SO 0 9O N,k Wi o~

— =
N =

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

Predicting Pore Volume, Compressive Strength, Pore Connectivity,
and Formation Factor in Cementitious Pastes Containing Fly Ash

Authors: Keshav Bharadwaj ?, Rita Maria Ghantous ?, Feyza Sahan °, O. Burkan Isgor 2, and
W. Jason Weiss ¥

4 School of Civil and Construction Engineering, Oregon State University, Corvallis OR, 97331,
USA

b Civil Engineering Department, Ozyegin University, Istanbul, Turkey

* Corresponding Author; e-mail: jason.weiss@oregonstate.edu; postal address: 101 Kearney
Hall, 1491 SW Campus Way, Corvallis, OR 97331

Keywords: cement paste, fly ash, compressive strength, porosity, formation factor,

thermodynamic modeling.
Abstract:

This paper describes the use of thermodynamic modeling to predict the reaction products and
properties of cementitious pastes containing fly ash. A pore partitioning model is used to
estimate the gel and capillary pore volumes. The paste performance is predicted in terms of its
porosity, compressive strength, formation factor, and deicing salt damage susceptibility. A
model is proposed to quantify the pore refinement that occurs when fly ash is used.
Comparisons are made between the predicted properties by the model and properties of
experimentally measured cementitious pastes with two fly ashes at different water-to-binding
ratios and varying replacement levels. The error in predicting porosity is 5%; compressive
strength is 14% for OPC systems and 26% for OPC+FA systems; and formation factor is
between 1-20% for OPC systems, 13-26% for the OPC+20%FA systems, and 18-46% for the

OPC+40%FA systems.
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1 INTRODUCTION

A variety of empirical or quasi-theoretical approaches exist to predict the compressive
strength of concrete [1-3]. These models typically use the water-to-binder ratio (w/b) as a
surrogate for total porosity to estimate strength [4]; however, they typically do not explicitly
consider the pore size distribution. This approximation is often limited to systems made with
Ordinary Portland Cement (OPC). Several strength models have been proposed to account for
the use of Supplementary Cementitious Materials (SCMs) in concrete. However, the SCM
models often rely on empirical fitting to determine the extent of SCM reactions [5, 6], or use
“activity factors” [7-10] and “efficiency factors” (also called “k-factors) that are used to
convert the mass of an SCM to an equivalent mass of OPC [11]. These approximations require
experimental calibration for each SCM binder chemistry and reactivity, and may not yield
accurate predictions of performance related properties (e.g., compressive strength) for most
concrete mixtures. Further, they do not allow for determining other critical concrete properties

such as porosity, electrical resistivity, formation factor, or time to critical saturation.

Quasi-theoretical models, such as the one developed by Powers and Brownyard
(henceforth call the “PB” model), can predict the volume fractions of different types of pores
(e.g., gel pores, capillary pores, pores due to chemical shrinkage) as a function of the degree of
hydration [12, 13]. Powers and Brownyard also used porosity predictions of their model to
predict compressive strength using the gel-to-space ratio that can be obtained from the porosity
calculations [12]. While initially developed for OPC systems, others have sought to extend
this approach to systems containing SCMs such as silica fume [14] and fly ash [15], however,
this is not straightforward as the chemical composition and reactivity of SCMs show a large

degree of variability [16, 17].
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Advancements in computational resources have also resulted in predictive modeling tools
to compute the porosity of cementitious systems using numerical modeling techniques that are
built on theoretical bottom-up (micron-scale to millimeter/centimeter scale) algorithms. Such
models include CEMHYD3D [18, 19], HYMOSTRUC [20, 21], DuCOM [22-24], and pic [25,
26]. Many of these models predict the total porosity of cementitious systems on a small scale,
but they often do not consider the wide range of SCM chemistries and reactivities, hence, also

rely on empirical calibration.

Thermodynamic modeling has also been used to predict the reaction products of hydration
in cementitious systems [27-29]. Azad et al. [30] developed the Pore Partitioning Model (PPM)
that could be used to estimate the volumes of gel pores and capillary pores for OPC-based
pastes. Glosser et al. [31] extended the PPM to include SCMs. Bharadwaj et al. [32] upscaled
the PPM to concrete and developed the Pore Partitioning Model for Concrete (PPMC) [32].
The general framework of the PPMC is shown in Figure 1. The inputs to the model are the
mixture proportions of the concrete (amounts of air, water, OPC, SCM), physical properties of
the binder (specific gravity and fineness of the OPC and SCM(s) used), the chemical
composition of the binder (OPC and SCM(s) used), and the maximum degree of reactivity of
the SCM (DOR¥*), which is the amount of SCM that is available to react [16]. The model has
the potential to predict several key performance parameters of concrete, such as the calcium
hydroxide (CH) content, porosity, compressive strength, formation factor, and time to critical
saturation. Previously, the PPMC model has been used to predict the porosity, formation factor,
and time to critical saturation of concrete made with OPC [32]; however, there is a need for a
comprehensive experimental study does to validate the predictions of the models for
OPC+SCM systems. In addition, this work provides the predictions of CH, porosity,
compressive strength, and formation factor using the PPMC model. The model results are

compared to experimental data. Furthermore, it was assumed in the PPMC model that the
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microstructures of OPC- and OPC+SCM-based systems are similar, while it has been
established that pore refinement occurs in OPC+SCM systems [33-36]. Therefore, the
limitations of these models with respect to their ability to consider pore refinement need to be

examined experimentally.

In this work, we compare the predictions of the PPM and PPMC frameworks to
experimental data to explore the limitations of the models. Further, an empirical model is
proposed to quantify the pore refinement by incorporating the consumption of CH due to the
pozzolanic reactions of SCMs. The work involves tests that have been performed on systems
containing OPC and OPC + fly ash at different w/b and fly ash replacement levels. Several
performance parameters are examined using both experimental and theoretical approaches.
These performance parameters include porosity, CH content, formation factor (before and after

capturing the pore refinement), and the compressive strength.

The PPMC Framework
Inputs Outputs of PPM Outputs of PPMC
* w/h * Unhydrated * Porosity
* SCM Replacement Cement * Matrix saturation
- OPC & SCM * Gel Solids - Critical Saturation,
composition *  Gel Water and time to critical
*  SCM reactivity » Capillary Water saturation
» Alkali release * Chemical » Tormation Factor
factor Shrinkage + Compressive
* Volume of » Pore Solution Strength
entrained and Composition and » Transport
entrapped air Resistivity Properties

» Aggregate volume
& properties

Figure 1. Outline of the PPMC, showing the inputs to the model, the outputs of the PPM,
and the predictions of the PPMC (PPM scaled to concrete). Performance parameters such as
porosity, formation factor (and its relation to transport), and compressive strength are explained
in future sections. Information on other performance parameters can be found in reference [32].
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2 MODELING APPROACH

2.1 Thermodynamic Calculations

In this work, thermodynamic modeling of cementitious systems is performed using the
GEMS3K [37, 38] software coupled with the CEMDATA database [39-41]. GEMS3K
performs thermodynamic modeling by determining the phase assemblage of a cementitious
system that minimizes its Gibbs Free Energy. The GEMS/CEMDATA framework can be used
to calculate the molar amounts of solid, aqueous, and gaseous products of reactions and the
activities of ions in the pore solutions at thermodynamic equilibrium. This framework has been
used to obtain the phase assemblage and pore solution composition of OPC systems [28, 29],
and OPC+SCM systems [42]. GEMS3K v3.5 was coupled with CEMDATA v18 [27] was used
to predict the outputs of cementitious and pozzolanic reactions. The formation of some of the
carbonate-ettringite, hydrotalcite, and hydrogarnet phases were blocked, based on evidence
from the literature showing that these phases are frequently not observed to form in substantial

quantities in cementitious systems at ambient temperatures (less than 60°C) [29, 40, 42, 43].

2.2 Kinetic Models

Thermodynamic modeling allows the calculation of the phases in a system at equilibrium
conditions. However, in reality, cementitious systems are in a transient state at any given time.
As such, kinetic models are used along with thermodynamic modeling to model cementitious
systems in a transient state. In a previous study, the Parrot-Killoh (PK) model for OPC was
modified (Modified Parrot-Killoh, MPK, model) for OPC + Fly Ash (OPC+FA) systems [44]
with improved kinetic parameters to account for SCMs [45]. The MPK model predicts the
masses of clinker phases in cement (C3S, C2S, C3A, and C4AF) and oxide phases in the fly ash
(Si02, A2O3, and CaO) that are available to react at a given age, i.e., the degree of reaction of

the phase (DOR,p). The inputs to the MPK model are the total mass of the clinker phases in

the OPC, and the masses of amorphous SiO;, Al,O3, and CaO in the fly ash [45]. The
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amorphous masses of SiO;, Al,O3, and CaO in the fly ash were determined using X-Ray
Fluorescence and Quantitative X-Ray Diffraction [45]. The degree of reaction of the system
(denoted by DORgy;) is calculated as the mass normalized average of the degree of reaction of
the clinker phases in the cement (C3S, CoS, C3A, and C4AF) and oxide phases in the fly ash

(S102, Al>03, and CaO), shown in equation (1):

_ thDORph *Mpp (1)
DORgys = 5
ph Mph

where my, is the input mass of each phase in consideration. The DOR;,; is determined by
matching the amount of non-evaporable water calculated using thermodynamic modeling to
the non-evaporable water obtained from experiments. It should be noted that in a number of
mixtures with large SCM replacements (and/or reactivities), pozzolanic reactions result in the
full consumption of CH. It is possible that some CH remains inaccessible in the analysis
timeframes of this work due to the formation of hydration products on the CH surface [46];

however, this was not considered in this work.

2.3 The Pore Partitioning Model (PPM)

Thermodynamic modeling, while powerful, indicates the total water present in
cementitious systems (i.e., the total volume of pores). Thermodynamic modeling alone cannot
quantify the spatial distribution of reacted products or distinguish the pore size or the volume
of water in the various sized pores in cementitious systems. Recent work has shown that
thermodynamic modeling can be synergistically combined with principles from the Powers-
Brownyard model [12, 13, 47] to determine the amount of gel water and capillary water in OPC
systems [30], and then be extended to OPC+SCM systems [31]. This approach is referred to as
the “Pore Partitioning Model” (PPM) that has been developed in [30, 31]. The PPM can be

used to determine the volume fraction of unhydrated binder (v,;), gel solids (vgs), gel water

(Vgw), capillary water (v, ), and chemical shrinkage (v,s) in cementitious pastes.
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2.4 Predicted properties

2.4.1 Calcium Hydroxide

Calcium hydroxide (CH) in concrete provides the buffer capacity in concrete to stabilize its
pH, which has implications for corrosion of steel in concrete [48], alkali-silica reaction (ASR)
[36, 49], and carbonation of concrete [50]. In recent years, it has been documented that the CH
content of cementitious systems is directly related to the potential for calcium oxychloride

(CaOxy) formation in concrete, which has been linked to damage when deicing salts are used

[46, 51-54].

2.4.2 Porosity

Cementitious pastes are porous materials with pores occupying a wide range of sizes. The
porosity of cementitious pastes is defined as the sum of all voids in the system. The
cementitious pastes are considered to be composed of two components: (1) pores in the
hydrated cement paste (gel pores, capillary pores, and pores due to chemical shrinkage), which
can be represented volumetrically by V4, and (2) entrapped air voids, which can be
represented volumetrically by Vy;,-. Consider a unit volume of the system (V,q5¢e + Viair = 1).
The hydrated cementitious paste consists of other volumetric fractions: unhydrated binder

(Vup), gel solids (vys), gel water (vgy,), capillary water (v.,), and pores due to chemical
shrinkage (V). As such, the porosity of the paste (¢pqste) can be calculated as the sum of the

gel water, capillary pores, pores due to chemical shrinkage, and the air voids.

Ppaste = Vair + (Vgw + Vow + Ves) * Vpaste 2

2.4.3 Compressive Strength
The compressive strength of cement paste is a critical parameter in predicting the
mechanical response of a concrete structure. While there are many models available in the

literature to calculate compressive strength [1-4], in this work, the compressive strength is
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calculated using the concept of the gel-to-space ratio proposed by Powers and Brownyard [12].
The gel-to-space ratio (gsr) is defined as the ratio of the volume of hydrated cement gel in the
system (V) to the space available for the gel to occupy in the system (Vspqce):

Vgel _ (Ugw + Ugs)Vpaste _ (vgw + vgs)Vpaste (3)
Vspace 1- Vup - Vpaste Vair + (Ugs + Vgw + Vew + ch)Vpaste

Powers and Brownyard used a power law to relate the gel-space ratio to the strength of cement

pastes (f;) as shown in equation (4) [12].

fe = ai(gsr)* (4)

where a; and a, are constants typically fit to experimental data.

The calculation of compressive strength using equations (3) and (4) relies on the evaluation
of the coefficients in the model (a; and a;). In this work, these coefficients are chosen to be
a; = 138 MPa and a, = 3 by curve fitting to the strength of pastes [55]. The value of the
exponent a, = 3 agrees well with Powers and Brownyard’s work on OPC mortars [12], and
lies in the range of values observed by [55]. Various values of a; have been determined by
experimental work in literature, ranging from 110 MPa to 300 MPa [12, 56-59], and this is
explained by Powers and Brownyard [12], who hypothesized that the value of a; depends on
the intrinsic strength of the gel. As such, the values of the empirical constants a; = 138MPa

and a, = 3, are used in the rest of this work.

2.4.4 Formation Factor

The formation factor [60] of a porous system is a way to characterize its microstructure.
The formation factor can be used as an indicator of its transport properties [61, 62]. Recent
research has shown that the formation factor of concrete can be related to the rapid chloride
permeability (RCPT) test [63], ionic diffusion coefficients [61, 64, 65], water permeability and

secondary sorption [62, 66-68]. Therefore, the formation factor is an important property that
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can be used to predict the durability in concrete [32, 69]. The formation factor of a cementitious

paste is traditionally defined as the inverse product of bulk porosity (¢,uste) and pore
connectivity within the paste (Bpqste), as shown in equation (5) [66]:

1

F=—0 - ®)
¢paste : ﬂpaste

The formation factor can also be defined in terms of the electrical properties of the

cementitious system, as the ratio of the resistivity of the bulk system (pp,x) to the resistivity

of the fluid filling the pores (p,s) [60], as shown in equation (6):

_ Pbulk (6)
Pps

F

The formation factor of a saturated porous medium (such as cement paste) can be
calculated using equation (5) or equation (6). The PPMC framework [32] is used to calculate
the formation factor of the cementitious pastes chosen for the study by computing the porosity
and the pore connectivity and using equation (5). Hydrated paste is assumed to consist of
calcium silicate hydrate (C-S-H) and other hydration products as impermeable gel solids
interspersed with pore solution occupying the gel and capillary pores. The pore connectivity of

hydrated paste (Bpgste) is assumed to be the summation of the pore connectivity of the gel and

capillary pores, as shown in equation (7).

Bpaste = Bget + Beap (7
where B4, 18 the pore connectivity of the gel, and S, is considered to be the pore connectivity
of the capillary phase. The formation factor of gel solids is considered to be constant at 400,
based on evidence from literature [70-72]. The porosity of the gel (¢4¢;) is computed using the
pore partitioning model [30, 31], and this value typically ranges from 26-27% for OPC to 29-

38% for OPC+FA systems, consistent with the literature [12, 13, 31]. The pore connectivity of
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the gel can be determined using the definition of formation factor applied to the gel phase, as

shown in equation (8).

By = 1 _ 1 (8)
get Fgel *Pgel 400 - Pgel

Following the approach of [32], the capillary pore connectivity (fqp,) may be determined

using a model for pore connectivity proposed in [73], and shown in equation (9):

1 ©)

2
1-¢
(1 + b1' paste bz)
(¢paste - ¢thres)

where ¢, 45t 18 the total porosity of hydrated cementitious paste, ¢ipres s the percolation

ﬂcap =

threshold of the medium, set to volume fraction of gel water (v, ), and by and b, are

dimensionless empirical constants determined from experiments. The values of b, and b, were
calibrated to data from the literature for OPC cement pastes [74], OPC mortars [62], and OPC
concretes [66] and nearly consistent values of b; = 2.4 and b, = 0.85 were obtained. As such,
these values are used for the prediction of the pore connectivity of hydrated pastes. With the
pore connectivity of the gel and capillary phases known from equations (8) and (9),
respectively, the pore connectivity of the paste may be calculated using equation (9). Using
information on the porosity from equation (4), the formation factor of the paste can be

calculated using equation (5).

3 EXPERIMENTAL STUDY

An experimental program has been conducted to measure the non-evaporable water
content, CH content, porosity, compressive strength, and, bulk resistivity (which was used to
determine the formation factor) of cementitious pastes with different fly ash replacement and

different fly ash reactivity.

10
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3.1 Materials

Table 1 lists the chemical and physical properties of OPC (ASTM C150-19) and fly ash
used in this study. The ultimate degree of reactivity (DOR*) of the fly ashes used in this study
was determined based on the measured heat released and CH consumed using the test method
developed in [16]. The ultimate degree of reactivity (DOR") of Fly Ash 1 was found to be 52%,

and the DOR* of Fly Ash 2 was found to be 23%.

Table 1. Chemical composition and physical properties of raw materials. Fly ash composition
is determined using X-Ray fluorescence [75].

Cement | Fly Ash 1 | Fly Ash 2

Chemical composition (in weight %
SiO2 20.4 28.9 40.0
CaO 63.2 27.3 21.2
ALOs; 4.7 14.8 16.8
Fe 03 3.3 4.7 6.2
MgO 2.5 3.8 4.3
SO; 2.8 11.9 0.8
NaOcq 0.54 0.94 1.4
Limestone 3 - -
(87% CaCO0s)
Loss on 1.4 3.2 1.1
ignition (LOI)

Bogue phase calculation (in weight %) *
GsS 53 - -
CaS 17 - -
GCiA 7 - -
C4AF 9 - -
Physical and mechanical properties

Fineness / 401 m*/kg dso=12.8um | dso=23.7um
Particle size doo=43.4um | doo=159.8um

*Cement chemistry notation used here, C=CaO, S= SiO2, A = Al203, F = Fe20s.

3.2 Sample preparation

Fifteen cementitious paste mixtures were prepared with varying fly ash content for two
different fly ashes. The mixture proportions are shown in Table 2. The pastes were mixed using
the following procedure [76]. Dry cement and fly ash were mixed for 90 seconds at 300
revolutions per minute (rpm) in a programmable vacuum mixer (Renfert Inc.) at a 70% vacuum

level to ensure a good dispersion of fly ash within the binder powder. De-ionized water was

11
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then added to the powder, and the vacuum mixer was operated at 400 = 5 rpm for 90 seconds.
The mixer was then stopped for 15 seconds, and any paste that may have collected on the sides
and roof of the mixing bowl was scraped back into the bulk of the mixing bowl. The paste was

then vacuum mixed for another 90 seconds at 400+5 rpm.

The paste was cast into molds and sealed with their lids and duct tape to prevent the loss
of moisture. Two sizes of molds were used depending on the experiments: 25.4mm % 50.8mm
(lin % 2in) and 50.8mm X 101.6mm (2in x 4in), as described in Table 3. Immediately after
sealing the molds, all cement paste samples were rotated for 24+2 hours on a roller at a speed
of 50 rpm at 234+2°C to minimize bleeding. After rolling, the samples were cured in a sealed
condition in an oven at 504+2°C for 18 days (equivalent to 56 days curing at 23°C, as calculated

using the Arrhenius equation [77]).

Table 2. Mixture proportions (weight percentage) of the cement paste samples

Mixture Water to Cement Fly Ash Fly Ash
Number | binder ratio | (mass %) | (mass %) name
(w/b)
1 0.35 100 0 -N/A-
2 0.35 80 20 Fly Ash 1
3 0.35 60 40 Fly Ash 1
4 0.45 100 0 -N/A-
5 0.45 80 20 Fly Ash 1
6 0.45 60 40 Fly Ash 1
7 0.55 100 0 -N/A-
8 0.55 80 20 Fly Ash 1
9 0.55 60 40 Fly Ash 1
10 0.35 80 20 Fly Ash 2
11 0.35 60 40 Fly Ash 2
12 0.45 80 20 Fly Ash 2
13 0.45 60 40 Fly Ash 2
14 0.55 80 20 Fly Ash 2
15 0.55 60 40 Fly Ash 2

12
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3.3 Experimental program

The experimental program conducted in this study is summarized in Table 3. The details

of each experiment will be described in the following sections.

Table 3. Experimental program

Measured Exberiment name Number of Size of the
parameters P samples tested | cylindrical molds
Non-evaporable | Thermogravimetric 5 25.4 mm in diameter
water analysis (TGA) [78] 50.8 mm in height
Thermogravimetric L
CH content analysis (TGA) 5 254 mm m dla}meter
following [78] 50.8 mm in height
Vacuum saturation 50.8 mm in diameter
Porosity following AASHTO 5 1 0'1 6 mm in height
TP 135-20 [79] )
Uniaxial measurements 50.8 mm in diameter
Bulk resistivity | using AASHTO TP 5 1 O'l 6 mm in heicht
119-20 Option A [80] ' &
Compressive 50.8 mm in diameter
strength ASTM C-39 > 101.6 mm in height

3.4 Quantification of non-evaporable water and CH content

Thermogravimetric analysis (TGA) was performed to determine the amount of non-
evaporable water as well as the CH content in the cementitious pastes. The sample for the
TGA consisted of a powder sample of 20-30 mg taken from the hydrated cement paste that was
ground and passed through a 75-micron sieve. The sieved powder was placed in a platinum

crucible and loaded in the TGA instrument. The sample was first kept at 23°C for 3 minutes

and then heated up to 990°C at 10°C/min under a nitrogen purge [78]. The mass loss was

recorded at 0.5 second intervals during the experiment. The non-evaporable water content was

quantified using equation (10):

_ Mygsec — Magooec X (L+ (1 —7sep) - LOIcem + Tsom * LOlgsp)

W,, =
" Mygooec X (1 + (1 —75cp) - LO o + Tsey - LOIgsp)

(10)

13
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where mygsec and mqgooc are the sample masses recorded by the TGA at 105°C and 1000°C
respectively, LOI..., and LOI g, represent the loss on ignition of the cement and fly ash used
respectively (listed in Table 1), and ‘rg¢p,’ is the mass replacement of cement with fly ash in

the cementitious system.
The mass of CH is computed using equation (11) [78].

start end start end

18 it 100 | 44 it Cacos

Mceyg =

where m3t"t and mé&i¢ are the sample masses (g) recorded during the TGA at the start point

(365 £ 7°C) and the endpoint (445 + 7 °C) of decomposition of Ca(OH), respectively, mit% s,
and m&¢ . are the sample masses (g) recorded during the TGA at the start point (576 + 13°C)

init

and the endpoint (661 + 12°C) of decomposition of CaCOs respectively, my"*" is the initial

anhydrous mass of the binder in the TGA, and mé’géos is the initial CaCOs3 content of the binder

(in g/gvinder). The start and endpoint of decomposition of both CaCO3 and Ca(OH), were
determined based on the second derivative curve of the sample’s weight loss recorded during
the TGA test with respect to temperature [78]. For the decomposition of each compound
(Ca(OH),, CaCO03), the second derivative curve displays one major positive peak and one major
negative peak. The start point of the decomposition is the start point of the positive peak, and
the endpoint of the decomposition is the endpoint of the negative peak. The ratio of 74.1/18 is
the ratio of the molar mass of Ca(OH)> and the molar mass of water. The ratios of 74.1/100

and 100/44 are the molar weight ratios of Ca(OH)> to CaCO3 and CaCOs to CO», respectively.

3.5 Porosity Tests
Porosity samples were demolded after the curing period and saturated with a simulated
pore solution at 7 £ 2 torr (933 £ 27 Pa) in a vacuum saturator according to the procedure

described in AASHTO TP 135-20 [79]. The simulated pore solution consists of 7.6g/L NaOH

14
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(0.19M), 10.64g/LL KOH (0.19M) and 2g/LL Ca(OH)> (0.027M). The hardened paste samples
were kept immersed in the solution for 48 + 4 hours after being removed from the vacuum

saturator.
The porosity of the paste (¢pqs¢e) 18 then calculated according to equation (12).

Wsar — WpRry (12)

Wsar — Wypp

¢paste =

where wg,r 1s the saturated surface-dry weight, wypp is the weight of the sample measured
underwater (also called apparent weight), and wpgy is the oven-dry weight of the sample,
obtained by keeping the samples in an oven at 105 + 2°C until a constant mass was reached
(i.e. the difference between any two successive values collected at least 24 hours apart is less

than 0.1 % of the lowest value obtained).

3.6 Compressive Strength Tests

The compressive strength was determined in accordance with ASTM C39/C39M-18. Five
cylinders were tested to determine the compressive strength of the mixtures. The cylinders were
loaded at a rate of 241+14 kPa/s (35+2 psi/s) in a 3111 kN (700 kip) hydraulic compression

machine, utilizing neoprene end caps when tested

3.7 Bulk Resistivity Tests

Uniaxial resistivity measurements were tested after the saturation at a single frequency of
1 kHz according to AASHTO TP 119-20 Option A [80]. The geometry of the sample, the
temperature, and the phase angle were recorded during the resistance measurements [81]. The

bulk resistivity (pp,1) 18 calculated according to equation (13).

Pbuik = [(Rs %) COS((D)] e[EA_Igond(%_T_lo)] (13)

where R; is the measured bulk resistance of the sample (in ), A is the cross-sectional area of

the sample (in m?), and L is the length (m) of the sample, @ is the measured phase angle (in
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radians), E,_.onaq 1S the activation energy of conduction (considered to be 15 kJ/mol [82]), R
is the universal gas constant (8.314 J/mol-K), T is the sample temperature (in K), and T is the
reference temperature (298.15 K). Since the samples were vacuum saturated, the resistivity of

the pore solution was known (p,s = 0.127Qm), and the saturated formation factor (Fs,7) can

be calculated according to equation (6) [65, 83].

4 RESULTS AND DISCUSSION
The results presented here are intended to demonstrate the predictions of performance
parameters through the developed model and their comparison to experimental data.

Furthermore, the effect of fly ash addition on pore refinement is discussed.

4.1 Non-Evaporable Water

As explained in section 2.2, the degree of reaction of the system (DORsys) was estimated
based on the non-evaporable content as measured using mass change from the TGA. Figure 2
shows the non-evaporable water for the two fly ashes used in this study as well as the
determined DORsys. As the w/b increases, the non-evaporable water content increases due to
an increase in both, the hydration of OPC and the reaction of fly ash in the system. This is also
seen as an increase in the DORsys. It should be noted that while Fly Ash 1 seems to deviate
from this trend (i.e., there is a slight decrease in the non-evaporable water) at a replacement of
20% for w/b 0.45 and w/b 0.55, the measured values of non-evaporable water (and sthe
calculated values of DORgys) lie within the standard error of measurement. The observed
difference between the means of the two measured values of non-evaporable water are
0.7g/100gpbinder (and the corresponding difference in the DORsys is 3%), lower than the standard
experimental error (which is 1.0g/100gpinder corresponding to a DORsys of 3%). For the fly ash
of higher reactivity (Fly Ash 1), as the replacement level is increased, the non-evaporable water

remains nearly constant due to increased hydration due to the filler effect compensating the
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dilution. This is also seen as the DOR;ys increasing due to an increase in the degree of hydration
of cement and the degree of reaction of the fly ash. As the replacement of cement with ash
increases, the non-evaporable water content for the fly ash of lower reactivity (Fly Ash 2)
decreases due to dilution of OPC with a lower reactive material. This is also seen as the

decrease in the DORgys.

Fly Ash 1 Fly Ash 2
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Figure 2. Non-evaporable water content in the cementitious systems studied.

4.2 Calcium Hydroxide

Figure 3 shows the predicted CH content in the systems studied, and the experimentally
determined mass of CH. For both fly ashes, as the w/b of the system increases, the mass of CH
in the system increases (with the exception of Fly Ash 1 w/b 0.55 40% fly ash). This can be
attributed to the increased degree of reaction of the system at a given time in systems with
higher w/b. As the replacement of cement with fly ash increases, the mass of CH in the paste
decreases. This is a result of the pozzolanic reactions of the ash, which consume CH. This is
supported by the data, which shows the more reactive fly ash (Fly Ash 1) consuming more CH

than the lower reactivity fly ash (Fly Ash 2).
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The model predicts the masses of CH with an error of 3.1g/100gpinder (=<16%) for OPC
systems and 5.2g/100gpinder (%39%) for the OPC + 20% Fly Ash systems, and 6.1g/100gbinder
(=91%) for the OPC + 40% Fly ash systems studied. It is worth noting that the model
underpredicts the mass of CH in the system, with an increase in the error between the model
and the experiments at higher replacement levels. This is likely a result of the combination of
(1) the calculation of the DORsys from experimentally determined non-evaporable water (the
GEMS/CEMDATA v18 framework predicts a higher amount of w,, than what is measured in
experiments [37, 84]). (i1)) Some studies have also shown that the CH is never truly depleted in
even mature OPC+SCM systems which have been hydrated for over a year ([85-88]), which
could corroborate the hypothesis that the CH might not be fully available to react, which might
contribute to the overprediction of the CH consumption because the thermodynamic

calculations assume that all CH is available to react [46].
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Figure 3. A Comparison between the predicted mass of CH in the system and the mass of

CH measured using TGA for the two fly ashes chosen for the study.
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4.3 Porosity

The total porosity of hydrated cement pastes (¢ppqste) may be calculated using equation
(2) as the sum of volumes of gel water, capillary water, pores due to chemical shrinkage and
air voids. In this work the pastes were vibrated until all the air voids were removed, and as
such, the volume of entrapped air is set to 0%. Figure 4 shows the results of the model as

compared with the experimentally measured values.

An increase in the w/b causes an increase in the total porosity of the system. This is due to
the higher volume of capillary pores in the system. An increase in the replacement of cement
with fly ash also causes the porosity of the system to increase, which is consistent with the
literature [32, 89-92]. This is due to an increase in the volume of capillary pores in the system
due to dilution effects, which is caused by the substitution of highly reactive OPC with a less
reactive binder component (fly ash). This is further supported by the Figure 4, where Fly Ash
2 (the fly ash of lower reactivity) shows a higher increase in porosity with an increase in

replacement than Fly Ash 1 (higher reactivity fly ash).

The model predicts the porosity with a percentage error of 5%. The percentage error for
OPC systems is 5%, for OPC + 20% FA systems is 6% and for OPC + 40% FA systems is 5%.
In most cases, the porosity predicted by the model is lower than that predicted by experiments,
consistent with the literature [30]. This is likely due to the GEMS/CEMDATA framework used.
In the model, for a given C/S ratio of C-S-H, the H/S of the C-S-H is higher than what is seen
in the experiments [37, 84]. A higher H/S in the model means that the model predicts more
bound water in the C-S-H, which results in a lower predicted volume of gel water, and

consequently, the model predicts a lower porosity.
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4.4 Compressive Strength

As discussed in Section 2.4.3, Powers and Brownyard’s gel-to-space ratio is used to
calculate the compressive strength of cementitious systems. Figure 5 plots a comparison
between the predicted strength and the experimentally obtained values of compressive strength.
An increase in the w/b from 0.45 to 0.55 decreases the compressive strength of the system
consistent with the trends predicted by the model. This is due to the more significant fraction
of capillary pores (which are larger in size than gel pores). However, the sample with the lowest
w/b (0.35) deviated from the model predictions due to possible insufficient consolidation (lack
of using a water reducer or a dispersion agent); the model predicts an increase in the
compressive strength while the experiments show that the compressive strength remains nearly
constant as the w/b is decreased from 0.45 to 0.35. The system may contain entrapped air —
which is not included in thermodynamic calculations. This could be a reason for why the model
constantly underpredicts the porosity by 1-3% (Figure 4(c)). As the replacement of OPC with
Fly Ash 2 (DOR*=23%) increases, the compressive strength decreases. This can be explained
by the replacement of highly reactive OPC with a binder of lesser reactivity. One seeming
exception to this is the paste made of Fly Ash 2, w/b 0.35, where the strength increases and
then decreases, which is hypothesized to be due to the low w/b preventing the formation of a
significant volume of large capillary pores. For the higher reactivity fly ash (Fly Ash 1,
DOR*=52%), except for the w/b 0.35 mixtures (where consolidation issues are suspected), an
increase in replacement of OPC with the fly ash causes an increase in the compressive strength.
This is hypothesized to be due to the pozzolanic reactions causing a decrease in the size of
capillary pores in the system (as evidenced by literature on OPC+SCM systems [34, 35]). In
other words, while the total volume of capillary pores increases, the volume fraction of larger
capillary pores decreases, and the volume fraction of smaller pores increases (also known as

“pore refinement”).
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The model captures the behavior of the pastes with an error of 11.7 MPa (=23%). The error
for OPC systems is 6.2MPa (=14%), for OPC + 20% FA systems is 12.2MPa (=25%), and for
OPC + 40% FA systems is 15.0MPa (=28%). It can also be seen that in most cases, the model
underpredicts the compressive strength, and the error increases as the replacement of OPC with
fly ash increases. This is likely because the value of the constant (a; = 138MPa) used in
equation (4) for calculating the strength from the gel-to-space ratio is kept the same for OPC
and OPC+FA systems. Powers and Brownyard [12] hypothesized that the value of a; depends
on the intrinsic strength of the gel. The value of a; could vary as different hydration products
form in OPC+FA systems as different pore size distributions occur [34, 35]. As such, more
work is needed in predicting the strength of OPC+FA systems where the pore size distributions
are likely to deviate from plain OPC systems, and micromechanical approaches show

promising results [55, 93, 94].
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Figure 5. A Comparison between the predicted compressive strength (using the gel-space
ratio) and the experimentally determined strength of the pastes for the two fly ashes chosen for
the study.
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4.5 Pore Connectivity and a Proposed Model to Quantify its Refinement

The pore connectivity of the cementitious system is a measure of transport properties of
porous materials. It is used to calculate the formation factor using equation (5). The PPMC
model predicts the formation factor by calculating the porosity (using equation (2)), and then
uses the determined pore volumes to predict pore connectivity (using equations (7) to (9)). One
assumption of the existing PPMC model is that the constants (b; and b, in equation (9)), which
are used to predict the pore connectivity of cementitious pastes, have the same values for both
OPC and OPC+FA systems. Practically speaking, this assumption means that the pore size
distributions are assumed to remain the same for both pastes made of OPC and pastes made of
OPC+SCMs. It has been shown in the literature that in systems with SCMs such as fly ash, the
pore structure becomes more refined [33, 35, 36, 95, 96]: the volumes of coarser capillary pores
reduce, and finer capillary pores increase. In this work, we provide an empirical equation to
quantify the extent of pore refinement as a function of CH consumption (which can be related

to DOR* and the replacement level of OPC with SCM).

Figure 6 (a) is a plot of the ratio of the inverse of the experimentally measured pore
connectivity of OPC+FA systems to the inverse of the experimentally measured pore
connectivity of OPC systems as a function of CH consumption. An increase in the consumption
of CH causes an increase in the ratio of the pore connectivity of OPC to the pore connectivity
of OPC+FA systems. This means that as more CH is consumed (such as when a more reactive
fly ash is used), the pore structure becomes more refined, and the pore connectivity of the
OPC+FA system decreases. The x-axis of Figure 6 (a) is the CH consumed and is, therefore, a
measure of the extent of the pozzolanic reaction that occurs. An increase in the amount of ash
causes more consumption of CH due to the presence of a higher volume of reactive silica.
Higher reactivity fly ash consumes more CH at the same replacement level than lower

reactivity fly ash, due to the increase in the amount of silica available to react with the CH.
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Figure 6. (a) A measure of pore refinement as a function of the CH consumed (b) An

approximate way to estimate the pore refinement using the fly ash reactivity, weight

replacement, and fly ash chemistry.

24



457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

Figure 6 (a) also shows a proposed empirical modification to determine the pore connectivity
using the PPMC model (the dashed line in the plot) to capture the extent of pore refinement,
shown mathematically in equation (14). The line was obtained by visual fitting to the

experimental data points.

_ 1/Bopc+scm (14)

)(pore ref — 1/:80PC = 0-625mCH consumed =1

where Yporerer denotes the extent of pore refinement in the system, Bopciscm is the pore
connectivity of the OPC+SCM system, fop¢ is the pore connectivity of the OPC system made
of the same w/b at the same age, and M¢y consumea 1S the mass of CH consumed (due to

pozzolanic reactions).

From Figure 6 (a), it can be seen that pore refinement occurs beyond 2-4 g of CH
consumption per 100 g binder. This could be because a certain amount of minimum pozzolanic
reaction is necessary for pore-discontinuity to occur. In the model, owing to the overprediction
of CH consumption by up to 4g/100gpinder, pore refinement was considered to occur if the mass

of CH consumed in the system was greater 4.5g/100gpinder.

In this work the mass of CH consumed in the OPC+FA pastes was measured by
determining mass change using the TGA. An alternate method to estimate the pore refinement
is also shown in Figure 6 (b). The figure shows a plot of a measure of pore refinement plotted
against the product of the reactivity of the ash, the mass replacement of OPC with fly ash, and
the mass ratio of SiOz to Si02+ALOs in the ash, which yields a quantity that is related to CH
consumption. Since all the components forming this quantity are either easily measurable or
can be obtained from mill certifications, the plot provides a practical tool to relate pore
connectivity to CH consumption without the need to measure CH consumption. An
approximate model to calculate the extent of pore refinement using these parameters is also
plotted (black dashed line), shown in equation (15) below.

25



480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

(15)

1/Bopc+scm Mgio,
X =—————=30-DOR" - r5cpy * =1
poreref 1/Borc sem Mgio, + My1,0,
where Bopciscm 18 the pore connectivity of the OPC+SCM system, Bopc is the pore

connectivity of the plain OPC system made of the same w/b at the same age, DOR™ is the
measured reactivity of the fly ash, 7g¢y is the mass replacement of OPC with fly ash, and mg;,
and My, o, are the mass fractions of SiO; and AL>Os respectively in the fly ash (which can be
obtained from the mill certificate of the ash). Figure 6 (b) also shows the predicted typical
upper and lower bounds for the pore refinement when the mass ratio of SiO2 to Si02+AL O3
varies in a fly ash for any given DOR* and replacement level, represented by the pink dotted
line. The mass ratio of SiO; to SiO>+ALO; typically lies between 60% and 75% [16, 17, 75,
97-100]. As seen, most data points lie within a margin of error within the predicted bounds.
Figure 6 (b) also shows the range of expected values of pore refinement for concrete made of
fly ashes (typically DOR* of fly ashes are between 20% and 75% [16, 17, 75, 97-100], and

typical mass replacement levels are considered to be between 20%-40% [101].

4.6 Formation Factor

The formation factor is calculated from the original PPMC model proposed in [32] and
after applying the empirical pore refinement model (equation (14)). Figure 7 (a) and (b) plot
the impact of replacement of cement by fly ash on the formation factor of hydrated paste for
the two fly ashes chosen for the study, with the thinner dotted lines representing the PPMC
model (without pore refinement), and the thicker lines representing the model with the pore
refinement. As shown in Figure 7 (a) and (b), as the w/b increases, the formation factor
decreases. This is attributed to the increase in porosity and pore connectivity in systems with
higher w/b. For both ashes, as the replacement of cement with fly ash increases, the formation
factor first stays nearly constant, then increases, and then decreases. This can be explained by

a combination of the effects of dilution, lack of reaction of fly ash, and pore refinement. At low

26



503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

replacement levels, the amount of CH consumed is not enough to cause any significant pore
refinement in the system. As the replacement of cement with fly ash is increased, capillary
porosity of the system increases (as seen in Figure 4 (a) and (b)), but there is also a significant
amount of pore refinement occurring because of the redistribution of porosity caused by
pozzolanic reactions. Beyond a certain replacement level however, the dilution of cement with
fly ash causes a significant increase in the capillary porosity, and the complete consumption of
CH prevents any further pore refinement from occurring. Therefore, the formation factor at

high replacements of cement with fly ash are quite low.

Another important use of the developed model is the potential to determine the optimal
replacement of cement with fly ash in an OPC+FA system. The formation factor may be
maximized at a certain replacement level for a given w/b, for example, in the case of Fly Ash
1, the optimal replacement level of cement with fly ash at a w/b of 0.45 appears to be 30%. It
must be noted that the simulations were run at every 10% intervals, and running the model over

smaller intervals may yield more accurate values.

The original PPMC model which was proposed [32] was used to predict the formation
factor of the mixtures. The original model appears to work reasonably well for the OPC
systems, with an error in prediction of 12% for the OPC systems, and 19% for the OPC + 20%
FA systems. At higher replacement levels (OPC + 40% FA) the error in predicting the
formation factor is higher at 72%. The proposed modification to the PPMC, to quantify pore
refinement, significantly reduces the error (from 72% to 52%). It should be noted that the
apparently high error is observed for the formation factor in OPC+20% FA mixtures with a
w/b of 0.55 may be due to the overprediction of CH consumption. Note that this work also only
considers the chemical effects and the reactivity of the fly ashes in the study, and further work
is needed to assess the influence of other parameters such as the packing effects and
heterogeneity of mixing on the pore connectivity and formation factor of cementitious systems.
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Figure 7. Impact of replacement of cement by fly ash on Formation Factor for (a) high

reactivity ash (DOR = 52%) and (b) low reactivity ash (DOR = 23%)). (¢) Comparison of the

experimentally determined and predicted formation factor for all mixtures.
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5 CONCLUSIONS

This paper describes an approach to use thermodynamic modeling and a pore partitioning
model to predict the CH content, porosity, strength, and formation factor of hydrated pastes
made of OPC and OPC + Fly Ash. Two ashes were chosen for the study with two different
reactivities. The CH content is predicted to within 4g/100gpinder for all ashes, and any errors
appear to be mostly due to the physical availability of the CH in the experiments. An increase
in the replacement of OPC with fly ash decreases the CH content in the pastes. A higher

reactivity fly ash depletes more CH in the OPC + fly ash pastes than a lower reactivity fly ash.

A pore partitioning model is also used with thermodynamic models to predict the porosity
and pore volumes of OPC and OPC + fly ash systems. The predictions of porosity are within
5% error for the two fly ashes chosen for the study and are consistent with the trends observed
in the literature. An increase in w/b increases the total porosity of the paste, as does an increase

in the fly ash replacement level.

A framework to couple thermodynamic modeling with Powers and Brownyard’s gel-space
ratio to determine the compressive strengths of cementitious systems is also outlined. The
compressive strength is predicted with an RMS error of 11.5 MPa (the error for OPC systems
is 6.2MPa (=14%), for OPC + 20% FA systems is 12.2MPa (=25%), and for OPC + 40% FA
systems is 15.0 MPa (=28%)). An increase in w/b decreases the compressive strength of
hydrated paste. For a higher reactivity ash, an increase in replacement increases strength. For
an ash of low reactivity, the compressive strength decreases due to an increase in the total
capillary porosity of the system. As such, work is needed in this area to predict strengths more

accurately, and micromechanical models show promising results.
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This paper describes a method to predict the formation factor of hydrated pastes made of
OPC and OPC + fly ash. An empirical model to quantify pore refinement when a SCM such as
fly ash is used is also proposed based on experimental data. The error in the predictions of
formation factor using the proposed approach (PPMC + pore refinement) for the w/b of 0.35
and 0.45 1s between 1-20% for OPC systems, 13-26% for the OPC+20% FA systems, and 18-
46% for the OPC+40% FA systems. The errors for the w/b = 0.55 system are higher, especially
with higher volumes of ash that requires additional research. It seems that the higher errors are
associated with an overprediction in the mass of CH consumed. An increase in the w/b
decreases the formation factor. As the replacement of cement with fly ash increases, the
formation factor first remains nearly constant, then increases and then decreases. This is
possible due to the competing effects of dilution (mainly an increasing capillary porosity) and
pore refinement as more fly ash is added to the system. At low replacement levels, there is not
enough pozzolanic reaction to cause pore refinement. As the amount of fly ash increases, the
pozzolanic reactions increase, and this causes a significant amount of pore refinement to occur.
At high replacement levels, the formation factor decreases due to an increase in capillary
porosity. A framework is also outlined to optimize the use of fly ashes in cementitious mixtures

to maximize the formation factor.
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