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Increasing incorporation of metakaolin (MK) into field concrete mixtures necessitates careful study of the
portland cement/MK hydrating systems.While a number of studies have been conducted onMK blends with ce-
ment, the current knowledge on its effect on hydration products and paste microstructure remains incomplete.
This study evaluated the effect of MK on the nature of hydration products through X-ray diffraction, while the
effect onmicrostructure was assessed bymeasuring porosity with nitrogen adsorption and determining nanoin-
dentation modulus as well as volume fractions of CSH with varying packing densities. The 10MK paste hydrated
for 7 days was compared to the plain ordinary portland cement (OPC) paste as well as to paste containing 52%
slag (52SL). No significant effect was observed on the nature of hydration products withMK or SL addition. How-
ever, nitrogen-accessible porosity increased with MK and SL addition, the increase being larger with SL. The av-
erage indentation modulus for hydration products decreasedwith addition of MK and SL which corresponded to
increasing nitrogen accessible pores.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Metakaolin (MK) is a relatively new supplementary cementitious
material (SCM) that has been introduced in the 1990s
(Ramezanianpour, 2014). MK is a pozzolanic material obtained by sub-
jecting kaolin to heat treatment (calcination) at 500–800 °C. Upon
heating, kaolinite (SiO2·2Al2O3·2H2O) is dehydroxylated and trans-
formed into a more disordered metakaolin phase (Shvarzman et al.,
2003). MK generally consists of 50% SiO2 and 40% Al2O3, although its
exact composition varies depending on the source of kaolin clay
(Ramlochan et al., 2000; Kakali et al., 2001; Shvarzman et al., 2003;
Bich et al., 2009). Incorporation of MK into concrete has been gaining
popularity due to the increase in early compressive strength and re-
duced permeability (Gruber et al., 2001; Justice et al., 2005; Poon et
al., 2006; Duan et al., 2013). MK is typically added to concrete at cement
replacement level of 10% in order to maximize compressive strength
(Ambroise et al., 1994; Poon et al., 2001; Batis et al., 2005). It has been
established that maximum contribution of MK to compressive strength
occurs at approximately 14 days, after which the pozzolanic reaction of
MK slows down (Wild et al., 1996; Ramezanianpour, 2014). Therefore,
early-age properties of the OPC/MK mixtures are of particular interest
in studying the effect of MK.

While the effect of metakaolin on hardened concrete properties has
been the topic of a large number of studies, its effect on the paste
.
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microstructure has not been explored in as much detail. Incorporation
of MK is known to alter the chemical composition of CSH (Ambroise
et al., 1994; Richardson, 2004), which is the main hydration product
and is primarily responsible for concrete compressive strength. This
change in CSH composition implies a possible change in its microstruc-
ture andmechanical response. Recently, Rodriguez et al. (2015) demon-
strated that the CSHmorphology changes from fibrillar to foil-like as the
Ca/Si ratio decreases from 1.63 to 1.33. Several molecular simulations
showed a change in the mechanical properties of CSH with the change
in Ca/Si ratio (Abdolhosseini Qomi et al., 2014; Bauchy et al., 2014;
Hou et al., 2015).

Nanoindentation has been extensively used to ascertain the me-
chanical properties of CSH, which is the main hydration product and is
primarily responsible for concrete compressive strength. It has been
established that the mechanical response of CSH depends on the pack-
ing density of CSH globules (Constantinides and Ulm, 2007; Ulm et al.,
2007; Ulm et al., 2010; Ioannidou et al., 2016). Values of elastic moduli
have been published for a number of CSHmorphologies which are sum-
marized in Table 1. There exists a very porous phase, the elasticmodulus
of which is affected by capillary porosity (Constantinides and Ulm,
2007; Mondal et al., 2010; Hu et al., 2014), with a modulus of approxi-
mately 8–13 GPa, low-density or outer product CSH with an elastic
modulus ≈ 21 GPa, high-density or inner product CSH with a
modulus ≈ 30 GPa, and CH or a mixture of CSH and CH also referred
to as ultra-high-density CSH with a modulus of 36–40 GPa.

While nanoindentation has been applied to C3S and OPC pastes,
there are few studies on nanoindentation of OPC/MK samples. He et
ofmetakaolin and slag blended portland cement pastes, Appl. Clay Sci.
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Table 1
Summary of published elastic moduli values for CSH and CH.

Phase Mean ± standard deviation
(GPa)

Reference

Low stiffness phase 8.1 Constantinides and Ulm
(2007)

Porous phase 9.4 ± 3.4 Mondal et al. (2010)
Very porous (VP) CSH 13.6 ± 1.0 Hu et al. (2014)
Low stiffness CSH 16.5 ± 4.7 Mondal et al. (2010)

22.89 ± 0.76 Mondal et al. (2007)
Low-density (LD) CSH 18.2 ± 4.2 Constantinides and Ulm

(2007)
21.7 ± 2.2 Constantinides and Ulm

(2004)
22.39 ± 4.84 Vandamme and Ulm

(2013)
22.5 ± 5.0 Vandamme et al. (2010)

Outer product (OP) CSH 20.8 ± 3.2 Hu et al. (2014)
Medium stiffness CSH 31.16 ± 2.51 Mondal et al. (2007)
High stiffness CSH 27.1 ± 3.5 Mondal et al. (2010)

41.45 ± 1.75 Mondal et al. (2007)
High-density (HD) CSH 29.1 ± 4.0 Constantinides and Ulm

(2007)
29.4 ± 2.4 Constantinides and Ulm

(2004)
30.4 ± 2.9 Vandamme et al. (2010)
34.82 ± 5.25 Vandamme and Ulm

(2013)
Inner product (IP) CSH 31.0 ± 3.1 Hu et al. (2014)
Ultra-high-density
(UHD) CSH

40.9 ± 7.7 Vandamme et al. (2010)

CH 40.3 ± 4.2 Constantinides and Ulm
(2007)

36.9 ± 3.5 Mondal et al. (2010)
38 ± 5.0 Constantinides and Ulm

(2004)
39.77–44.89 Monteiro and Chang

(1995)
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al. (2013) investigated the effect of SCM, including MK, on the elastic
moduli of the hydration products and the volume fractions of LD and
HDCSH. Samples containing SCMwere preparedwith a water to binder
(w/b) ratio of 0.3, while the control sample had a w/b ratio of 0.35 in
order to obtain similar 28-day compressive strengths. The authors re-
ported that at the age of 60 days the control sample had the smallest
fraction of HD CSH, while for the samples containing SCM the HD CSH
fraction appeared to increase with an increase in the molar fraction of
(Al + Si)/Ca in the OPC-SCM blend. However, the control sample did
not fit this relationship, possibly due to a difference in the w/b ratio.
The authors concluded that the (Al + Si)/Ca ratio can be used in place
of nanoindentation tests for cementitious mixtures with the same w/b
ratio and similar 28-day compressive strengths in order to predict the
fraction of HD CSH. Only two types of CSH, LD and HD, were observed
in this study, with no significant difference in their values regardless
of SCM addition.

Barbhuiya and Chow (2015) reported nanoindentationmodulus and
hardness values for PC and PC + 10%MK pastes. The calculated volume
fractions of LD and HD CSH (≈36% each) in the PC + 10%MK sample
were only slightly higher than those of the PC sample (≈33% for
each). However, the age or degree of hydration of the samples was
not reported, and it remains unclearwhether these results are indicative
of early-age or later-age characteristics on the MK-containing pastes.

In addition to a change in CSH composition, a change in porosity
with MK addition has been reported as well. Ambroise et al. (1994) re-
ported an increased amount of pores in the 6–20 nm rangewith 20–30%
MK addition. Poon et al. (2001) also reported that addition of
metakaolin at a constant w/cm ratio decreases the average pore diame-
ter for any age and at any cement replacement level up to 20%.

The effect of chemical andmineral admixtures on pore size distribu-
tion is of great interest as pores of different sizes will have an impact on
Please cite this article as: Shanahan, N., et al.,Multi-technique investigation
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different concrete properties. Juenger and Jennings (2002) observed
that an increase in the nitrogen accessible pore volume and surface
area corresponded to increased drying shrinkage. Jennings et al.
(2008) also stated that creep is affected by gel porosity.

Porosity of the OPC/MK mixtures has been predominantly studied
using mercury intrusion porosimetry (MIP) (Ambroise et al., 1994;
Duan et al., 2012, 2013; Khatib and Wild, 1996; Poon et al., 2001,
2006). Although MIP can measure a wide range of pore sizes from ap-
proximately 2 nm to 100 μm (Aligizaki, 2006), this techniquemeasures
thepore entry sizes rather than the actual pore diameters. Nitrogen (N2)
adsorption is another technique that can be used tomeasure porosity al-
though it is limited predominantly to the mesopore range. However,
unlike MIP, it is not affected by pore network effects when the adsorp-
tion branch is used (Aligizaki, 2006). The study by Justice and Kurtis
(2007) is the only study to date that utilized nitrogen adsorption to
measure porosity of the OPC/MK samples. However, the authors report-
ed only percent of total pore volume for pores b 10 nm, 10–20 nm and
N20 nm diameters, which provides limited information on how pore
size distributions compare between plain OPC samples and those con-
taining MK. No information was found on the effect of SL incorporation
on porosity as measured by N2 adsorption.

The goal of this study was to investigate the effect of cement replace-
mentwith 10%MKon the hydration products, nanoindentation character-
istics and porosity at the age of 7 days and compare the effect of MK to
that of SL as well as to the plain OPC paste at ambient temperature
using cement replacement dosages and chemical admixtures that are typ-
ically used in structural concrete. Additionally, since nanoindentation
modulus depends on CSH packing density and packing density deter-
mines CSH porosity, a possible relationship between nanoindentation
modulus and porosity was investigated as well.

2. Methodology

2.1. As-received materials characterization

A Type I/II commercial Portland cement and two SCM, metakaolin
(MK) and blast furnace slag (SL) were selected for this study. Detailed
characterization of these materials was described by Zayed et al.
(2016). X-ray fluorescence spectroscopy (XRF) was used to determine
the chemical oxide composition of cement, MK and SL in accordance
with ASTM C114.

Mineralogical composition of the cementitious materials was deter-
mined from X-ray diffraction (XRD) measurements following ASTM
C1365. Prior to XRDmeasurements, cementwas wet-ground in ethanol
in a McCrone micronizing mill to a particle size between 1 and 10 μm.
The wet grinding method was used to avoid the effect of temperature
on gypsum and its possible phase transformation to hemihydrate or an-
hydrite. The samples were then dried in an oven at 43 °C. MK and SL
samples were mixed with a standard reference material, (SRM) 676a,
obtained from the National Institute of Standards and Technology
(NIST). SRM 676a was used as an internal standard (IS) in order to de-
termine the amorphous unidentified content of each sample (Madsen
et al., 2011). Since MK and SL are known to be predominantly amor-
phous (Mindess et al., 2003), the internal standard was used at 10% re-
placement level, which was shown to be optimal for samples with
amorphous content of around 90% (Westphal et al., 2009).

XRD measurements were performed using the Phillips X'Pert
PW3040 Pro diffractometer equippedwith the X'Celerator Scientific de-
tector and a Cu-Kα X-ray source (λ=1.540598 Å). Tension and current
were set to 45 kV and 40 mA respectively. Scans were performed in the
range of 7–70° 2θ, with a step size of 0.0167° 2θ and a counting time per
step of 130.2. 5 mm divergence and anti-scatter slits were used in the
automatic mode. Samples were loaded into the sample holder using a
back-loading technique in order to minimize preferred orientation,
and placed onto a spinner stage that was rotating at 30 rpm in order
to improve counting statistics (Bish and Reynolds, 1989). Mineralogical
ofmetakaolin and slag blended portland cement pastes, Appl. Clay Sci.
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analysis of the collected diffraction patterns was carried out using
Panalytical HighScore Plus 3.0 software. Quantification was per-
formed using the Rietveld refinement functionality built into the
software. Chebyshev II function was used to calculate the back-
ground, and Pseudo Voigt function was used for profile fitting. Crys-
tallographic parameters for cement and SCM are included in the
Appendix (Tables 1A–3A).

Particle size distribution (PSD) of cement, MK and SL was mea-
sured using an LA-950 particle size analyzer manufactured by
HORIBA Instruments using the dry method. Triplicate tests were
conducted on all materials and the average results are reported
here (Table 4 and Fig. 1). In addition to PSD, fineness of all the mate-
rials was determined by nitrogen adsorption using Autosorb-1 ana-
lyzer manufactured by Quantachrome Instruments. The samples
were outgassed under vacuum at 80 °C immediately prior to analysis
in order to remove any moisture or contaminants from the sample
surface. The Brunauer-Emmett-Teller (BET) method (Brunauer et
al., 1938) was used for the specific surface area (SSA) calculations.
Multipoint BET was selected over the single point BET for greater ac-
curacy (Aligizaki, 2006).

Additionally, four chemical admixtures that are commonly used in
structural concretemixtures, air-entraining admixture (AEA),water-re-
ducing and retarding admixture (WRRA) and two superplasticizers
(SP), were used. According to the manufacturer's safety data sheets,
WRRA was lignosulfonate-based and both SP1 and SP2 were
polyacrylate-based with SP1 being more concentrated. In the field, SP1
is used in concrete containing MK, while SP2 is used with SL. Since MK
is expected to be finer than SL, a more concentrated SP is needed to
achieve proper particle dispersion with the incorporation of MK.

2.2. Paste characterization

2.2.1. Isothermal calorimetry
Table 2 lists the paste mix designs used in this study. A constant w/

cm ratio of 0.485 was used for all the mixtures taking into account the
water added as part of the chemical admixtures. Heat of hydration of
the mixtures was measured using TAM Air 8-twin channel isothermal
calorimeter manufactured by TA Instruments. The measurements
were performed at 23 °C following the ASTM C1702 Method A, internal
mixing.

The degree of hydration, α(t), for eachmixturewas calculated based
on isothermal calorimetrymeasurements.α(t)was calculated following
Eq. (1):

α tð Þ ¼ H tð Þ
Hu

ð1Þ

where H(t) is the total heat released by each mixture at time (t) and Hu

is the total available heat that can be generated by the cementitious
components of the mixture at complete hydration. For pastes without
SCM, Hu = Hcem.

Hcem ¼ 500PC3S þ 260PC2S þ 866PC3A þ 420PC4AF þ 624PSO3
þ 1186PFreeCaO þ 850PMgO ð2Þ

whereHcem is the total heat of hydration of portland cement and Pi is the
mass of ith component to total cement content ratio. For the 52SL sam-
ple, Hu was calculated using the equation provided by (Schindler and
Folliard, 2005), but eliminating the fly ash contribution:

Hu ¼ HcemPcem þ 461Pslag ð3Þ

The current models proposed in the literature to predict hydration
behavior of OPC/SCM systems (Poole et al., 2007; Riding et al., 2012;
Schindler and Folliard, 2005) do not include metakaolin. The only guid-
ance regarding the heat of hydration (HOH) ofMKmixtures comes from
Gajda (2007) who states that it can be approximated as “100% to 125%
Please cite this article as: Shanahan, N., et al.,Multi-technique investigation
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that of Portland cement.” For the 10MK mix, Hu was calculated using
the upper limit proposed by Gajda (2007):

Hu ¼ HcemPcem þ 1:25HcemPMK ð4Þ

Riding et al. (2012) showed that chemical admixtures affect the rate
of heat evolution aswell as the ultimate degree of hydration (αu). How-
ever, they do not affect Hu, since it is the heat that could potentially be
generated at complete hydration of the cementitious materials and is
a function of cement chemistry as well as the amount and type of SCM
present (Schindler and Folliard, 2005).

2.2.2. Sample preparation for X-ray diffraction, nanoindentation and nitro-
gen adsorption

Samples were mixed using the IKA WERKE mixer. The WRRA was
added to the mixing water; AEA was introduced after mixing for
1 min at 300 rpm, which was followed by 30 s of mixing at 600 rpm.
Superplasticizer (SP1 or SP2) was added after a 90 second rest period,
after which the paste was mixed for an additional 60 s at 600 rpm.
After mixing, paste samples were sealed and cured under isothermal
conditions at 23 °C.

2.2.3. X-ray diffraction and Rietveld analysis of hydrated pastes
For X-ray diffraction (XRD), demolded samples were ground by

hand with an agate mortar and pestle. Paste samples were mixed SRM
676a in order to determine the amorphous/unidentified content of
each sample (Madsen et al., 2011). Since the amorphous/unidentified
content of the hydrated pastes was expected to be lower compared to
the as-received SCM, the internal standardwas used at 20% replacement
as recommended by Westphal et al. (2009). SRM 676a was mixed with
the paste by hand with the mortar and pestle in order to avoid increas-
ing the amorphous content of the paste during grinding (Jansen et al.,
2011a, 2011b, 2012). No specific technique was used to stop the hydra-
tion, as samples were prepared immediately after demolding and load-
ed into the diffractometer. XRD measurements were conducted in the
same manner as described previously for the as-received materials in
Section 2.1.

2.2.4. Nitrogen adsorption
Samples for porosity measurement by nitrogen adsorption were

mixed and cured as described in Section 2.2.2 until the age of 7 days
at 23 °C. Immediately after demolding, the samples were crushed and
sieved to separate the particles in the range of 1–3 mm, and dried at
105 °C under vacuum for 2 h using the outgasser built into Autosorb-1
analyzer. This drying procedure was selected as drying at a lower tem-
perature may accelerate the hydration process (Korpa and Trettin,
2006) and is not suitable at early ages. Slow removal of water by proce-
dures such as D-drying does not quickly arrest the hydration (Aligizaki,
2006). Drying at 105 °C was limited to 2 h to avoid damaging the CSH
microstructure, which is typically a concern with drying at this temper-
ature for 24 h (Detwiler et al., 2001). Beaudoin (2002) suggests that lim-
iting oven-drying at 105 °C to 2–3 h results in a microstructure that is
similar to D-drying, which would be most suitable for nitrogen adsorp-
tion. In this work, samples were dried for 2 h, after which nitrogen iso-
therms were collected using Autosorb-1.

Pore size distribution calculationswere performed using the Barrett,
Joyner, Halenda (BJH) method (Barrett et al., 1951), adsorption branch.
Since the adsorption branchmeasures the size of the interior of the pore
it was selected over the desorption branch, which measures the pore
entry size (Bodor et al., 1970; Scherer, 2015). Additionally, the adsorp-
tion branch is not influenced by the pore network effects to the same
degree as the desorption branch (Bodor et al., 1970; Groen et al.,
2003). Brunauer, Emmett, Teller (BET) method (Brunauer et al., 1938)
was used to calculate the specific surface area, which is typically attrib-
uted to CSH (Gluth and Hillemeier, 2012).
ofmetakaolin and slag blended portland cement pastes, Appl. Clay Sci.
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Fig. 1. XRD scan and the Rietveld fitted profile for the as-received cement sample.

Table 3
Oxide chemical analysis for as-received cement and mineral admixtures.

Analyte Cement (wt%) MK (wt%) SL (wt%)

SiO2 20.40 51.29 35.15
Al2O3 5.20 44.16 14.25
Fe2O3 3.20 0.49 0.48
CaO 63.10 b0.01 41.45
MgO 0.80 0.14 5.21
SO3 3.60 b0.01 1.86
Na2O 0.10 0.26 0.22
K2O 0.38 0.27 0.32
Total 100.10 99.22 99.83
Na2Oeq 0.35 0.44 0.43
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2.2.5. Nanoindentation
Nanoindentation samples were demolded at the age of 7 days,

crushed and placed in isopropanol for 48 h to stop hydration. After
48 h, the samples were dried under vacuum and cast in SPECIFIX-40
two part epoxy from Struers. Samples were polished using MD-Piano
series polishing discs #200, 500, 1200, followed by diamond suspen-
sions of 3, 1, and 0.25 μm. The diamond suspensions were used with
MD-Dur polishing cloths. As a final step, the samples were polished
with 0.5 alumina powder suspension on an MD-Nap polishing cloth.
Samples were washed in ethanol in an ultrasonic bath for 10 min be-
tween each polishing step.

Indentation measurements were performed using the Hysitron Ti
900 Triboindenter with a Berkovich tip. A trapezoidal loading function
wasusedwith a 5 second loading time, 3 secondholdperiod anda 5 sec-
ond unloading period and a maximum load (Pmax) of 2 mN. Instrument
compliance and tip area function calibrations were performed using a
fused quartz standard prior to sample measurements. A minimum of
50 points were indented for each sample. Constantinides and Ulm
(2007) showed that 50 nanoindentation points were sufficient to iden-
tify correct volume fractions of HD and LD CSH and no further improve-
ment was achieved by increasing the number of indentations. Points
were indented in a grid of 10 × 10 points, spaced 20 μm apart.

The data were analyzed based on the Oliver and Pharr method
(Oliver and Pharr, 1992) using the TriboScan 6.0 software. After analyz-
ing the indentation results, the data was normalized by the number of
indents in each sample and deconvoluted to obtain themodulus of indi-
vidual phases as described in Constantinides et al. (2006).

3. Results and discussion

3.1. Materials characterization

Table 3 lists the results of the chemical oxide analysis. Cement select-
ed for this study had a low equivalent alkali content (Na2Oeq) and so did
theMK and SL. The oxide composition ofMKused in this study is in gen-
eral agreement with the published values except for its lower Fe2O3
Table 2
Mixture proportions.

Sample Mineral
admixture

Mineral admixture
(% cement
replacement)

WRRA
dosage

AEA
dosage

SP2
dosage

SP1
dosage

(ml/100 kg cementitious)

CNSP1 None 0 110 2.5 0 155
10MK Metakaolin 10 110 2.5 0 155
52SL Blast furnace

slag
52 110 2.5 110 0
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content (Buchwald et al., 2009; Curcio et al., 1998; Siddique and Khan,
2011). The oxide composition of slag is also in general agreement with
the values found in the literature, except for a higher Al2O3 content
than is typically used in cement mixtures (Boháč et al., 2014;
Richardson and Groves, 1992; Riding et al., 2012).

X-ray diffractograms and fitted Rietveld profiles for cement, MK and
SL are presented in Figs. 1–3. The quality of Rietveld analysis can evalu-
ated through the use of statistical parameters, such as Rwp (weighted
profile residual) or χ2 (goodness of fit) (Pecharsky et al., 2009), as
well as visually, by inspecting the difference between the collected
data and the fitted profile. Both statistical parameters and the difference
plots are included in the figures.

Rwp and χ2 have been used in the published literature to evaluate
the quality of Rietveld analysis. Toby (2012) states that for a well-fitted
profile, χ2 value should be close to, but N1. At the same time, he ac-
knowledges, that simply using longer counting times during data collec-
tion can increase χ2. Kniess et al. (2012) state that values of Rwp in the
range of 2–10 are indicative of a good refinement. For MK and SL, χ2

values were lower than that of cement and very close to 1, most likely
due to the large contribution of the background to the diffraction pat-
terns (Toby, 2012). The χ2 value for cement is consistent with the pub-
lished literature (Peterson et al., 2006). Rwp values for all the materials
were within the range specified by Kniess et al. (2012). The quality of fit
was further confirmed by visual inspection.

Mineralogical composition of cement and SCMs is listed in Table 4.
As expected, both MK and SL had high amorphous content. High amor-
phous content is necessary for the use of these materials in concrete
production as crystalline phases are non-reactive and do not contribute
to improvement of concrete properties.

Particle size analysis showed that SL had a very similar BET SSA and
particle size distribution to that of cement, while MK was much finer
(Table 5 and Fig. 4).
Fig. 2. XRD scan and the Rietveld fitted profile for the as-received MK sample with 10%
SRM 676a.

ofmetakaolin and slag blended portland cement pastes, Appl. Clay Sci.
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Fig. 3. XRD scan and the Rietveld fitted profile of the as-received SL sample with 10% SRM
676a.

Table 5
Particle size analysis of as-received cement and SCMs.

Physical properties Cement MK SL

D10 (μm) 3.0 1.7 3.3
D50 (μm) 13.0 5.5 10.9
D90 (μm) 29.3 11.7 23.4
Median size (μm) 13.0 5.5 10.9
Mean size (MPS) (μm) 15.1 6.2 12.6
Multipoint BET SSA (m2/kg) 2140 14,970 3700

5N. Shanahan et al. / Applied Clay Science xxx (2016) xxx–xxx
3.2. Isothermal calorimetry

The degree of hydration for each of the paste samples (Table 6) ob-
tained from isothermal calorimetry (Fig. 5) was calculated at the age
of 7 days using Eqs. (1)–4(). As expected, the higher substitution of ce-
ment by slag shows the lowest total heat at 7 days of hydration while
the total heat for 10MK and CN are similar.
3.3. Hydration products

Figs. 6–8 present collected diffractograms and the fitted Rietveld
profiles for CN + SP1, 10MK and 52SL pastes, respectively. Rwp values
for all the samples were below 10, which indicates a good fit (Kniess
et al., 2012; Wilson, 2013), and are consistent with those previously
published for hydrated cement pastes (Snellings, 2016).

The main crystalline hydration phases identified in the control sam-
ple at the age of 7 days were calcium hydroxide (CH), ettringite and
hemicarboaluminate (Table 7). The presence of hemicarboaluminate is
attributed to the reaction of tricalcium aluminate (C3A) and CH with
limestone, which was present in the cement used in this study. Exami-
nation of the as-received cement revealed the presence of 2.0% calcite,
which is consistent with the limestone addition reported on the mill
certificate for this cement. Limestone powder has been reported to
react with C3A during cement hydration forming hemicarboaluminate
Table 4
Mineralogical composition of cement, MK and SL.

Analyzed sample Phase ICSD # Phase content (w/o)

Cement Alite 94742 46.9
Belite 81096 25.2
C3A 1841 9.6
C4AF 9197 8.0
Gypsum 151692 2.8
Hemihydrate 79528 1.8
Anhydrite 40043 0.5
Calcite 80869 2.0
Portlandite 15471 2.5
Quartz 41414 0.8

Metakaolin Illite 90144 1.6
Mullite 28544 1.2
Anatase 63711 0.8
Amorphous 96.4

Slag Melilite 158172 1.2
Quartz 41414 1.3
Gypsum 151692 0.4
Calcite 80869 0.4
Amorphous 96.7
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(C4AC0.5H12) and with C3A and CH forming monocarboaluminate
(C4ACH11) as shown by De Weerdt et al. (2011).

In addition to the crystalline hydration products, cement reaction
with water produces CSH, which has been estimated to comprise 60%
of the hydration products volume (Mehta and Monteiro, 2006). CSH is
a poorly crystalline phase with short range order and no known crystal
structure (Mindess et al., 2003; Taylor, 1997; Van Damme et al., 2013).
Although the amorphous/unidentified content of the paste cannot be
solely attributed to CSH, due to the possible presence of small quantities
ofminor phases that could not be identified during the analysis, its pres-
ence has to be taken into consideration during Rietveld analysis. Failure
to account for the presence of amorphous/unidentified content in the
sample would lead to large overestimation of the crystalline hydration
products.

There is a number of publications detailing the hydration products in
the OPC/MK systems (Antoni et al., 2012; Boháč et al., 2014;
Cassagnabère et al., 2009; Snellings et al., 2014). However, these studies
have not attempted to quantify the hydration phases; therefore, our re-
sults can only be compared qualitatively. In the current study, only
hemicarboaluminate was identified in the 10MK sample as opposed to
the results obtained by Antoni et al. (2012), who reported the presence
of both hemi- andmonocarboaluminate,most likely due to significantly
lower CaCO3 content in the as-received cement (2.1%) compared to that
used by Antoni et al. (2012) (15%).

Addition of mineral admixtures did not appear to change the main
hydration products. Generally, no significant effect on phase consump-
tion (Table 8) was observed with addition of mineral admixtures, ex-
cept in the case of 52SL, where consumption of all phases was
increased, likely due to the small amount of cement present in this mix-
ture and a much higher effective w/c ratio.

3.4. Porosity measurement with nitrogen adsorption

Nitrogen-accessible porosity increased with addition of MK and SL
(Fig. 9). This can be attributed to two factors: lower degree of hydration
and changes in porosity of CSH.While the degree of hydration (Table 6)
Fig. 4. Cumulative particle size distribution.
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Fig. 6. CN + SP1 paste sample at 7 days with 20% SRM 676a.

Table 6
Degree of hydration calculated from isothermal calorimetry at the
age of 7 days.

Mix ID Degree of hydration

CN + SP1 0.72
10MK 0.68
52SL 0.46
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of the 52SL sample is significantly lower than that of CN + SP1 and a
higher amount of LD CSH is expected at lower degrees of hydration,
the degree of hydration of 10MK and CN + SP1 are similar, so the ob-
served differences in the pore size distributions in the 1.5–10 nm
range of CN + SP1 and 10MK samples are likely due to the changes in
the porosity of CSH, possibly due to the changes in its chemical
composition.

The measured pore size distribution for the CN + SP1 sample is in
general agreement with the data published in the literature
(Hemalatha et al., 2015; Mikhail et al., 1964; Shanahan et al., 2016).
As for 10MK paste, it is difficult to compare the obtained results to pre-
vious studies. The study by Justice and Kurtis (2007), who used N2 ad-
sorption to measure porosity, reported % pore volumes rather than
actual volumes for pore diameters below 10 nm, 10–20 nm and above
20 nm at 1 and 28 days. The rest of the studies utilized MIP, reporting
the total pore volumeand break through diameters,which cannot be re-
lated to the N2 adsorption data. Even so, the results are contradictory.
Poon et al. (2001, 2006) and Duan et al. (2013) reported lower total po-
rosity compared to the control in 10%MK mixtures at 7 days, while
Khatib and Wild (1996) observed an increase in the total pore volume
at 7 days with 10% cement replacement with MK. Additionally, Khatib
and Wild (1996) reported that the percentage of pores with
radii b 20 nm was greater in the 10%MK sample than in the control at
all ages, while the amount of pores with radii N 20 nm was always
lower. The higher total pore volume of the 10MK sample compared to
the control is in agreement with the findings by Khatib and Wild
(1996). Since no informationwas found on the effect of SL incorporation
on N2-accessible porosity, it was not possible to compare the results ob-
tained for 52SL paste to previous studies.

Several pore size classifications have been proposed for concrete
(Aligizaki, 2006). In this study, CM-II model (Jennings, 2008) was pre-
dominantly used to separate pore size distribution into specific pore
volumes. The CM-II model distinguishes two types of CSH pores: small
gel pores (SGP) representing the space within CSH particles and large
gel pores (LGP) between the CSH particles. It estimates the size of
SGPs to be below 3 nm, and the size of LGPs to be in the range of 3–
12 nm. In a recent NMR study, Valori et al. (2013) reported 10 nm
pores between CSH particles. Korb et al. (2007) reported clustering of
Fig. 5. Total heat evolved for cement and cementitious paste.
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pores around the following average values: 1.8, 7, 50 and 600 nm. The
authors attributed 1.8 nmpores to the pores inside CSH (SGP pores pro-
posed by (Jennings, 2008)) and 7 nm pores to the pores between CSH
particles. Reconciling these studies as well as the pore size classification
proposed byMindess et al. (2003), pore size distributions of the samples
analyzed in this study were compared for the following pore ranges:
b3 nm (SGP pores), 3–10 nm (LGP pores) and N10 nm (fraction of cap-
illary pores measured by N2 sorption) (Fig. 4).

No significant differences were observed in the SGP pore volumes of
the samples (Fig. 10). The LGP porosity, however, increasedwith the ad-
dition of SCM and was the highest for the 52SL sample. This indicates
that 52SL paste had the highest LD/HD CSH ratio, which could be attrib-
uted to the lower degree of hydration of this sample. Although lower
than that of 52SL, the LD/HD ratio for the 10MK samplewas also notably
higher than that of the control paste, in spite of their similar degree of
hydration.

BET predominantly measures porosity of CSH, and there is a general
agreement in the literature that N2 molecules can enter the pores of
low-density (LD) CSH, but only a small fraction of the high-density
(HD) CSH porosity, while water can enter the pores of both LD and
HD CSH (Jennings and Thomas, 2004; Jennings, 2008; Odler, 2003).
Jennings and Thomas (2004) state that because of this, N2 BET surface
areas are much more sensitive to the microstructural differences than
those obtained with water vapor. As with the pore size distribution,
the highest BET SSA was observed for the 52SL sample followed by
10MK (Table 9). This is not surprising, as these parameters are related;
an increase in the LGP pore volumewould increase the BET SSA. Surface
area of the control sample was significantly lower implying the
Fig. 7. 10MK paste sample at 7 days with 20% SRM 676a.
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Table 7
Rietveld analysis of the pastes at the age of 7 days.

Phase ICSD # CN + SP1 10MK 52SL

Alite 94742 2.0 1.4 0.1
Belite 81096 13.9 13.3 6.0
C3A 1841 1.6 1.3 0.0
Ferrite 9197 3.0 1.7 0.0
Portlandite 15471 12.9 8.0 4.2
Quartz 41414 0.8 0.4 0.8
Calcite 80869 1.0 0.9 0.6
Ettringite 155395 8.6 6.6 3.1
Tobermorite 9A 87689 1.0 1.5 2.8
Hemicarboaluminate 263124 2.8 4.0 3.8
Monocarboaluminate 59327 0.4 0.0 0.0
0.8-Carboaluminate 263123 0.2 0.0 0.0
Amorphous/unidentified 51.8 61.1 78.3

Fig. 8. 52SL paste sample at 7 days with 20% SRM 676a. Fig. 9. BJH pore size distribution at 7 days.
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presence of less porous CSH. The ratio of LD/HD CSH is known to affect
shrinkage and creep of concrete (Jennings et al., 2008).

3.5. Nanoindentation

The results obtained from grid indentation were used to calculate
the average elastic modulus (E), hardness (H) and average maximum
depth of penetration (hmax) for each sample. First, the average E, H
and hmax were calculated based on the data obtained from all the in-
dents, which would include both the hydration products and the
unhydrated clinker phases (Table 10). The average maximum penetra-
tion depths are very similar and indicate that themajority of the indents
were made in the CSH phase (Ulm et al., 2010). However, large differ-
ences can be observed between the average elastic moduli and average
hardness values for these samples. The CN + SP1 sample had the
highest elastic modulus, followed by 52SL, and 10MK sample had the
lowest. The average hardness of the 10MK sample was also significantly
lower than that of the other samples.

The elastic modulus of individual clinker phases is known to be sig-
nificantly higher than that of hydration products (Velez et al., 2001). De-
spite a large difference in the degree of hydration of 10MK and 52SL
samples, (Table 6), their average elastic moduli are similar, while
Table 8
Consumption of individual clinker phases at the age of 7 days.

Phase CN + SP1 10MK 52SL

C3S 0.94 0.95 0.99
C3A 0.75 0.78 1
C4AF 0.44 0.65 1
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there is a large difference in the E values for 10MK and CN + SP1 sam-
ples in spite of their similar degree of hydration. This indicates that the
average E values in Table 10 are heavily influenced by the presence of
unhydrated clinker phases and may not be the best way to evaluate
the mechanical properties of the hydrated paste.

In order to evaluate the influence of MK and SL addition on the aver-
age mechanical properties of the hydration products and eliminate the
effect of the large difference in the degree of hydration, the average E,
H, and hmax values were recalculated excluding indents with
E N 40 GPa (Table 11). A number of E and H values for CSH and CH
have been reported in the literature by Constantinides and Ulm
(2004), Hu and Li (2014), Hu et al. (2014), Hughes and Trtik (2004),
Jennings et al. (2007), Monteiro and Chang (1995), and Pelisser et al.
(2012). Němeček et al. (2011) reported a modulus of approximately
44 GPa for unreacted MK and 26 GPa for unreacted SL. Therefore,
40 GPa was selected as a cutoff point to ensure that all the possible
CSH packing arrangements were included in the adjusted average
values, but the unreacted MK, if any may be present in the 10MK sam-
ple, was excluded. Since the expected value for unreacted SL modulus
was between those reported for LD and HD CSH, it could not be exclud-
ed. However, based on Fig. 13c it appears that minimal number of in-
dents were made in the unreacted SL particles and they are not
expected to have a significant effect on the values calculated for the
52SL sample (Table 11).

The adjusted average E values in Table 11 correlate with compres-
sive strength results (Fig. 11); compressive strength appears to increase
with an increase in average elastic modulus computed for values below
Fig. 10. BJH pore volumes for each paste sample at 7 days.
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Table 10
Average nanoindentation values.

Sample Average E (GPa) Average H (GPa) Average hmax (nm)

10MK 19.7 0.5 323
CN + SP1 30.1 1.2 294
52SL 23.0 1.4 323

Table 9
BET surface areas at 7 days.

Mix ID 5-Point BET SSA (m2/g)

CN + SP1 53.35
10MK 72.18
52SL 86.37

Table 11
Adjusted average values after excluding indentations with E N 40 GPa.

Sample Average E (GPa) Average H (GPa) Average hmax (nm)

CN + SP1 21.6 0.5 327
10MK 19.7 0.5 323
52SL 14.7 0.5 370

Fig. 12. Relationship between (a) LGP pore volume and (b) BET surface area and average
nanoindentation modulus of hydration products at 7 days.
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40 GPa. Additionally, there is good agreement between the adjusted av-
erage E values and porosity results, specifically LGP volume; as the LGP
volume increased, the adjusted average E decreased (Fig. 12a). Same
trend was observed with the BET surface area as well (Fig. 12b).

Further analysis of nanoindentation data was carried out by plotting
the probability distributions of the elastic moduli (below 40 GPa) for
each sample (Fig. 13). The values of the elastic moduli obtained from
the deconvolution analysis (Table 12) are in general agreement with
the published literature (see Table 1).

The probability plot for the 10MK sample (Fig. 13b) is significantly
different from that of CN + SP1 (Fig. 13a). While the control sample is
showing presence of low stiffness, LD and HD CSH, the microstructure
of the 10MK sample appears to be dominated by low stiffness CSH. A
presence of a porous phase has also been identified in the 10MK sample.
52SL sample contained a significantly higher amount of the porous
phase (Fig. 13c), and CSH morphology was dominated by low stiffness
CSH with very small amount of HD CSH present. Vandamme et al.
(2010) illustrated a relationship betweenw/c ratio and relative volumes
of LD, HD and UHDCSH; asw/c ratio increases, so does the volume of LD
CSH at the expense of the HD CSH. The volumes fractions of low stiff-
ness-LD CSH observed in this study appears to be affected by the effec-
tive w/c ratios of the mixtures. Although the w/b ratio was maintained
constant, the w/c ratio of the 52SL mixture was significantly higher,
Fig. 11. Relationship between compressive strength and average nanoindentation
modulus of hydration products at 7 days.
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especially taking into account the low reactivity of SL compared to MK
at 7 days.

There are no indents with elasticmoduli in the CH range for the 52SL
sample. The absence of a clear indication of CH presence by nanoinden-
tation is not surprising, as Rietveld refinement identified minimal
amounts of CH compared to the other samples. Generally, the volume
fraction of CH is in agreement with the XRD results (Fig. 14). It appears
that at 4 wt%, asmeasured by XRD analysis, CH is difficult to detect with
grid nanoindentation.
Fig. 13. Probability density functions of (a) control, (b) 10MK and (c) 52SL paste at 7 days.
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Table 12
Results of the deconvolution analysis.

Sample Phase Mean ± standard deviation
(GPa)

Volume
fraction

CN +
SP1

Low stiffness
CSH

16.1 ± 1.9 0.31

LD CSH 21.1 ± 0.6 0.17
HD CSH 27.4 ± 3.9 0.48
CH 37.3 ± 0.7 0.04

10MK Porous phase 12.3 ± 1.8 0.10
Low stiffness
CSH

18.5 ± 1.6 0.48

LD CSH 23.0 ± 0.6 0.28
HD CSH 27.4 ± 2.5 0.12
CH 38.3 ± 0.1 0.02

52SL Porous phase 11.1 ± 1.3 0.39
Low stiffness
CSH

15.8 ± 2.1 0.52

HD CSH 28.00 ± 1.2 0.09
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4. Conclusions

The following conclusions can be made based on the findings of this
study:

• Generally, addition of chemical and mineral admixtures did not
change the main hydration products for mixtures cured at 23 °C. No
significant differences in phase consumption were observed with ad-
dition of 10%metakaolin or 52% slag compared to the control paste at
7 days.

• Despite the similarity in phase consumption and the hydration prod-
ucts formed, nitrogen adsorptionmeasurements indicated an increase
in LGP volume with addition of 10% MK and 52% SL as well as an in-
crease in the fraction of capillary pores accessible by nitrogen adsorp-
tion technique.

• Nanoindentationmeasurements also indicated an increase in CSH po-
rositywith 10%MK and 52% SL addition, the highest increase resulting
fromSL incorporationwhich is in agreementwith nitrogen adsorption
measurements.

• Additionally, a linear relationship was observed between the average
elastic modulus of the hydration products obtained from nanoinden-
tation and the volume of LGP fromN2 adsorption. A linear relationship
was also observed between the average elasticmodulus and compres-
sive strength.

The results of this study indicate that phase quantification by QXRD
of hydrated pastes may not be sufficient to assess the impact of
metakaolin or slag addition on hydrating cementitious systems, and a
multi-technique approach that provides information not only on the
amount of hydration products, but also their morphology is preferable.
Fig. 14. Relationship between volume fraction of CH obtained from nanoindentation and
weight percent of CH calculated from XRD measurements.
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