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Benchtop 1H NMR relaxometry was used to measure the fine temporal resolution of microstructural develop-
ment during the early hydration of ordinary Portland cement under different levels of retardation. Isothermal cal-
orimetrywas used to correlate the various distinct events inwater transformationwith the progress of hydration
reactions. The low field (2 MHz) NMR technique used in this study detected signals from only the mobile water
contained in the capillary and gel pores with water incorporation into hydration products highly correlatedwith
heat production, including the reproduction of subtle features. Following the induction period, an initial T2 de-
cline period, which encompassed the acceleration period of hydration, was characterized by incorporation of
water into hydration products without any associated gel pore formation. Gel pore formation commenced at
the peak in hydration rate, indicating a change in the morphology of C–S–H growth. All the observed features
of microstructural development were preserved under retardation.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Development of microstructure during the early hydration of
Ordinary Portland Cement (OPC) has attracted interest both due to
the importance of microstructure to emergent bulk properties and to
the advancements in analytical tools and techniques suitable for prob-
ing this complex evolving system [1,2]. The apparent potential for
influencing microstructure development by controlling hydration reac-
tions has created particular interest in links between the two processes,
however, these links, and the scale of microstructure (including molec-
ular structure) at which investigations should optimally focus, remain
elusive and are lacking in mechanism-based analysis [3].

Non-invasive methods of continuously monitoring reactions and
changes in hydrating cement are highly attractive for obvious reasons.
Detection of the state of hydrogen protons, and discrimination and
quantification of their various populations, has proved to be a highly
fruitful approach since 1) all hydrogen protons in the system originate
from added water, 2) water is a key player in hydration reactions, and
3) the state of any hydrogen proton is a function of its chemical and
physical environment including microstructure. A number of
ironmental Engineering, The
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techniques have been used successfully to probe the state of water in
hydrating cement including broadband dielectric spectroscopy (BDS)
[7,8], quasi-elastic neutron scattering (QENS) [9,10], and nuclear mag-
netic resonance (NMR) [11–13]. 1H NMR relaxometry has proved to
be a powerful technique that is relatively easy to implement, especially
with the development of bench-top instruments capable of rapid
analysis of large samples.

In combination with the development of a robust conceptual model
for the microstructure of C–S–H gel [14–16], significant advances have
been achieved over the last decade in the design of 1HNMR relaxometry
experiments, the interpretation of data, and the identification of dis-
crete proton populations associated with proposed microstructural
features [17–20]. Using quadrature (solid) echo and Carr–Purcell–
Meiboom–Gill CPMG (spin) echo techniques in combination, Muller
et al. [21] identified four key populations of hydrogenprotons in hydrat-
ing white cement: 1) hydrogen protons associated with the minerals
ettringite and portlandite, 2) C–S–H interlayer water, 3) gel pore
water associated with the small interstices between C–S–H globules,
and 4) capillary pore water initially associated with the space between
the cement grains and, later, as inter-hydrate spaces. Of these four pop-
ulations, identification of the C–S–H interlayer water is probably least
resolved, likely due to the presence of both chemically and physically
bound water [12]. Also, bench-top NMR instruments are often limited
to a minimum echo time in the vicinity of 100 μs, which is the same as
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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that reported for the position of the T2 (transverse relaxation time) peak
associated with C–S–H interlayer water [11,21]. Information regarding
the populations of low-mobility hydrogen protons with extremely fast
relaxation times has only been achieved using white cements, free
from paramagnetic impurities.

The impact of routinely used and cost effective admixtures on ce-
ment hydration processes linked to microstructural development has
received limited attention. High levels of sucrose have been shown to
have an impact on pore structure and spatial distribution of hydrates,
suggested to be due to enhanced homogeneous nucleation of C–S–H
in the pore space away from the cement grains [4]. More recently,
synchrotron-based XRD enhanced microtomography has been used to
reveal a profound effect of superplasticizers on the distribution of
C–S–H in hydrated OPC. In the absence of superplasticizer, C–S–Hdistri-
butionwashighly correlatedwith that of the cement grains, while in the
presence of superplasticizer, the C–S–H distribution was random with
homogeneous nucleation of C–S–H apparently occurring in the pore
spaces [5]. A greater extent of homogeneous nucleation might be ex-
pected to lead to a more uniform microstructure with less capillary po-
rosity and a higher specific surface area [6], with implications for
mechanical bulk properties and permeability.

In this study we have monitored, with high temporal resolution,
early hydration of OPC with and without retardant using bench-top 1H
NMR relaxometry and isothermal calorimetry with the aim of 1) deter-
mining which populations of water are measurable by bench-top NMR
in hydratingOPC and how their dynamics relate to heat output fromhy-
dration reactions, and 2) investigating whether retardation of early hy-
dration reactions impacts on the dynamics of water populations, and
associated microstructure, in a measurable manner that suggests an
evolution towards an altered microstructure, such as more homo-
geneous C–S–H distribution, with implications for resultant bulk
properties.

2. Materials and methods

2.1. Materials

Ordinary Portland cement (OPC) was obtained from Boral Limited,
Australia. The elemental analysis is shown in Table 1. Citrate was pre-
pared as a 10% solution of sodium citrate (trisodium citrate dihydrate,
Chem Lab). A commercial retardant commonly used in concrete
manufacture (Retarder N, Sika; recommended typical dosage of 2 ±
1 mLkg−1) containing selected carbohydrates in liquid form was also
used in investigations. All solutions were made using MilliQ (MQ,
Millipore) water (N18 MΩ cm). MQ water was used in the production
of cement paste.

2.2. Methods

All investigations used cement pastes mixed at a water-to-cement
ratio of 0.45. Retardant solutionswere added tomixingwater in the de-
sired proportions. Retarder N was added on a volume per weight of ce-
ment basis (mL kg−1), while citrate was added on a weight per weight
of cement basis (g kg−1). Pastes were produced by adding cement to
mixing water in a plastic beaker and stirring vigorously with a spatula
by hand for two minutes. Excellent reproducibility of the mixing, at
Table 1
Main elemental composition of investigated OPC.

Oxide Weight %

CaO 64.56
SiO2 20.09
Al2O3 5.38
Fe2O3 2.96
SO3 2.67
MgO 1.22
least with regards to the progression of hydration, was confirmed
from calorimetry analyses (data not shown). For NMR experiments,
paste was mixed and immediately poured into a 45 mL styrene vial
sealedwith a screw top lid,whichwas then inserted into the instrument
bore to commencemeasurements. For calorimetry, 7 g ofmixed cement
paste was weighed into a glass vial (2 replicates), crimp sealed and
inserted into the instrument.

Transverse relaxation times (T2) for hydrating cement were mea-
sured using a Carr–Purcell–Meiboom–Gill (CPMG) pulse sequence
[22,23] in a Magritek Rock Core Analyser operating at 2 MHz. For each
CPMG dataset, 2000 echoes were acquired with an echo time of
105 μs, resulting in a total relaxation delay of 210 ms. Temperature
within the magnet bore wasmaintained at 23 °C throughout the period
of measurement. Measurements commenced immediately after sample
insertion and were undertaken every 20 min for up to 80 h without
disturbing the sample. T2 distributions were generated via an inverse
Laplace transform (ILT) using an exponential kernel [24,25] where the
regularization parameter α was optimized according to the L-Curve
analysis [26] of the data for intermediate hydration times. Log-normal
fits were used to deconvolute the distributions and discriminate the
contributions from two hydrogen proton populations: 1) T2L—long re-
laxation times, and 2) T2S—short relaxation times (Fig. 1). The total
amount of liquid water in the system was quantified at the start of the
experiment from the amplitude of the ILT multi-exponential fitting
curve at the time of the first echo. Consumption of ‘measurable’ water
as hydration progressed was monitored using this metric. The weight
of the sealed vial containing added cement and water was measured
at the start and end of the experiment in order to confirm that no
water was lost from the system due to evaporation. The contributions
of both populations to the total signal were determined from the indi-
vidual fitted distributions by reconstructing individual echo decays.
Hence, the amplitude of the reconstructed first echo was compared to
the measured first echo to confirm the validity of the technique. In
order to reduce noise, a Gaussian low-pass filter, with a standard devia-
tion of 80 min (4 experimental points), was applied to the series of first
echo amplitudes as a function of the curing time. The applied filter was
effective in removing high frequency fluctuations while revealing low
frequency features of interest and facilitating useful derivative plots
that required no additional smoothing (see Supplementary Material,
Fig. S1 and animation).
Fig. 1. Examples of log-normal fits of T2 distributions following Laplace inversions of echo
decays from hydrating OPC with no retardant. The vertical dashed line shows the
minimum echo time of the instrument.



Fig. 2. Evolution of T2 distribution during hydration of OPC with A) no retardant, B) 1.3 g kg−1 citrate, C) 2 g kg−1 citrate, or D) 10 mLkg−1 Retarder N. The vertical dashed lines show the
minmal echo time of the instrument.
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An eight-channel TAMAir calorimeter (TA Instruments)was used to
monitor the isothermal heat production fromhydrating cement paste at
23 °C. A time lag existed between the contact of water and cement and
the start of measurement due to time for mixing (2 min), sample
weighing into the glass ampoule, and stabilization of the block temper-
ature (typically 45 min).
Fig. 3. Simple scheme for OPC, following the early hydration, illustrating the discrete
populations of hydrogen protons resulting from the transformation of added water and
the formation of hydration products. The C–S–H gel structure is based on the colloid
model [15,16]. Only the mobile water, comprising capillary and gel pore water, was able
to be measured by the NMR instrument. Therefore, by measuring the total water at the
start of the experiment, when incorporated water (IW) equals zero, IW at any time was
measured as the decrease in mobile water. The hydrogen proton populations
discriminated in QENS analysis [9], structural, constrained, and free water (shown in
parentheses), correlate broadly with incorporated water, gel pore water, and capillary
water respectively.
3. Results and discussion

3.1. T2 distributions and the meaning of the T2L and T2S peaks

The development of multimodal distributions of T2 values (Fig. 2)
during early cement hydration is an established feature of 1H NMR
relaxometry and there is general consensus that the discrete peaks are
representative of water confined in different structural levels within
the cement [17,20,27–29]. Various authors have developed schemes,
with much commonality between them, for the assignment of T2
peaks to separate structural elements [e.g. 11, 21]. T2 values in the mil-
lisecond range (T2L) are attributed towater in capillary pores,which ini-
tially is interstitial water between the clinker grains but then evolves to
become inter-hydrate water with pores of about 10 nm. In comparison,
T2 values in the hundreds of microseconds range (T2S) are attributed to
water in gel pores of about 3 nm, conceptualized as existing between
the gel globules that comprise C–S–H [21]. The validity of this assign-
ment scheme for our system will be considered later in Sections 3.3
and 3.7. The key hydrogen proton populations to which added water
is proposed to convert during the early hydration of OPC are shown
schematically in Fig. 3.

The shapes of the T2L and T2S peaks were in part determined by
the value of the regularization parameterα used in the Laplace inver-
sions of the signal decays. Higher values of α lead to smoother and
more stable solutions, although broad with lower resolution. On
the other hand, low values of α provide high resolution but with in-
stability. Due to the high temporal resolution of measurements,
smooth transition between time points is expected and random
shifts of T2 peak positions indicate a suboptimal value of α. The
value of α was chosen based on the L-Curve analysis [26] such that
the temporal evolution of peak positions and shapes were smooth.
Hence, narrow distributions, such as those presented in some studies
(e.g., Muller et al. [21]), were not achievable under the requirement
of smooth transitions between time points.

3.2. Overall trends and patterns

Upon the commencement of measurements, following the addition
of water (plus retardant) and mixing of paste, the water within the



Fig. 4. Positions of fitted peaks of the T2 distributions (shown in Fig. 2) during hydration of OPCwith A) no retardant, B) 1.3 g kg−1 citrate, C) 2 g kg−1 citrate, or D) 10mLkg−1 Retarder N.
Vertical dashed lines show the times t1, t2, and t3 that show the beginning of the ITD, gel pore formation, and C–S–H densification periods respectively.
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interstices between the clinker grains produced a well-defined T2 peak
(T2L) positioned at ~20ms that slowly shifted to lower values of T2 dur-
ing the induction period before shifting rapidly to T2 values approxi-
mately an order magnitude lower (Fig. 4). This period of rapid
decrease in T2 is termed here the ‘Initial T2 Decline’ (ITD). The appear-
ance of a second peak at lower T2 values (T2S) following the ITD
signified the commencement of gel pore formation. As hydration
proceeded, the signal associated with the T2L peak decreased while
that associated with the T2S peak increased (Fig. 5), indicating that cap-
illary pore space was decreasing while gel pore space was increasing.
This trend was broadly interpreted as indicating that capillary pore
space was being replaced by hydrates containing gel pore space. Gel
pore formation ceased approximately 30 to 40 h after commencing
and, at the same time, capillary pore water content stabilized (Fig. 5).

The progress of early hydration, both in the absence and presence of
retardant, was characterized by four phases: 1) induction period,
2) ITD, 3) gel pore formation, and 4) C–S–H densification (Fig. 5).
Fig. 5. Data for the Retarder N treatment resulting from the ILT and peak fitting
procedures, before and after the application of a Gaussian filter, illustrate 1) the effect of
this smoothing operation and 2) the proposed phases of early hydration that are clearly
delineated by distinct events. t1—Induction period ends with the start of water
consumption and the start of the initial T2 decline (ITD). t2—The ITD ends and gel pore
formation commences. t3—Gel pore formation ends and C–S–H densification commences.
These phases are delineated by distinct time points; each signifying a
change in the system. The end of the induction period (t1) is marked
by rapid acceleration in hydration, measured as the decrease in total
measurable water, and the start of the ITD. The end of the ITD (t2) coin-
cides with the peak in hydration rate and the start of gel pore formation
which stops (t3) at the same time as T2L and T2S peaksmerge to produce
an apparently monomodal distribution (Fig. 2) and the position of T2S
peak starts to shift to lower T2 values.
3.3. Meaning of measurable water

Water detected by the CPMG experiment must be sufficiently mo-
bile such that interactions with the pore surfaces result in a transverse
relaxation long enough to produce an echo signal following the first
refocussing pulse. The decay times of hydrogen protons associated
with chemically reacted water, such as that incorporated into the min-
erals ettringite and portlandite, are too short and the magnetization
from these crystalline structures cannot be refocused with an 180°
pulse. For this reason, these contributions are lost in the CPMG experi-
ment as hydration proceeds. Furthermore, any relaxation component
shorter than the echo time (105 μs) are also lost due to both the elec-
tronic limitations of the low field benchtop instruments and the mag-
netic inhomogeneity resulting from high levels of paramagnetic
impurities in the OPC samples [20]. Water that has been incorporated
into the C–S–H gel as interlayer water also appears to be not measured
by our instrument, although this is less conclusive than for the mineral
forms and will be discussed further below in Section 3.4.

Hydration was characterized by a continual decrease in measurable
water (Fig. 6), noting that no water loss due to evaporation was mea-
sured at the end of hydration. Water that has become unmeasurable
due to reduced mobility resulting from incorporation into hydration
productswill be termed here as ‘incorporatedwater’ (IW). Also, we pro-
pose that the fraction of the initial total measureable water represented
by incorporated water (IW%) is a measure of hydration degree.We also
propose that IW comprises water incorporated into the minerals
ettringite and portlandite, as well as a third solid component previously
identified and proposed to be hydrogen protons contained within the



Fig. 6.Mobilewater during hydration of OPCwith A) no retardant, B) 1.3 g kg−1 citrate, C) 2 g kg−1 citrate, or D) 10mLkg−1 Retarder N.Water associatedwith long and short T2 peakswas
calculated as a fraction of the initial total water and assigned to capillary and gel porewater respectively. The totalwater has been calculated in twoways: 1) from the amplitude of thefirst
echo, and 2) from the amplitude of the first echo that has been reconstructed using the inverse Laplace transformation from sum of the individual peak fits. Vertical dashed lines show the
times t1, t2, and t3 that show the beginning of the ITD, gel pore formation, and C–S–H densification periods respectively.
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C–S–H layers [17], and C–S–H interlayer water, since it was not possible
to distinguish between them.

Interpretation of 1H NMR relaxometry data and assignment of signal
components to C–S–H interlayerwater have become clearer over recent
years, although previous work attempting to quantify interlayer water
(and hydrogen protons present in other solid components) has been
undertaken using white cement. Generally, interlayer water is consid-
ered to be more mobile than water incorporated into the mineral solid
components and therefore exhibits higher T2 values. Two early studies
have reported components with T2 values of 60–100 μs that appear
after the start of gel pore formation and are continually produced up
to 100 h. The appearance of these signal components has been
interpreted as either an expansion of the C–S–H interlayer space [30]
or as the change in C–S–H morphology from a fibrillar to a sheet-like
structure [11]. Recent series of studies [17–19,21,27–29] provide a
clearer picture of the different hydrogen proton populations and their
evolution during hydration in white cement. In these studies, interlayer
water has been assigned to a component with a T2 value of ~100 μs that
is produced continuously, and broadly in proportion to the production
of the solid fraction containing minerals such as ettringite and
portlandite, during hydration [21].

3.4. Inclusion of interlayer water in hydration products

Consideration of the conceptualmodel provided byMuller et al. [21],
and their proposed T2 value of the interlayer water, highlights the un-
certainty in our study as towhether interlayerwaterwas beingdetected
or was part of the IW component. Two aspects of the results have led us
to conclude that the latter option is correct: 1) the strong correlation be-
tween the rate of IW formation and the rate of heat production, as mea-
sured by calorimetry (Fig. 7), indicates that the IW fraction accounts for
all thewater involved in hydration reactions, including the formation of
C–S–H (see Section 3.5 for further discussion); and 2) the gel pore com-
ponent of measurable water, in which the interlayer water would be
included if detected, ceases formation and even begins to decrease ap-
proximately 40 to 50 h after the start of the acceleration phase of hydra-
tion, in line with the behaviour of gel pore water reported by Muller
et al. [21]. Based on this reasoning, we will consider that interlayer
water is part of IW in further discussion. Furthermore, this discussion
will provide additional indirect support to this proposal.

The structure and stoichiometry of C–S–H gel have been the subject
of intense study over the previous decadeswith the location and state of
waterwithin the hydrate being of particular interest [16,31,32].Water is
considered as part of the C–S–H structure, and equivalent to chemically
boundwater [31], although thewater appears to be boundwith varying
degrees of strength and is liberated progressively over a large range of
drying conditions. Most uncertainty exists around physically confined
water associated with C–S–H designated as interlayer water in the
Colloidal-Model-II of C–S–H [15]. Hence, there is some uncertainty
within the literature regarding the chemical and physical status of this
interlayer water and its role in heat producing hydration reactions.

Quasi-elastic neutron scattering (QENS) studies of early cement hy-
dration support the proposal that interlayer water participates in heat
producing reactions. Refining an earlier approach [33], Thomas et al.
[9] decomposed the mobile water signal into free and constrained
water fractions, and combined constrained water with structural
(solid) water fractions to form a bound water index (BWI). While the
BWI was able to be fitted well with a hydration model [34], structural
water alone correlated to heat production during cement hydration
and formation of constrained water ceased after ~1 day despite contin-
uation of hydration [9]. These authors concluded that structuralwater in
C–S–H included both chemically bound and interlayer water and that
constrained water included water in the smallest of gel pores and
adsorbed to solid–pore interfaces. Constrained water was contended
to be solely associated with high surface area, low density (LD) C–S–H
(LD C–S–H), while both LD (low density) and HD (high density)
C–S–H contain structural water. Despite an uncertain role of con-
strained water in early hydration, the conceptual model of interlayer



Fig. 7.Rates of water transformation, calculated as the negative derivatives of themeasurable water plots, compared to the rate of heat productionmeasured by isothermal calorimetry for
A) no retardant, B) 1.3 g kg−1 citrate, C) 2 g kg−1 citrate, or D) 10mLkg−1 Retarder N. Note that the total rate of water transformation is equivalent to the rate of IW production. Vertical
dashed lines show the times t1, t2, and t3 that show the beginning of the ITD, gel pore formation, and C–S–H densification periods respectively.

136 M.W. Bligh et al. / Cement and Concrete Research 83 (2016) 131–139
water developed by these QENS studies tends to support our proposal
that IW includes interlayer water and that the formation of interlayer
water is part of the heat producing hydration reactions. The inclusion
of gel pore water in the BWI during themain hydration peak highlights
the close connection between hydrate formation and gel pore forma-
tion. The correlations between the populations identified using QENS
and those proposed in this study are illustrated in Fig. 3.

Other studies have included water with greater mobility than inter-
layer water in hydration reactions [35,36] and excluded interlayer
water from reactions [37], using differential scanning calorimetry and
the T1 signal amplitude from 1H NMR relaxometry respectively.

In studieswhere XRDwas used to quantify the consumption and for-
mation of different phases during hydration of alite [38] and cement
[39], the relationships between enthalpy of reaction and water content
of the hydration products implied the involvement of interlayer water
in heat producing reactions. Using a simple set reactions based on a for-
mulation for C-S-Hwith aH:Si ratio of 2.6, these XRDmeasurements en-
abled theoretical calculation of heat production which matched
calorimetric measurements well. This H:Si ratio was well in excess of
1.8, the value recently considered to account for C-S-H associated
water, including interlayer water [16].

While it appears that heat production may possibly be correlated
with populations of water that both include and exclude interlayer
water, on balance the weight of evidence supports the inclusion of
interlayer water in heat producing reactions and supports the proposal
that it is part of the IW fraction in this study.

3.5. Correlation of rate of incorporated water production with heat flow

The rate of production of IW is very closely correlated in all cases
with the rate of heat production as measured by calorimetry (Fig. 7).
While in the absence of retardant the rate of IW production drops
below that of heat flow during the first part of the deceleration phase
(possibly related to C3A dissolution as discussed further below), the re-
production of the small peak in heat flow at ~37 h is quite notable (Fig.
7A). In the citrate treatments, this feature is still evident in heat flow, as
a broad peak around 43 h and 51 h respectively, and again appears to be
reproduced in IW production (Fig. 7B and C). Interestingly, these subtle
features appear to be accentuated by both the rate of disappearance of
capillary pores and the rate of formation of gel pores, which tend tomir-
ror each other. Even in the Retarder N treatment (Fig. 7D), where this
small secondary feature has not been detected by either heat flow or
IW production measurements, there appears to be a similar pair of mir-
rored peaks. The relationship between capillary and gel pores, and the
possible interpretation of thesemirrored peakswill be discussed further
in Section 3.7.

The proportionality between the rate of heat production and the rate
of IW production was identical for all treatments (note that the same
axes were used for all plots), even where high retardation has slowed
the reaction rate, further supporting the proposal that the IW fraction
represents the water taking part in the heat producing reactions. Also,
proportionality wasmaintained throughout early hydration, suggesting
that the amount of heat produced per mole of water consumed (trans-
formed to IW) was constant. Deviation from this proportionality oc-
curred only during the deceleration phase in the absence of retardant
where the heat flowwas higher than suggested by thewater consump-
tion. Two reactions have been suggested to dominate the production of
heat prior to sulphate depletion [39]: 1) silicate reaction (Eq. (1))where
C–S–H formation and portlandite precipitation occur synchronously
with C3S dissolution, and 2) ettringite precipitation (Eq. (2)) from ions
resulting from initial dissolution of C3A and calcium sulphates.

CaOð Þ3:SiO2 þ 3:9H2O→ CaOð Þ1:7:SiO2: H2Oð Þ2:6 þ 1:3Ca OHð Þ2 ð1Þ

6Ca2þ þ 2Al3þ þ 3SO4
2− þ 12OH− þ 26H2O

→ CaOð Þ3:Al2O3: CaSO4ð Þ3: H2Oð Þ32 Ettringiteð Þ
ð2Þ

Ettringite precipitation has been shown to be relatively constant
during the main peak of hydration [39], therefore heat production and
water consumption are expected to beproportional to the rate of the sil-
icate reaction. Following sulphate depletion, C3A dissolution also con-
tributes to heat production, however, water will not be transferred to
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the IW fraction during this reaction since no solid phase is formed. This
decoupling of heat production from IW production during the initial
burst of C3A dissolution could account for higher heat flow per mole of
water consumed during this period. The lack of this decoupling where
retardant was present likely indicates a change in the aluminate–
sulphate balance resulting from effects such as the reactivity of cement
phases, the dispersion andwetting of cement grains, and the dissolution
rate of calcium sulphates [40].

Based on the rate plots of Fig. 7, the proportionality between water
consumption and heat production was calculated as ~17,000 joules
per mole of water. This value sits favourably between the calculated
values of ~21,000 J mol−1 for silicate reaction and ~10,000 J mol−1 for
ettringite precipitation, using enthalpies of −561 Jg−1 and −214 Jg−1

for the reactions shown in Eqs. (1) and (2) respectively [39], along
with molar weights of 228 and 1255 for C3S and ettringite respectively.
These values imply that the silicate reaction accounted for approximate-
ly 76% of the heat production, a value less than that estimated (~80 to
85%) from study of OPC hydration reported by Jansen et al. [39]. It
should be noted however that the cement used by Jansen et al. was
higher in CaO and SiO2, lower in Al2O3, and reacted more rapidly such
that the peak heat flowwas N5mWg−1, suggesting that the silicate re-
action may have formed a greater part of the total heat flow than was
the case in our study.

3.6. Initial T2 decline

The ITD forms a distinctive feature of the T2 distributions (Fig. 4) and
appears in all cases,with andwithout retardant, to immediately precede
the start of gel pore formation (Figs. 5 and 6). Importantly, while com-
mencing just after the onset of the acceleration period of hydration,
the completion of the ITD coincides exactly with the end of the acceler-
ation period and the hydration peak. Therefore, the profound changes in
microstructure occurring during the ITD appear to be closely linked
with the processes controlling the rate of hydration.

A large decrease in the T2 (and T1) values, usually an order of
magnitude, during early hydration is a ubiquitous feature 1H NMR
relaxometry studies of cement. A very early study using Portland ce-
ment measured both T1 and T2 changes during hydration and observed
T2 decline commencing at 10 h but which continued till about 50 h [41],
much longer than is the case here. A number of investigators of white
cement hydration have reported large declines in the T2 value of the
capillary pores for the initial 100 h [11] and for N100 h [30]. More recent
studies have reported initial order of magnitude declines in the T2
values of the capillary pores over 24 h during the initial hydration of
OPC derived endodontic cements [28,29] and of white cement [21]. In
the latter study, however, gel pore formation commenced after 2 h of
hydration, suggesting differences in the relationship between hydration
reactions and microstructural development compared to OPC.

Wang et al. [37] showed that the initial decline in the T1 value of the
capillary pore peak correlated well with penetration depth of a Vicat
needle. The end of this decline matched exactly the end of the setting
period, while the start of the setting periodmatched the point of upturn
in a plot of 1/T1. These findings provide strong support for the idea that
the processes involved in the ITD are linked to the percolation charac-
teristics of the solid network.While the links between hydration and at-
tainment of the percolation threshold are complex and difficult to
resolve [42], thefinal setting point, which coincideswith the peak in hy-
dration rate, has been hypothesised to be due to percolation of hydra-
tion products within the pore spaces [43], based on a colloidal growth
model. This model was able tomatch heat production (through scaling)
very well and predicted a peak rate at lower and more realistic degrees
of hydration compared to previous modelling. The mode of colloidal
growth is also consistent with 1H NMR relaxometry data reported by
Bortolotti et al. [17] where clusters of constant composition, comprised
of C–S–H gel globules and gel pores, were proposed to fill the capillary
pore spaces during hydration.
Concepts and studies regarding percolation and setting indicate that
hydration progress during the ITD likely involved the penetration of the
spaces between the cement clinker grains, responsible for the initial
peak in the T2 distribution at 20 ms, with diffuse and highly porous
C–S–H as proposed by Bishnoi and Scrivener [44]. A later review of hy-
dration models concluded that in-filling of pores occurred via dendritic
growth of low density hydrates [45] and TEM micrographs have illus-
trated the fibrous manner of growth displayed by C–S–H during early
hydration [46]. Such growth into the initial pore spacewill substantially
increase the surface area within the pore volume and hence reduce re-
laxation times but without the formation of a population of pores pro-
ducing shorter T2 times of hundreds of microseconds that characterize
gel pores. Holly et al. [11] observed the appearance of a water popula-
tion with a stable T2 value of 100 μs, assigned to interlayer water, after
~10 h hydration. These authors proposed that this event signified a
change in growth morphology from a fibrillar to a sheet-like structure.

The cause of the rate peak has been hypothesised to be due to the
impingement of hydration products where a low density form of
C–S–H ramifies the pore space and later densifies [43–45] with this
mechanism compatible with our observation that the rate peak coin-
cides with a change in C–S–H growth morphology. However, a recent
paper [47] based onmodelling of the hydration processes has proposed
that the rate peak is due to a reduction in C3S dissolution rate due to sur-
face coverage by C–S–H. Furthermore, this mechanism accounts for the
insensitivity of early hydration kinetics to the w/c ratio of the cement
paste. A possible link between this proposedmechanism and the change
in microstructural evolution observed here is unclear.

Based on these observations, we propose that the space between ce-
ment grains is rapidly penetrated by very low density fibrillar growth
during the ITD with this process providing sufficient additional surface
area to decrease T2 relaxation times by an order of magnitude. After 5
to 7 h the ITD ends, marking a significant change in the system that ap-
parently coincides with the point of final setting, a change in C–S–H
growth morphology, and the start of formation of gel pores which are
associated with layered C–S–H gel globules. The presence of retardants,
while delaying the start of the ITD had only a small apparent effect on
the measured characteristics of the ITD; the duration of the ITD was
extended from ~5 h with no retardant to ~7 h in the presence of
retardants.

3.7. Gel pore formation

The start of gel pore formation coincides exactly with the end of the
ITD and the peak in hydration rate (Fig. 6) and, based on the discussion
in Section 3.6, with a change in C–S–H morphology from fibrillar to
sheet-like structure. Considered within the context of the Jennings col-
loid model [15], the initial formation of aggregates of gel globules com-
posed of a layered structure is associated with formation of small gel
pore spaces and which together constitute the low density (LD) C–S–H.

The mechanisms responsible for the deceleration in hydration rate
likely are closely linked to the process of gel pore formation. Various hy-
potheses have been put forward for the onset of deceleration, and, re-
cently, numerous (chiefly modelling) studies have concluded that the
peak is a direct result of nucleation and growth mechanisms [2,47].
The activation energy of hydration has been shown to remain constant
during the main hydration peak indicating that there is no transition in
the rate controlling reaction at the hydration peak [48], yet it appears
that there is some transition occurring in the growth mechanism of
C–S–H.

The distinct cessation of gel pore formation is in accord with a limi-
tation, perhaps spatial, to the growth of LD C–S–H leading to the transi-
tion to the growth of high density (HD) C–S–H which contains no gel
pore spaces [21]. The degree of hydration, as measured by the IW%, at
the end of this period is similar in all treatments (Fig. 8).

A crudemeasure of the density of the hydration products is the ratio
of IW to the sumof IW and the gel porewater. The evolution of this ratio



Fig. 8. Ratio of incorporated water (IW) to the sum of IW plus gel pore water (GPW),
which together constitute the water associated with hydration products, as function of
the degree of hydration expressed in terms of IW%. Until the start of gel pore formation,
capillary water is transformed only to IW, then during gel pore formation the ratio
declines and reaches a minimum when formation ceases and C–S–H densification
commences.
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during hydration can be compared between treatments by plotting
against IW% as a measure of hydration degree (Fig. 8). Following the in-
duction period and ITDwhere initial capillarywaterwas transformed to
IW without gel pore formation, the ratio declined during the gel pore
formation and reached a very similar minimum value for all treatments
at the end point of this period. The degree of hydration at which this
minimum ratio occurred was also similar, although there was the ap-
pearance of a small effect of greater retardation resulting in the mini-
mum occurring at a lower IW%. This effect, while possibly random in
nature, might suggest that a denser microstructure could eventuate
later during hydration under greater retardation. Nevertheless, all treat-
ments appeared to converge and track an identical path following the
start C–S–H densification (Fig. 8).

An intriguing feature can be seen in the plots of changes in water
content of capillary and gel pores where the apparent amplification of
features in the total water plots occurs (Fig. 7). This is particularly the
case in the no retardant treatment at ~21 h and ~35 h and in the
2 g kg−1 citrate treatment at ~50 h. The early hydration process, at
least until gel pore production ceases, involves the transformation of
capillary pores to either 1) hydration products (IW) or 2) gel pore
water within the interstices of these hydration products. Hence the
rates of IWand gel pore formation are expected to be generally correlat-
ed during this period. However, the behaviour illustrated in the plots in-
dicate that the relationship is not constant and that a small increase in
hydration rate, relative to the overall trend, is accompanied by amarked
increase in the rate of gel pore formation. In the no retardant case
(Fig. 7A), the peak at ~21 h is associated with a shoulder region on the
deceleration side of the main hydration peak, and the more complex
prominent double at peak at ~35 h is associated with the secondary hy-
dration peak. The association with a secondary peak is very prominent
at 50 h in the high citrate treatment. Clearly, during these peak periods,
the rate at which capillary water is being converted to gel pore water
increases substantially compared to the rate of incorporation into
hydration products. The following possibilities are suggested by these
patterns of behaviour.

1. Changes in structure and density of the of C–S–H productmay be oc-
curringdue to interactionswith newphases, such as sulfoaluminates,
that impact growth and/or packing of C–S–H.

2. Measured gel pore water may be a net amount resulting from a
dynamic process where gel pore water is continually consumed at
the same time as capillary pores are transformed to new gel pores
via the production of hydrates. The sudden switch to gel pore
water consumption at the end of the gel pore formation period, at
least for the two least retarded treatments (Figs. 6 and 7), suggests
that this could be the case. As such, the net process becomes negative
when gel pore formation ceases while hydration continues. During
the above periods of interest, the balance between capillary and gel
pore water consumption may change, producing the effect of an
increased rate of gel pore production.

4. Conclusions

The key conclusions resulting from this study are as follows.

1. The high correlation between the rate of incorporated water (IW)
production and the rate of heat production, where even subtle
features such as secondary peaks were reproduced, provides strong
evidence that the processes associated with IW production were
exothermic.

2. Measurable water was composed of two fractions discerned as long
and short T2 peaks that corresponded well with capillary and gel
pore water identified in previous studies using white cement. The
cessation of gel pore formation ~40h after the commencement of hy-
dration provides strong evidence that C–S–H interlayer water was
not being measured by the 1H relaxometry method used here. This
in turn supports the concept that interlayerwater is a product of exo-
thermic hydration reactions.

3. A period of initial T2 decline (ITD) marked the start of hydration fol-
lowing the induction period and encompassed the acceleration
phase of the hydration peak. The formation of hydration products
during this period was not associated with the formation of gel
pore spaces suggesting a fibrillar growth form of C–S–H, possibly of
low density and extending into the pore space causing an order of
magnitude decrease in the T2 relaxation time.

4. Gel pore formation did not commence until the peak of hydration
was reached indicating a change in C–S–H morphology in accord
with the Jennings colloid model [15] where gel pore space is associ-
ated with layered C–S–H gel globules.

5. The presence of retardants appeared to have onlyminor effects apart
from substantial extension of the induction period. The gel pore for-
mation period was somewhat extended and the rate of formation
more constant, however, once C–S–H densification was underway,
all treatments displayed identical behaviour with respect to hydra-
tion degree.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cemconres.2016.01.007.
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