type
II/V cement’. However, we understand
that the mean values are very similar. A
sentence has been added to the conclusions
to reflect some of the future work we are
working on which includes a Monte-Carlo
framework to study the variability of the
performance properties due to the variation
in the compositions of each type of ASTM

cements.

My other primary concern is that the
research results are based on
thermodynamic models, good ones
and fundamentally sound, but still
models, subject to some of the

assumptions noted. The results of the

Thank you for pointing this out. We have
updated the text to note that the results are

model predictions.
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work should properly be referred to as
predictions, estimates, or model
outcomes, but tend to be referenced as
facts or (implied) results of physical

measurements.

Since cement pastes and SCMs are
being modelled here, the use of
"water-to-binder ratio" or w/b
throughout is also incorrect. the word
"binder" implies fillers are being used,
while this research refers to portland-
limestone cements and supplementary
cementitious materials as the paste
ingredients. These are properly
"water-to-

referred to  using

cementitious materials ratio" or w/cm.

Thank you for this comment. The authors
would like to clarify that the word ‘binder’
was used as the reactive powder used in
the paste and consists of the cement (with
limestone contents varying from 0% to
30%) and SCM. This has been more
clearly stated in the ‘Numerical
[nvestigation’ section, and all instances of

w/b have been changed to w/cm.

The word "pure" has connotations that
are not useful in this context. Suggest
using 100% silica and 100% alumina
for accuracy in referring to the model

SCMs..

Thank you for this clarification, we have
updated the text to call the model SCMs as
100% silica and 100% alumina.

Comments from the at

tached pdf below

Does porosity imply connectivity? My
reaction to '"porosity and pore
volumes" was to consider them similar

enough to be redundant.

Thank you for this comment. The ‘pore
volumes; in this statement was intended to
reflect the volumetric distribution of pores,
1.e., the volumes of gel pores, capillary
pores, air voids etc. As such, the total
porosity can be calculated as the sum of
the total volumes of these pores. It is worth

noting that the pore volumes can be related
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to the several mechanical and durability
properties (e.g., shrinkage, freeze-thaw
resistance), the total porosity can be related
to other properties (e.g. elastic modulus),
and the pore connectivity can be related to
the transport properties (e.g. diffusion,
sorption, etc). The pore connectivity is not
predicted in this work and was as such

excluded from this statement.

The aim of the statement was to illustrate
the gap in the literature and therefore the
porosity and pore volumes were listed; the
pore connectivity has been added to this
sentence as recommended as the influence
of limestone on pore connectivity is also a

gap in the literature.

have different thermodynamic

properties here? Was calcite assumed?

5 16 |is this a PLC or a OPC-limestone | The systems studied were a cement
blend? if the latter, the fineness of the | containing between 0% and 30% limestone
limestone is a critical parameter as | by mass, and can be considered a PLC. We
well. have avoided using the word PLC to
describe this system as ASTM allows only
up to 15% limestone in the PLC while we
have studied PLCs with up to 30%
limestone.
10 |22 | Would calcite aragonite and vaterite | This is a very insightful question. The

Cemdata 18 thermodynamic database used
in this work contains thermodynamic data

for the different polymorphs of CaCO3
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(calcite and aragonite). As such, the
GEMS3K algorithm takes into account the
polymorphs in the calculation of the stable
products that form. In this work calcite was

assumed.

It should also be noted that while the
different polymorphs of CaCOs (i.e.,
calcium aragonite, vaterite, and calcite) do
have slightly different thermodynamic
properties, the predicted reaction products
of the simulations are unaffected as the
algorithm of GEMS works on the
minimization of the system’s Gibbs free
energy. That is to say, unless any of the
polymorphs have a lower specific molar
Gibbs free energy than all the reaction
products that form in the current
simulations (ettringite, carboaluminates &
carbonate-ettringite), the reaction products
would be unaffected. Additionally, the heat
released in the reaction (not shown in this
paper) would be affected if different

polymorphs are used.

11

In the first paragraph here, I think it
should be clearly stated that these are
predictions from the thermodynamic
modelling  rather than  values
determined by direct measurements

for example. I have made suggestions

Thank you, we have updated the text.
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for the first paragraph but the
subsequent  sections should be
carefully reviewed and edited to

address this issue.

12

I think this sentence needs further
explanation. The gel water remains
constant, and the volume of gel-water
phases is nearly constant, but the gel
porosity is lower? I think I can guess
that the relative amount of gel porosity
is different for C-S-H and the more
crystalline monsulfate and ettringite,
but perhaps a sentence to explain that
would be helpful just before this one
(if that is the right interpretation).

Thank you, we have updated the text to
better explain the sentence. You are correct
in interpreting the statement. The reduction
in the porosity of the hydrated cement gel
is due to the formation of lower porosity
phases (carboaluminates) at the expense of
higher porosity phases (monosulfates).
Even though monosulfates are crystalline,
they release water upon heating to 105°C,
and as such the volumetric water loss is
considered to contribute to the volume of
gel pores in the system (from Powers-
Brownyard’s work, Ref. 26, 27 in the
paper). Carboaluminates do not typically
decompose until 150°C and are not
considered to contribute to gel porosity

(Ref. 9 in the paper).

12

I am familiar with this report and this
sentence is slightly misleading: the
average limestone content of OPCs
that included limestone was 3.1%.
Only about 60% (as I recall) of OPCs
in the US included limestone. This
would make the overall average lower

(about 2%). However, I think 3.1% is

Thank you for this clarification. It was our
intention to state that the average limestone
content of cements containing limestone
was 3.1%. The text in the manuscript has

been revised.
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the right value to use here; the

statement should just be clarified.

12

11

based on thermodynamic modelling or
based on, say, QXRD measurements

from the literature?

This result has been corroborated by both
thermodynamic modelling and TGA
analysis. For example, Ref. (9) in the paper
also shows that there is residual limestone
in the hydrated cement pastes made with

cement containing 4% limestone by mass.

12

12

This seems to conflict with the
previous paragraph. Am [ missing

something?

Thank you. We acknowledge that there is
some conflict here that we missed. The
previous paragraph was intended to
explain the properties of the system
between 0% and 2% limestone contents.
This paragraph explains the system
properties above a 2% limestone content
when the system is diluted due to excess
unreacted limestone. The text has been

modified to be clearer.

22

21

Since this is modelling work, would it
be more accurate to say "appears to

be" ?

Thank you. While the predictions of
porosity are made with the model, the
explanation of the results (porosity
reduction due to the formation of
ettringite) has been shown experimentally
(Ref. 15 in the paper). This said, since
these are model predictions without
experimental work in this paper, the

sentence has been revised.
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34

14

Better reference for this data: Bhatty,
JI and Tennis, PD, U.S. and Canadian
Cement Characteristics: 2004,

Thank you, the reference has been updated.

SN2879, Portland Cement
Association, 2008, 67 pp.
Table 1: Thank you, the table caption has been

Are these analyses based on cements?
The SO3 contents might imply that
these are cements with added gypsum
rather than clinkers.... if so, the
terminology of "clinkers" should be

corrected to "cement" throughout.

revised.

Figure 1:

Here and in the text, it might be
assumed that these are experimentally
determined volume fractions. I think
this needs to be clearly stated as a
"predicted" or "estimated" or
"calculated" using the modelling

approaches described earlier.

Thank you. The text and figure captions

have been updated to be more clear.

Figure 3:

Which clinker or cement) was used for
Figures 3 through 9? Given that the
chemistry was relatively similar, I'm
not sure we'd expect much difference,

but for completeness, please identify.

Thank you. The cement used was Cement
A in the new nomenclature. The caption
and text have been updated to be more

clear.
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4 Reviewer: 4

Comments and Suggestions for the Author(s)

hydroxide is not entirely depleted?

Pg | Ln | Review Response
Interesting work which can be Thank you for your comments.
considered for publication after the
comments below are addressed.

3 supplementary cementitious material | Thank you, the text has been updated.
may be better than supplementary
cementing material.

3 its confusing to say Type I/IIl and | Thank you. The cement names have been
Type II/IV. Could you be more | updated to better reflect the compositions.
specific? The new nomenclature is ‘cement A’ and

‘cement B’, and their compositions are
listed in table 1. Cement A is made with
the typical clinker that is used to produce
Type I and Type III cements in the US.
Cement B is made with clinker that is used
to produce typical Type Il and Type V
cements in the US.

3 why should care be taken that calcium | Our intention here was to note that the

presence of CH provides buffering
capacity for the pore solution which
consequently aids against the corrosion of
steel. The presence of CH also provides
some buffer against carbonation damage.
We added some qualifiers in the text to

make this a bit more clear.

Page 10 of 19
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typically when limestone is called an
inert material, the consideration is that
it isnt pozzolanic or hydraulic - which

is true.

Thank you for allowing us to clarify.
Hydraulic reactions are chemical reactions
that occur between a reactant and water
and produce water-stable reaction
products. While it is true that limestone
does not react pozzolanically, the
formation of water-stable carboaluminates
is a hydraulic reaction. Therefore, given
that a small fraction of the limestone is
reacting with aluminates to form
carboaluminates, the authors state that
limestone is not truly an ‘inert’ material in
the presence of sufficient amounts of

alumina.

Check minor issues with language,
spellings, capitalization through the

document.

Thank you. We have made several

editorial corrections to the document.

I understand the modeling with pure
silica, but what is pure alumina
simulating?  Wouldnt  simulating
calcium aluminosilicate glasses (ideal

SCMs) make more sense?

The modelling of pure alumina was done
to illustrate the trends of reaction products,
porosity etc. that occur when limestone
reacts with alumina. Since alumina is one
of the components of SCMs, and it is
shown that limestone reacts with alumina,
the authors felt modelling Al>O3 rather
than calcium-aluminosilicate glasses
(which are combinations of
Si0,+Ca0+Al1,03 ) would provide a more
fundamental understanding of the reactions

that take place in the PLC-SCM system to
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the reader. Additionally, using aluminous
SCMs are common in the state of
California in the US and the alumina

simulations apply strongly to metakaolin.

There is a lot of work from Karen
Scrivener's group that you may
consider citing. Considering the cost
of metakaolin, running similar
simulations with calcined clays (40 to
70% kaolinite content), might be a
fruitful exercise.

Thank you for this suggestion. The authors
would like to note that we have cited
several papers from Prof. Scrivener’s
group (Ref. 9, 16, 51 in this paper). While
the cost of metakaolin is certainly an
important parameter, the scope of this
paper was to illustrate that PLCs can be
used as direct replacements to OPCs with
and without SCMs. For this study, the
SCMs studied represented the wide range
of chemistries of typical commercial

SCMs.

I am a little confusing with the MPK
model. If you consider Type I vs. Type
III cements, a major difference is the
fineness. How is this considered in the
MPK model? In addition, its not only
S, A, and C that react. You can and
will have Mg phases react in slag for
example. It may be good to
acknowledge some limitations of the

model in PS.

Since the scope of this paper was to study
the impact of replacement o OPC with
PLC, only a brief overview of the MPK

model was noted in this paper.

The MPK kinetic model (Ref 68,69 in this

paper) includes fineness of the cement and
SCM as an input to the model. The input to
the thermodynamic model also includes all
the minor oxides which includes MgO. For
example, the model predicts in these

simulations that the MgO phases react to
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form brucite and if a large amount of MgO

is present, hydrotalcite.

Text has been added to include some
limitations of the MPK kinetic model such

as particle packing etc.

literature?

reaction kinetics? so what explains the
massive differences that limestone

fineness has at all ages in published

9 Calling MgO and SO3 alkali oxides is | Thank you. The text has been updated to
confusing. ‘minor oxides’.
9 so the limestone fineness doesnt affect | Thank you for the opportunity to clarify

this. We actually do not make this claim in
this paper. In fact, it is true that the
fineness of limestone has an impact on the
performance properties of cementitious
system. Note that typically in the US,
PLCs are ground to a fineness such that the
performance of concrete made with PLCs
at 28-days is equivalent to the performance
of concrete made with OPCs. However,
studying the effect of the fineness of the
cement is beyond the scope of this paper.
The kinetic model used (MPK model)
accounts for the fineness of the powders
used in the mixture. However, the
simulations were all run at the same
fineness as the variable that objective of
this paper was to study the impact of
limestone content of PLCs on their
performance. While the model does allow
for varying the fineness, the combined

effects of reaction of limestone and
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kinetics of hydration make the results of

the model harder to explain.

11 please comment on fineness effects | Thank you. Text has been added to
here (cement, limestone, SCM). comment on the fineness.
11 Why 56-days? Class F fly ash (which | Thank you. 56-days was chosen as it

is what you are testing) would not

have reacted much at 56 days.

allows for pozzolanic reaction to study the
impact of limestone on the cement+SCM
systems, and as this is the usual age for
testing concrete containing SCMs to allow
for sufficient SCM reaction. While it is
true that Class-F fly ashes continue to react
beyond 56-days, and in some cases this
reaction can be significant, there is also
experimental evidence (see references 14
and 63) which indicate that significant
reaction of Class-F fly ashes can occur
around 56 days, and mostly before 90
days.

Table 1: The DOR* is the reactivity of
the SCM in a reactivity test, right? Of
I understand right (P8, 9), this is the
SCM amorphous content. If so, the
DOR* values in Table 1 make no
sense to me. FA is typically 60 to 80%
amorphous, and MK and SL are
typically 95%+ amorphous. Please
explain the details of your calculation

because this is confusing.

Thank you for allowing us to clarify this.
The DOR* is the maximum degree of
reactivity of an SCM, which is the
maximum mass fraction of the SCM that
can react at equilibrium with excess CH
and water present. A statistical analysis of
the DOR* of FAs in the literature tested
for reactivity indicates that the average
reactivity of typical FAs used in the US i1s
40% and that of typical slags used in the

Page 14 of 19

Page 110 0f 115



Page 111 0of 115

oNOYTULT D WN =

Response to Reviewers for M-2021-122

ACl Journal Manuscript Submission

US is 60%. It is also worth noting (from
Ref. 69) that the average amorphous
content of FAs in the US is 50%-60%,
obtained from XRD (Ref. 69). While the
amorphous content is related to the DOR*,
the DOR* depends on other parameters
such as how the reaction products occlude

the phases and the particle size and shape.

Figure 1, how do you account for

limestone filler effect?

Thank you. The MPK model considers the
fineness of the components of the
cementitious mixture, and therefore, does
partly account for the filler effect.
However, it should be noted that the filler
affect is predominantly seen at early ages,
at the ages studied in this paper, we don’t
expect it to be a significant factor (though
a slight variation may exist) at later ages
studied. This is shown in the reference

item below.

Reference:

Igor De la Varga (2013) “Increased fly ash
volume and internal curing in concrete
structures and pavements”, Ph.D. Thesis,

Purdue University, West Lafayette, USA.

You may want to point out that ref. 80
is 7 years old, and this number is likely

not true now.

Thank you for this note. The authors would
like to note that this is a report that is part
of a series of reports that is published
every 10 years, and as such, contains the

most up-to-date data for cement
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chemistries. Personal communication with
the author(s) of the upcoming report
indicate that a limestone content of around

3% 1is still relevant to this day.

13

yes above 3-4% limestone, it will not
react. But it will increase the cement
hydration due to filler effect, which

will increase gel solids and gel water.

Thank you. The filler effect is partly
accounted for to some extent in the MPK
model. However, it should be noted that
the filler affect is predominantly seen at
early ages. This is shown in the reference

item below.

Reference:

Igor De la Varga (2013) “Increased fly ash
volume and internal curing in concrete
structures and pavements”, Ph.D. Thesis,

Purdue University, West Lafayette, USA

17

is the alumina reaction consuming
twice the CH of the silica reaction in

line with stoichiometry?

Thank you. Yes, this reaction is
stoichiometric as the reaction of alumina to
form carboaluminates consumes twice the

CH as the reaction of SiO; to form C-S-H.

Perhaps I am not understanding, but
what is the degree of reaction of the
SCM used in Figure 7? Is this the same
as DOR*? How do you account for the
relationship between reactivity and

replacement (inverse relationship)?

The degree of reaction is the mass fraction
of the SCM that has reacted in the system
(56-days).

The DOR* is the maximum degree of
reaction that the SCM can show at

equilibrium (infinite time).
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For the replacement levels and reactivities
studied, the authors believe that this
inverse relationship between the reactivity
and replacement level that the reviewer
notes does not affect the calculations to a

significant degree.

How is binder defined in Figure 7

(clinker + SCM + limestone)?

Thank you. The word ‘binder’ has been
clarified in the manuscript per
recommendations from Reviewer 3. The
word ‘binder’ was intended to mean the
reactive powder containing
cement-+limestone, and the phrase
‘cementitious powder’ is used to mean

‘cement+limestone+SCM’.

I am really quite confused by Figure 7
results. It is stated that calcium
hydroxide is depleted at 40% fly ash
replacement level. But this is not
remotely true and  contradicts
literature. Your own work, for
example, ref. 55 shows considerable
amounts of calcium hydroxide even at
60% fly ash replacement levels. Other
papers from Scrivener, yet other
papers dealing with HVFA all show
that a good amount of calcium
hydroxide remains in the system at
60% fly ash replacement. What you

are showing, at 0% limestone, is that

Thank you for this comment. CH
consumption depends on several factors
such as the chemistry of the FA, the
reactivity of the fly ash, and the degree of
reaction (age) of the system studied. CH
consumption in experiments also depends
on the local availability of CH for
pozzolanic reaction. Thermodynamic
models cannot account for CH that is not
available to react; therefore, it is possible
to have some disparity between
experimental and modelling results. This
has been noted in the paper as a limitation
of the model that the model assumes all the

CH i1s available to react at the given time,
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calcium hydroxide contents are halved
at 20% fly ash replacement. I dont
think this is accurate or in line with
experimental data. Please check what
is happening. If these are the results,
please point out that it contradicts a

wealth of experimental data.

and some CH may remain in the system
due to local availability effects (see Ref.

55).

It is also likely that Reference 55 likely
used a low reactivity fly ash and had a low
w/cm which limited the degree of reaction
of the system. Additionally, the FAs used
in Ref 55 contained a significant amount of
CaO (>13% in most cases) while the FA in

this study contains only 7.5% CaO.

It should also be noted that there are also
references that indicate CH depletion. For
example, Reference 29 shows that at 56
days, a significant portion of the CH is
depleted in a 20% FA system.

I dont know that Figure 8 is accurate
either, and a comparison with
literature is needed. MK is super fine,
and beyond a certain replacement
level, its degree of reaction drastically
reduces. I dont think you will get 0 CH
at 18% MK replacement level.

Thank you. The results shown are model
predictions and the model predictions
correlate well with other model predictions

from the literature (see Ref. 51, 75).

As noted in the previous, we also
acknowledge that thermodynamic models
cannot account for CH that is not available
to react; therefore, it is possible to have
some disparity between experimental and

modelling results.
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However, we also note that there are
experimental observations in the literature
which also show near complete depletion
of CH in OPC+MK pastes (see Ref. 16 and
Proceedings of the 1* international
conference on Calcined Clays for

Sustainable Concrete).

Figure 9: Odd results for CH again.
Slag consumes plenty of CH in cement
pastes. Most authors have not shown a
huge difference between CH contents
in fly ash and slag pastes (see again
ref. 55 for example). So why do you

see massive differences?

Thank you; while it is true that some slags
may consume plenty of CH, the CH
consumed depends on the chemistry of the
slag, the reactivity of the slag, and the
degree of reaction of the slag at that age
among other parameters. There is evidence
in the literature (see ref. 51) that slags
typically consume less CH than class-F
FAs. The reference also shows that slag
systems have CH contents only moderately
lower than OPC systems. The simulations
in this paper reflect the slag composition

used in the study.

Considering this is modeling only,
experimental validation is missing.
Which could be ok, but a very careful
comparison of your results with
literature is needed. Right now this is
missing. In addition, do consider
adding language about assumptions

and limitations.

Thank you. The text has been updated
carefully to reflect that these results are the
predictions of the model. Future works

have also been added to the conclusions.
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