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A broad experimental study has been performed to characterize the early hydration and setting of cement pastes
prepared with Class H oil well cement at water-to-cement ratios (w/c) from 0.25 to 0.40, cured at temperatures
from 10 to 60 °C, and mixed with chemical additives. Chemical shrinkage during hydration was measured by a
newly developed system, degree of hydration was determined by thermogravimetric analysis, and setting time
was tested by Vicat and ultrasonic velocitymeasurements. A Boundary Nucleation and Growthmodel provides a
good fit to the chemical shrinkage data.
Temperature increase and accelerator additions expedite the rate of cement hydration by causing more rapid
nucleationof hydrationproducts, leading to earlier setting; conversely, retarder andviscositymodifying agentsdelay
cement nucleation, causing later setting times. Lower w/c paste needs less hydration product to form a percolating
solidnetwork (i.e., to reach the initial settingpoint). However, for the systemsevaluated, at a givenw/c, thedegreeof
hydration at setting is a constant, regardless of the effects of ambient temperature or the presence of additives.
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1. Introduction

In oil well cementing, a cement slurry is pumped through a steel
casing to the bottom of the well and then up through the annulus
between the casing and the surrounding rock. The two principle func-
tions of the primary cementing process are to restrict fluid movement
between formations (e.g., to isolate fluids such as water or gas in one
zone from oil in another zone) and to bond and support the casing [1,2].
As cement descends into thewell, the slurry is hydrating under elevated
temperature, T, and pressure, p. The entire depth of a well is not
cemented in a single operation, but even so, pumping can take several
hours, and retarders and dispersants are widely employed to prevent
premature hardening. The high temperature, high pressure, and the
additives involved make oil well cementing a challenging process.

The rate of increase in viscosity is themost important property in the
well cementing operation. When the viscosity of the slurry exceeds a
few Pa s, it becomes too difficult to pump, so it is essential that this limit
not be reached before the cement paste fills the annulus [1]. Setting
transforms the paste fromaworkable plastic slurry into a rigidmaterial.
Since setting occurs when the amount of product is sufficient to cause
the particles to overlap, forming a continuous solid network, it can be
regarded as a percolation process. Knowing the setting time of oil well
cement is essential for scheduling the drilling operation. After the
cement is pumped into place, the well is left shut for a sufficient time to
allow the cement to harden before resuming drilling to a deeper
horizon. To avoid damage to the pumping equipment used to place the
cement slurry, the cementmust remain in a fluid state for several hours
while it is pumped into place; to avoid wasting valuable rig time, the
cement should set shortly after being placed. Thus, to understand the
hydrationprocess andpredict the setting timeof oilwell cement slurries
are of considerable economic importance. Some factors that may affect
setting time include water-to-cement ratio (w/c), the composition and
particle size distribution of cement, presence of additives (mineral and
chemical), temperature, and pressure [3]. A low w/c, small cement
particles, accelerators, high temperature and high pressure will reduce
the setting time [3]. It has been shown that the rate of increase of slurry
viscosity over a range of temperature and pressure is described by an
activation energy and activation volume [4], so the viscosity can be
predicted quantitatively during a variation of T and p.

The American Petroleum Institute (API) has defined various classes
of Portland cement, ofwhich Class G and Class H arewidely used inwell
cementing. In this paper, a ClassH cement is studied. The specificationof
Class H cement is typically consistent with sulfate-resisting Portland
cements, coarsely ground to 200–260 m2 kg−1 [3]. The hydration of
Class H cement is similar to ordinary Portland cement. Tricalcium
silicate (3CaO·SiO2, or C3S)1 is themainmineral constituent; it hydrates
and hardens rapidly and is largely responsible for initial set and early
strength gain. Gypsum in Class H cement is minimized to permit good
response to admixtures, so less tricalcium aluminate (3CaO·Al2O3, or
C3A) is included. Various admixtures are used to modify the physical
properties of the slurry, though some have incidental chemical effects
ry notation: C=CaO, S=SiO2, H=H2O, A=Al2O3, F=Fe2O3.
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that are countered by the use of further admixtures. Retarders and
dispersants (water reducers) are widely employed, especially in the
deeper wells and also to counteract the effects of other admixtures that
have incidental accelerating effects. Accelerators, such as CaCl2 are also
used. Despite the importance of controlling early hydration and setting
of oil well cement exposed to high temperature and pressure and rate-
controlling chemical additives, the fundamental mechanisms underly-
ing the reaction process are not well understood, and there is no single
theory that can explain all of themajor observations associatedwith the
early hydration of oil well cements.

There are a variety of experimental ways to study the early hydration
kinetics of cement. Some methods follow the rate of the reaction contin-
uously,while others test thephysical or chemical properties of thepaste at
intervals in time [5,6]. Computational and mathematical models have
been established to explain cement hydration and predict materials
properties [7–11]. In oil well cementing, Jupe et al. [12,13] used an in-situ
synchrotron X-ray diffraction to examine the real time hydration of Class
H cement slurries at high temperatures and high pressures. In this study,
the early hydration of Class H cement and its setting are studied by
multiple techniques. A chemical shrinkage measurement is used to
quantify the rate of hydration of cement paste at various temperatures,
w/c, and under the influence of several additives. During the chemical
shrinkage experiments, samples were taken from the samemixing batch
and had their hydration arrested at the initial setting time determined
using the Vicat test. An ultrasonic transmission measurement was also
compared with the Vicat test. The degree of cement hydration at the
setting timewas analyzedby thermogravimetric analysis (TGA). Toobtain
sufficient time resolution, a freeze-drying procedure was used to stop the
hydration instantaneously at the setting time for TGA measurement. A
mathematical nucleation and growth model developed by Avrami [14–
16] and Cahn [17,18] was applied to the chemical shrinkage data to
describe the growth and nucleation characteristics of each sample.

2. Materials and methods

2.1. Experimental materials

The Class H oil well cement used in this study was manufactured by
Lafarge and provided by Halliburton. Upon delivery, the cement was
packed separately in sealed plastic bags and sealed in metal cans with
1 kg of cement in each container. Its mineral composition, analyzed by
X-ray diffraction (XRD), is shown in Table 1. The surface area of the
cement was measured by the BET method using nitrogen as the
adsorptive in a Micromeritics Autosorb 2010.

This study focused on the effects of temperature (T=10, 25, 40 and
60 °C), water-to-cement weight ratio (w/c=0.25, 0.35 and 0.40), and
additives (maltodextrin (MD), calcium chloride (CaCl2), hydroxyethyl-
cellulose (HEC), anddiutan (DT)) on the hydration kinetics. Given the low
C3A content of the cement and the restriction to T≤60 °C, the hydration
products are expected to be similar to those found at ambient temper-
ature. New phases occur at higher temperatures [3,19]. Maltodextrin is a
white hygroscopic powdered carbohydrate derived from maize starch
that retards the thickening of the cement slurry without delaying
compressive strength development [20]. The MD used in this study
(FDP-C817-05, undiluted) was provided by Halliburton Energy Services.
In addition to acceleration of the initial set [3], CaCl2 has several other
effects: it increases the rate of heat generation during the first hours after
slurry mixing; it increases the yield point of a cement slurry (plastic
viscosity); and it significantly increases the rate of compressive strength
Table 1
Compound component and BET surface area of Class H cement (wt%).

Component C3S C2S C3A C4AF Gypsum BET Surface area (m2/g)

Class H 63.94 15.84 0.57 11.33 1.8 1.00±0.0075
development during thefirst fewdays after placement [2]. The CaCl2 used
in this study was obtained from EMD Chemical Inc. HEC is a “fluid-loss
control agent” [21] that inhibits escape of the aqueous phase of the slurry
into the formation (i.e., the rock surrounding the well) by reducing the
permeability of thefilter cakeof cement solids and increasing theviscosity
of theaqueousphase.HEC is themost commoncellulosicfluid-loss control
agent.Oneof thedisadvantagesof the cellulosicfluid-loss additives is that,
at temperature less than 65 °C, this type of additive is an efficient retarder
[2]. The HEC used in this study was FWCA™ cement additive supplied by
Halliburton Energy Services. Diutan is a high molecular weight, microbial
polysaccharide produced by aerobic fermentation that is used as a vis-
cositymodifying agent in cement slurries [22]; it is effective for controlling
bleeding by the formation of a viscous gel. Several researchers have used
both water reducing agents (e.g., superplasticizers) and viscosity modi-
fying agents to improve the rheological properties and the performanceof
cement paste. In this study, no superplasticizer was used with DT. There
were two batches of DT used in this study,whichwe distinguished as DT1
and DT2. They were in the form of Geovis XT and were manufactured by
Kelco Oil Field Group and provided by Halliburton. HEC and DT are both
found to mildly retard the hydration.

A standardized procedure was used for mixing the cement paste for
all the experiments in this study. This procedure was developed by PCA
[23], andused by Ferraris [24]. A seven-speedWaring laboratory blender
with a 1.25 L borosilicate glass jar was used. This blender has a speed
controller which provides seven blade speeds from 3500 to 21,000 rpm
that can be held constant regardless of the load. The mixing water,
blender, and all the paste containers were preheated (or precooled) to
the temperature requiredprior tomixing. Rightbeforemixing, the inside
of the glass jar was moistened using a wet paper towel. Next, the
deionized water and any admixture were poured into the container.
While themixer blades rotate at a speedof about3500 rpmthe cement is
introduced within 30 s. An appropriate amount of mixture (around
550 g in this study) was used to make sure that it was not too little to
cover the blades, or toomuch to bemixed thoroughly. After the transfer,
mixing continued at 3500 rpm for another 30 s. Next, the speed of the
blades was increased to about 9300 rpm for an additional 30 s. At this
point, themixer was stopped and the paste was scraped down from the
walls of the jar. After 2.5 min of resting, the blenderwas turned on again
at a speed of 9300 rpm for 30 s. The cement paste that was prepared for
measurement of chemical shrinkage was mixed using deionized water
thatwasde-airedbyboilingandthen cooled to roomtemperaturebefore
mixing. The vial with cement pastewas put into a sealed chamber under
vacuum for 5 min to evacuate the air bubbles. For the acoustic
measurement, after filling with paste, the sample mold was tapped on
the bench 20 times to ensure the removal of air bubbles.

2.2. Chemical shrinkage test

The overall volume of hydrated (reacted) cement paste is smaller
than the initial volume of solids and water, because the liquid water
molecules become arranged into a more compact configuration in the
hydrated phases. This reduction in volume is known as chemical
shrinkage [25–27], and is reported as the measured volume reduction
per gramof cement in the paste specimen during the hydration reaction
(ASTMC1608). Chemical shrinkage is ameasureof the rate andextent of
hydration of cement pastes at early ages, comparable to the cumulative
heat release measured by isothermal calorimetry [25]. A standard test
method, ASTM C1608, is available for measuring chemical shrinkage.

There are two primary methods to measure chemical shrinkage.
Geiker [25,26] devised a method of measuring the absorbed volume
change of a liquid in contactwith the paste specimen, as in ASTMC1608.
Another method is to measure the change in density (or, buoyancy) of
an immersed paste specimen in contact with water [27,28]. This paper
utilizes a volume measurement in which the water level drop in a
capillary tube due to chemical shrinkage is continuously determined by
a sensitive differential pressure sensor (PX138 series from Omega with
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a ±0.3 psi range and 0.5% typical and 1% maximum hysteresis). The
accuracy of this measurement is ∼1 mm water level change in the
capillary tube. Around 12 g sample of cement paste was used in a glass
vial with 25 mmdiameter. The height of the sample is about 10 mm. For
higher temperature tests, a smaller sample (8–10 g) was used to ensure
that the change involumewaswithin the rangeof the capillary tube. The
sample size used in this study is similar to that used in ASTMC1608. The
experiment is performedunder isothermal conditions by immersing the
sample vial in a chamberprovidedwithwater circulation.An illustration
of the experimental set-up is shown in Fig. 1. The design of this set-up is
described in detail in [29]. The accuracy, repeatability, stability and
applicability of this devicehavebeen confirmed [29]. However, there are
some limitations of this apparatus. Due to the length limitation of the
capillary tube used in this study, a maximum of 0.35 mL of water ab-
sorbed can be measured. When 12 g paste is tested, if w/c=0.35, the
maximumchemical shrinkage that can bemeasured is 0.04 mL/g,which
is larger than the observed value within three days. Strong electromag-
netic interference from the surroundings should be avoided, because it
affects the pressure sensor reading; therefore, the sample chamber had
to be kept ∼1 m from the recirculating bath used for temperature
control. The viscoelastic relaxation of the rubber stopper will affect the
accuracy of the initial hour of data collection. Thus, the data reading
starts one hour after mixing time. Also, the rubber stopper should be
replaced frequently because of the aging problem of the rubber, espe-
cially at high temperature. Condensation in the pressure sensor at
higher temperature could influence the sensor accuracy. At tempera-
tures N40 °C, the data at late times (after 24 h for 60 °C) was noisy and
unreliable. These errors could be avoided by improving the design of the
apparatus.

2.3. Ultrasonic measurement

Ultrasonic wave velocities depend on the density and connectivity of
the material being tested. An increase in material rigidity results in
increasedwave speed, sowavevelocities changeduring cementhydration
as the suspension evolves into an elastic solid. During the suspension
period, the liquid phase is the dominant factor that determines the
ultrasonic wave velocity. As cement grains gradually dissolve and
hydration products nucleate, the connection of smaller particles leads to
clusters that form a percolating solid network. The ultrasonic velocity
shows a significant increase after the appearance of this network at the
percolation threshold. The increase in compressive wave velocity
measured at this time can be used to indicate the onset of structure
formation and elastic property development (dynamic modulus) in
cement systems. [30–32].
Fig. 1. Schematic of chemical shrinkage measurement system use in this study.
The experimental set-up used in this study consists of a two-channel
acoustic emission systemon aPeripheral Component Interconnect (PCI)
card with 1 kHz–3 MHz bandwidth frequency response (Physical
Acoustics Corporation). The design of the mold (Fig. 2) follows ref.
[32]. Two piezoelectric transducers, a transmitter and a receiver, are
mounted in plexi-glass plates facing eachother,with aU-shaped copper
plate placed in between, defining the volume to be occupied by the
cement paste. The copper plate is surrounded by a cooling tube
controlling the temperature. The device is secured by the use of screws,
so the specimen can be easily demolded. The ultrasonic sensors are
inserted in thewalls, such that they are separated from thepaste only by
a 0.5 mm thickness of plexi-glass, so the reflection of the mold wall is
minimized. The path length through the specimen (thedistance that the
wave travels through the paste) is 25 mm. Tominimize the influence on
the waves travelling through the mold but not the specimen, the
diameter of the U-shaped plate is 70 mm. In general, a proper ultrasonic
testing system has to fit the requirement that the wavelength must be
small comparedwith the cross-sectional dimensions of the object being
tested [33]. In this study, a frequency of 500 kHz was used, and the
velocity in the cement sample normally varies from 500 m/s to 5000 m/
s. The calculated wave length is 1–10 mm, so the dimensions of the
apparatus meet the above requirement. The signal arrival time for
velocities varying from 500 m/s to 5000 m/s is 5–50 µs, which is much
larger than the time resolution, 0.1 µs. The accuracy of themeasurement
(errorb1%) was confirmed by testing the wave velocity in standard
materials, such as deionized water, aluminum, and brass. A layer of
mineral oil was used to cover the top of the specimen to prevent water
evaporation during the hydration and to minimize the loss of contact
with the transducers due to the sample's decreasing volume. After
casting the sample into the mold, the measurement is controlled
automatically and the hydration time and the ultrasonic waves are
recorded continuously at 1 min intervals.
2.4. Vicat setting time test

The Vicat setting test (ASTM C191) is the most commonly used
method to identify the initial and final setting times for hydrating
cementitious mixtures. It measures the change in the penetration depth
of a plunger with a diameter of 1.13±0.05 mmunder a constant applied
load (300 g) as increasing structure formationacts to reduce theextent of
penetration into the specimen. The test identifies initial and final sets at
penetration depths of 25 mmand0.5 mm, respectively, for pastes having
a normal consistency. At these penetration depths, the material has a
shear resistance of about 32 and 900 kPa, respectively [34]. In this study,
the paste was placed in wide-mouth polypropylene jars, with the same
diameter as the standard mold that could be submerged in a water bath
to control the hydration temperature. A specific concern regarding the
Vicat test is that the times of initial and final set assessed using this
technique are somewhat arbitrarily defined andmay not correspond to a
specific aspect of structure formation in the system. In this study, only the
initial setting time was assessed for cement pastes using this technique.
2.5. Thermogravimetric analysis

Thermogavimetric analysis (TGA) is a technique that measures the
progressive weight loss of a sample as it is being heated at a controlled
rate. A change in mass within a specific temperature range identifies
the presence of particular chemical compounds. The magnitude of the
change in mass indicates the amount of the compound in the sample.
For cement paste, the amount of product that is burned allows one to
measure the degree of hydration, α [35,36]:

α =
Wn

0:23
−LOI ð1Þ



Fig. 2. Picture of mold with cement paste sample inside in ultrasonic measurement system.

Fig. 3. Chemical shrinkageversus time for ClassH cementpasteswithw/c=0.35andcured
at 10, 25, 40 and 60 °C. The sample at 60 °C was only measured for one day because the
condensation in the sensor caused by the high temperature made the result noisy and
unreliable.
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where

Wn =
W105BC−W1000BC

W1000BC
ð2Þ

Here,Wn is the normalizedweight loss of the hydrated sample and LOI
(Loss On Ignition) is the normalized weight loss of the unhydrated
cement. The factor of 0.23 in Eq. (1) represents the non-evaporablewater
content per gramof cement in themixture for complete hydration. It is an
estimatedvalue calculatedbasedon theBoguecompositionof cementand
the Molina coefficients [35]. For most Portland cements, this value is
generally somewhere between 0.23 and 0.25. The degree of hydration, α,
may relate either to an individual clinker phase or to the cement as a
whole, and it can be problematic to determine, because cement is a
mixture of phases that react at different rates. Therefore, it is generally
accepted that the so-calleddegree of hydrationof cement is an overall and
approximate measure [37]. It is defined here as the mass fraction of the
cement that has reacted, irrespective of phase.

To determine the degree of hydration as a function of time, it was
necessary to arrest the chemical reaction of samples removed from the
paste. This can be done by solvent exchange, but this can result in
chemical reactions between the paste and the solvent (see review in ref.
[38]). In this study, hydration was quenched by immersing small
samples (∼5 g for each sample) of hydrating paste into liquid nitrogen
(−195 °C) for more than 15 min. After freezing, the samples were
immediately placed in a freeze-dryer in which the temperature and
vacuum were kept at −77.7 °C and 4 Pa, respectively [38]. Three days
were usually needed to dry the samples. Then, the freeze-dried samples
weighing about 50 mg were heated to 105 °C and held for a half hour,
then heated to 1000 °C at a rate of 10 °C/min. The normalized weight
loss between 105 °C and 1000 °C was used to calculate the degree of
hydration.

3. Results

3.1. Chemical shrinkage

The chemical shrinkage of cement pastes with w/c=0.35 and
cured at various temperatures (10, 25, 40 and 60 °C) is plotted versus
thehydration age (i.e., time since initial contactwithwater) in Fig. 3. The
shrinkage of the system is continuously recorded for three days, starting
30min after water–cement contact, because 30 min is necessary for
mixing, casting and temperature stabilization. Increase in temperature
causes an increase in the rate of chemical shrinkage, as was found by
Mounanga et al. [28]. At higher temperatures, the sample reaches the
plateau in shrinkage faster. At later ages, the curves corresponding to
different temperatures cross. Fig. 4 shows thechemical shrinkagedata at
different w/c for a given temperature. The curves are identical at the
beginning, but separate after the appearance of the plateau and will
never cross. Fig. 5 illustrates the influence of additives on the chemical
shrinkage. At the same curing temperature and w/c, various types and
dosages of additives change the hydration rate. Increased concentration
of an accelerator, CaCl2, (from 0.3 to 1.5% of the mass of cement)
accelerates the hydration and the evolution of chemical shrinkage.
Pastes with retarder, fluid-loss control agent and viscosity modifying
agent showslower hydration. After approximately 20h, the shrinkage in
the samples with HEC and DT is accelerated, which indicates that while
the fluid-loss control agent or viscosity modifying agent retard
hydration, they have an accelerating effect at the later ages.



Fig. 4. Chemical shrinkage versus time for Class H cement pastes with w/c=0.25, 0.35
and 0.40, and cured at 25 °C.

Fig. 6. Ultrasonic wave velocity versus time for Class H cement pastes with w/c=0.35
and cured at 10, 25, 40 and 60 °C. The vertical straight lines indicate the initial setting
time determined by Vicat test (10.75, 5.5, 3.33 and 2.25 h for samples cured at 10, 25, 40
and 60 °C, respectively).
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3.2. Setting time

The ultrasonic wave velocity versus hydration age for Class H
cement pastes is shown in Figs. 6–8, in which initial setting times
determined by Vicat test are also indicated. Traditionally, cement
setting time is determined by the Vicat test, which measures the
decrease of the needle penetration into the specimen with increasing
structure formation. Alternatively, ultrasonic testing, in which a high-
frequency wave is propagated through a sample, can be used to assess
the setting time. The velocity of the ultrasonic wave increases as the
cement hydrates. All the curves in Figs. 6–8 behave similarly. Initially,
the velocity is constant and equal to the wave velocity in water
(∼1500 m/s), because the cement paste is a suspension of cement
particles in water, and the preferential propagation medium is the
liquid. In the cement paste with w/c=0.25 in Fig. 7, the initial velocity
is lower than 1500 m/s, because the paste in the acoustic measure-
ment was not de-aired and a number of tiny air bubbles were trapped
in the paste, so the preferential propagation medium contains air in
which the velocity is 340 m/s. Fig. 6 shows the obvious increase in the
rate of ultrasonic velocity development with increasing temperature.
Fig. 7 shows the ultrasonic velocity results for the cement pastes with
different w/c. Except for w/c=0.25, where the compressional wave
velocity at early ages is influenced by the presence of air in the system,
Fig. 5. Chemical shrinkage versus time for Class H cement pastes with indicated
additives, w/c=0.35, and cured at 25 °C. The additives include accelerator calcium
chloride (CaCl2), retarder maltodextrin (MD), and dispersants hydroxyethylcellulose
(HEC) and diutan (DT). Indicated wt.% is relative to the mass of cement.
all the other samples have similar initial values (about 1500 m/s).
After the set point, the samples with lower w/c exhibit faster velocity
increase and higher final values. In Fig. 8, the effect of retarder on
cement setting and hydration is the most clear. The curve for the
sample with 0.05% MD and 0.25% DT2 highlights the advantage of the
automated ultrasonic method when delayed setting occurs.

3.3. Degree of hydration

Fig. 9 displays the degree of hydration of Class H cement pastes
isothermally hydrated at temperatures between 10 °C and 60 °C. More
product is formed at any given time as the temperature increases, which
correlates with the chemical shrinkage (Fig. 3) and ultrasonic wave
velocity (Fig. 6) behaviors. On the logarithmic scale of hydration time, it
is obvious that the initial hydration rate is very slow, corresponding to
hydration Stage II (induction period) [39]. After the setting time, α
begins to increase rapidly. The horizontal line labeled “Initial set” in
Fig. 9 indicates a nearly constant value of degree of hydration at the
initial setting time (Vicat) for the mixtures evaluated in this study.
Results for samples with additives further demonstrate that there is a
characteristic value for α at the setting time for samples of Class H
cement isothermally hydrated between 10 °C and 60 °C, with and
Fig. 7. Ultrasonic wave velocity versus time for Class H cement pastes with w/c=0.25,
0.30, 0.35 and 0.40, and cured at 25 °C. The vertical straight lines indicate the initial
setting time determined by Vicat test (3.75, 4.67, 5.5 and 6 h for samples with w/
c=0.25, 0.30, 0.35 and 0.40, respectively). The wave velocity in water is 1497 m/s at
25 °C. Sample with w/c=0.25 has lower initial velocity because of air bubbles were
trapped in the sample which should be avoided by using vacuum mixing.



Fig. 8. Ultrasonic wave velocity versus time for Class H cement pastes with different
additives, w/c=0.35, and cured at 25 °C. The solid straight lines indicate the initial setting
timedeterminedbyVicat test. Samplewith2%CaCl2 has lower initial velocity because of air
bubbles were trapped in the sample which should be avoided by using vacuummixing.
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without additives, at a given w/c=0.35. This value is approximately
α=3.88±0.38%, although the setting time changes from 2.25 h to
15.55 h for different samples. If dispersants, such as superplasticizers,
are added in the mixture, the cement particle spacing increases and a
higher value of α might be needed to cause percolation and setting. As
long as the cement paste has a similar particle size distribution and
spacing, the thicknessof thehydrates on theparticles at the settingpoint
should be the same.

4. Discussion

4.1. Chemical shrinkage and degree of hydration

In the plots of chemical shrinkage versus hydration age shown in
Figs. 3–5, the behavior of the curves is similar. The slope of the chemical
shrinkage is very slow during Stage II in the cement hydration. This
period is shorter in accelerated pastes, such as those at higher
temperature or with CaCl2 additions. Because the chemical shrinkage
measurement could not start recording the data until half an hour after
mixing (allowing time for mixing, casting and temperature stabiliza-
tion), Stage I was not observed. The C3A content in Class H cement is
quite low, so the fast C3A reaction at the beginning of hydration can be
neglected. However, for ordinary Portland cement, Beltzung and
Wittmann [40], and Sant et al. [27] noticed a rapid initial increase in
Fig. 9. Degree of hydration, α, calculated from Eq. (1), versus log of hydration age for
freeze-dried samples from Class H cement pastes with w/c=0.35. The curves are from
samples isothermally hydrated at 10, 25, 40 and 60 °C; hydration was quenched at times
up to 72 h.Dots on the line labeled “Initial set” showα at the initial setting time for samples
with 0.05% MD, 0.25% DT1, 0.05% MD+0.1% HEC, 0.05% MD+0.25% DT1, and 0.5% CaCl2.
The initial setting time varies from 2.25 to 15.55 h for different specimens.
chemical shrinkage caused by the reaction of C3A. During the induction
period, the rate of chemical shrinkage is low, but measurable. As the
cement paste approaches the setting point determined by other
methods thatwill bedescribed in detail later in this paper, thehydration
enters Stage III (acceleration period), and the chemical shrinkage begins
to increase rapidly. There is no obvious critical point in the chemical
shrinkage curve atwhich thehydration transforms fromStage II to Stage
III. The slope rises gradually and the change is not as obvious as in
calorimetry curves. Other chemical shrinkage results [41–44] also
showed a similar trend. The cause of the induction period and of its
termination has been the subject ofmuchdebate. One suggestion is that
the product of the initial reaction forms a protective thin hydrated layer
on the C3S particles that acts as a diffusion barrier to dissolving ions; this
is brokenor renderedmore permeable byagingorphase transformation
[3,45,46]. Another thought is that there is no barrier layer and the
kinetics is explained by the difficulty in nucleating calcium silicate
hydrate gel (C–S–H) [47,48]. In any case, the rate of reaction in the
induction and acceleratory periods is controlled by nucleation and
growth of the C–S–H: the induction period ends when the volume
fraction of product increases rapidly. Both themaximumrate of reaction
and the time atwhich it occurs depend strongly on the temperature and
additives, while they are independent of the w/c. It can be seen that the
higher temperature specimens and the samples with accelerators have
steeper slopes in the chemical shrinkage curve. The curves of pastes
with different w/c are close before 12 h of hydration, at which time the
curves start a plateau. In some rapidly hydrated specimens, the chemical
shrinkage curve showsa plateauwith a small slope corresponding to the
decelerated hydration in Stage IV. The early hydration period is
generally considered to comprise stages I–IV.

There is a linear relationshipbetweenchemical shrinkage (ΔV) and the
degree of hydration (α), as shown in Fig. 10. Companion samples from the
same batch of cement paste that was used in the chemical shrinkage
measurementwerequenchedat time intervals, andαwascalculated from
theTGA results usingEq. (1). Thus, eachα at a certainhydration timehas a
corresponding chemical shrinkage value. Curves of α versus t will be
described as kinetic curves. In principle, degree of hydration may be
obtained by summing the amounts of the individual phases that have
reacted. Owing to the experimental difficulty and questionable precision
of such approaches (e.g., quantitative X-ray diffraction), less direct
methods have often been used, based on the determination of such
quantities as non-evaporable water, or cumulative heat evolution. Our
results show that chemical shrinkage is proportional to the degree of
hydration. Given this relationship, chemical shrinkage is regarded as “an
index to the progress of the reactions” [49].
Fig. 10. Linear relationship between chemical shrinkage and degree of hydration during
the first 72 h of hydration for cement pastes (Class H, 25 °C, w/c=0.35) at T=10, 25, 40
and 60 °C.
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Fig. 3 shows that increase in temperature causesan increase in the rate
of chemical shrinkage. Therefore, at higher temperatures the precipitation
starts earlier and the chemical shrinkage reaches a plateau faster. Rapid
hydration athigh temperature leads to encapsulationof the cement grains
by a dense product layer of low porosity [50,51], which retards further
hydration. The effects of curing temperature on hydration kinetics have
been shown to be two-fold. On the one hand, the reaction rate increases
with the increase in temperature [52,53]. On the other hand, the packing
of the hydrates becomes denser at higher temperatures [19,54,55], which
slows down the further hydration. Therefore, during the late period, the
hydration rate is lower at elevated temperature and theultimatedegreeof
hydration may thus also be lower [56]. From Fig. 3, the curves corres-
ponding to different temperatures cross at later ages. From the trends, for
the w/c examined here, the ultimate chemical shrinkage decreases with
the increaseof temperaturewhich is consistentwith thefindingsofGeiker
and Knudsen [26].

The initial hydration rate is independent of the w/c as shown in the
chemical shrinkage curves in Fig. 4, because the particles are initially
surrounded by water, even at the lowest w/c used here. Therefore, the
degree of hydration, as well as the chemical shrinkage, is only controlled
by the nucleation and growth of hydration products, independent of the
distance between particles at differentw/c.With increasing reaction, the
hydration products eventually cause disconnection of the pores,
resulting in a pore network depercolation threshold. This may be
responsible for the obvious divergence in the chemical shrinkage rate, as
depercolation of the pore structure makes it more difficult for the water
to reach the cement [25]. Samples with lower w/c reach a plateau faster,
but have a smaller chemical shrinkage at later ages due to the over-
lapping layers of hydration product constituting a barrier to reaction.
Beyond this point, the reaction rate may be controlled by diffusion,
rather than nucleation and growth, but the time of that transition is not
revealed by our data.

Fig. 10 shows that chemical shrinkage anddegree of hydrationhave a
linear relationship with a slope that becomes less negative as tempera-
ture increases. Thus, at the same degree of hydration, higher temper-
ature causes smaller chemical shrinkage [25,28]. This may be caused by
the decreasing density of the cement hydrates at higher temperature
[55,57]. Thomas et al. [57] found that the C–S–H has a lower skeletal
density at higher temperatures, although the porosity of the C–S–H
decreases. Extrapolating the linear fits in Fig. 10, the ultimate chemical
shrinkage of ClassH cement atα=1 is found to decreasewith increasing
temperature, from 0.101 mL/g at 10 °C to 0.0554 mL/g at 60 °C. This
trend is in good agreement with the results of Geiker and Knudsen [26],
who reported that the chemical shrinkage of OPC paste (w/c=0.5)
decreased from 0.0530 mL/g to 0.0338 mL/g with increasing tempera-
ture from 20 °C to 50 °C. The ultimate chemical shrinkage values
calculated from the curving fitting in Fig. 10 are slightly overestimated
for the Class H cement, because at early ages more of the C3S reacts, and
then at later hydration stages more C2S reacts. Based on the measured
density of the C–S–H hydration products, Thomas et al. [57] calculated
the chemical shrinkage values to be about 0.0618 mL/g for complete
hydration of C3S and 0.0489 mL/g for complete hydration of C2S,
respectively. In this study, the fitted data are from the first three days of
hydration, where C3S dominates the reaction. Although the extrapola-
tions for the total chemical shrinkage from Fig. 10 are known to be high,
they are in the same range as in the previous results [26,57]. Geiker [25]
and Sant et al. [27] observed that increasing total sample size caused a
reduction in chemical shrinkage at later ages and that thiswas amplified
in specimens with a lower w/c or finer cement, because these factors
favor self-desiccation. In thepresent study, the thickness of paste is small
enough (∼10mm thick), so self-desiccation is not likely to happen [58].
Moreover, the formation of denser shells at higher temperature would
lead to less, not more, self-desiccation, because it leaves the capillary
porosity more open. In other words, the permeability of the specimen
would behigher athigher temperatures,making it easier for thewater to
get into the specimen and avoid self-desiccation.
4.2. Degree of hydration at the setting point

Hydration products spread over the surfaces of the cement particles
and eventually begin to bind the particles together. The solid network
continues to develop until it becomes connected throughout the
material. At this critical time, a solid percolation path is formed.
Therefore, the ultrasonic wave path switches from the liquid phase to
the solid phase, which leads to a significant increase inwave velocity, as
shown in Figs. 6–8. This critical point, when the system changes from a
suspension of cement particles in water to an interconnected solid
phase, can be regarded as the solid percolation threshold (setting point)
[59]. The increase in the ultrasonic velocity corresponds to the onset of
elastic properties in the solid materials, such as bulk and shear moduli
[6]. After a solid structure has developed, the transmission velocities in
the pastes show a similar trend. This increase in velocity roughly
coincideswith the initial setting time as assessed by the Vicat test. It has
been reported [34] that the percolation threshold occurs prior to the
initial setting time defined by the Vicat test, which happens when the
material already has a yield stress of about 32 kPa. Therefore, the critical
point of increase in velocity corresponds more closely to the end of the
induction period in cement hydration for most of the mixtures, when
the rate of cement hydration begins to increase [30,60]. In our study,
only a small offset (less than 10 min) has been noticed between the
initial setting time from the Vicat test and the percolation threshold
found from the acoustic measurement.

Fig. 6 presents the effect of temperature on the ultrasonic velocity
during hydration. As expected, the sample with higher temperature has a
quicker increase in the velocity and reaches a plateau faster. In other
words, the increase of temperature causes faster setting and an accele-
rated development of hydration. Similarly to the chemical shrinkage
curves (Fig. 3), wave velocity curves at higher temperature reach the
plateau faster and the curves for different temperatures cross at later ages.
At 24h, the velocity in the 40 °C sample exceeds that in the 60 °C sample.
Wave velocity in more porous materials is lower. This is an important
point as it confirms that an increase in curing temperature serves to
reduce the density of the cement hydrates and increase the porosity of the
system [55,61]. In pastes hydrated at higher temperature, it is reported
that the hydration products are less uniformly distributed than in those
hydrated at lower temperature [50,51], and larger pores are present in the
interstitial space [3,51,62]. Thus, hydration rates increase remarkablywith
temperature, but the ultimate strength is generally reduced [62]. By de-
creasing w/c, the sample exhibits faster velocity increase and higher final
values, as shown in Fig. 7. This presumably reflects the increased number
of particle contacts at lowerw/c, which enables the hydration products to
bind the particles more efficiently at a lower degree of hydration. The
combination of the retarder MD and the viscosity modifying agent DT
significantly retarded the setting time (in Fig. 8). The lower initial velocity
of the sample with CaCl2 occurs because the CaCl2 is an accelerator that
increased the plastic viscosity of the paste. Consequently, during the
mixing and casting, air bubbles may be trapped in the paste to influence
the initial velocity. To avoid this, vacuummixing is recommended.

It is important to identify the amount of reaction products (degree of
hydration) needed to develop a percolated solid structure in cementi-
tious materials. The physical development of a solid network depends
on the particle spacing (w/c, dispersant) and the particle size (fineness,
and size distribution). For a given w/c and cement fineness, the per-
colation threshold (setting point) of the slurry corresponds to a specific
degree of hydration of the cement, regardless of the temperature, pres-
sure and accelerating/retarding agents. Fig. 9 confirms this by showing
the identical degree of reaction at the setting time for specimens with
the same w/c, but hydrated at various temperatures and with different
retarders and accelerators. This also proves the basic assumption in the
model to predict the influence of temperature and pressure on the rate
of hydration discussed in [4].

Fig. 11 schematically illustrates the particle spacing effect in two
systemshavingdifferentw/c. The amount of hydrationproducts needed
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to develop a percolating structure is greater in the higher w/c system,
which has larger solid-to-solid spacing. Consequently, the system with
lower w/c needs a smaller volume of hydration products to form a
stress-resisting network. To verify this, the degree of hydration at the
setting timewasmeasured for specimenswithw/c varying from 0.25 to
0.40. Fig. 12 shows a linear relationship betweenw/c (related to particle
spacing) and degree of hydration at setting (amount of hydration
products required for solid percolation). Higher w/c requires more
products to cause percolation.

4.3. Boundary Nucleation and Growth (BNG) model and setting time
prediction

It is possible to interpret hydration kinetics using Avrami-type
equations [14–16], which describe an isothermal phase transforma-
tion that occurs within a fixed volume by a nucleation and growth
process. The standard Avrami model gives the transformed volume
fraction, X, at time, t, in terms of two parameters, k (effective rate
constant) and n (exponent):

X = 1− exp − ktð Þn� � ð3Þ

Avrami's theory assumes that nucleation occurs at randomly
distributed locations within the untransformed volume. Cahn [17,18]
modified this to allow the nuclei to form on the surfaces of particles
(grain boundaries) and then grow into the grains. In the case of
hydration, the “grains” are the water-filled interstitial spaces where
the hydration products form. Consider an untransformed volume
containing a single planar boundary, and assume that nucleation of
the transformed phase occurs only at spatially random locations on
this boundary. A spherical region that nucleated at time τ and grows
at rate G will intersect with this plane at time t in a circle with area
π[G2(t−τ)2−y2] if tNτ+y /G. (If tbτ+y /G, the region of trans-
formed phase has not yet reached the plane and the area is zero.) The
hydration product nucleates on the particles with surface area Ov

B

(area per unit paste volume) at the rate IB (nuclei per unit area of
Fig. 11. Schematic illustration of solid phase percolation at setting for different w/c.
Matrix is filled with water (blue), black particles are cement grains, and gray shells
represents the hydration products. (a) Contiguous gray shells indicate that the
hydration products have percolated, so this material (with relatively low w/c) has set;
(b) at the same degree of hydration as in (a), this higher w/c has not set; (c) at a higher
degree of hydration, the sample with the same w/c as in (b) has set.
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boundary per time); if the growth rate, G (m/s), is assumed to be
constant and isotropic, the result is

X = 1− exp −2OB
v∫

Gt
0 1− exp −Ye� �� �

dy
h i

ð4Þ

where

Ye =
π
3
IBG

2t3 1− 3y2

G2t2
+

2y3

G3t3

 !
if t N y= Gð Þ

0 if tby= Gð Þ

8>><
>>: ð5Þ

Thomas [8,57] applied this mathematical model to calorimetric
data to describe the C3S hydration process and rewrote the Boundary
Nucleation and Growth (BNG) model in terms of two independent
rate constants: kB describes the rate at which the nucleated boundary
area transforms (particle surfaces become covered with hydration
product), and kG describes the rate at which the “grains” between the
boundaries grow (that is, capillary pore space between the particles
fills in with product). They have units of inverse time and are given by

kB =
IBO

B
v

� �1=4
G3=4 ð6Þ

and

kG = OB
vG ð7Þ

If any of the three parameters in Eq. (4), Ov
B, IB, and G, can be determined

independently, then theother two canbe calculated from thefitted values
of the rate constants in Eqs. (6) and (7). Given the surface area of the
cement measured by the BET method (1 m2/g), we can calculate Ov

B.
When applying the BNG model to hydration data (calorimetry or

chemical shrinkage), where the degree of transformation is F, one addi-
tional parameter is needed: the total change (heat or shrinkage) per unit
volume of material transformed, A. The above Eqs. (6) and (7) can be
written as:

F tð Þ = A 1− exp −2kGt 1−fY tð Þð Þ½ �f g ð8Þ
Fig. 13. Chemical shrinkage experimental data and the fitting by BNG model (left axis);
rate of shrinkage and fit (from numerical derivative of data and analytical derivative of
fit, respectively).
where

fY tð Þ =
π
3
k4B
kG

∫1
0 exp −t3 1−3x2 + 2x3

� �h i
dx if xb1ð Þ

1 if x N 1ð Þ

8><
>: ð9Þ

where x=y /(Gt). Thomas [8,57] used one more parameter in his
fitting; the effective starting time, t0. If the nucleation rate is faster at
the start of the reaction (in contradiction to the constant IB assumed in
the model) or if some nuclei form rapidly at the time of mixing, then
the fit may yield a negative value of t0. If the nucleation rate is slower
at the start of the reaction, or if nucleation is inhibited initially in the
induction period, then t0 will be positive. Whether t0 is positive or
negative is determined by fitting the experimental data; results in the
literature [8,63] indicate no obvious relationship between t0 and
the cement's physical properties. In this study, we assume that the
nucleation and growth start when water contacts the cement (i.e., the
reaction begins at mixing time) and the nucleation begins at a
constant rate at that time, so t0=0.

We now apply this model to the chemical shrinkage during Class H
cement hydration. Class H cement contains C3S, C2S, C3A and C4AF as its
four major clinker phases (as shown in Table 1). In contrast to ordinary
Portlandcement, ClassH cementhas anegligible amountof C3Awhich is
well known to have the fastest reaction and to control the very early
hydration. It can be reasonably assumed that the reaction of C3S domi-
nates the early hydration. Therefore, the boundary nucleation equation
can be applied to describe the hydration process, such that continuous
nucleationoccurs on the cement particle surfaces and the rate of growth
of the hydration product is constant with time. For a cement with a
considerable amount of C3A, because the early hydration includesmore
complicated reactions, the BNG model might not apply, as the growth
Fig. 14. Response of the BNG curve when kB and kG change.



Fig. 15. Nucleation parameter kB versus reciprocal temperature.
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rate might not be constant. Fig. 13 shows a typical BNG fit, indicating
that the model successfully describes the chemical shrinkage data for
Class H cement until well beyond the peak in the hydration rate.

At long times, Eq. (8) approaches:

X tð Þ = F tð Þ
A

≈1− exp −2kGtð Þ ð10Þ

If we can measure the whole hydration process, a fit to this expression
canbeused todetermine theparametersAandkG.However, in this study,
we focused on the early hydration and only measured the chemical
shrinkage up to 72h. Based on the TGA result in Fig. 9, the degree of
hydration only reaches 50% at 72h for the fastest hydration conditions
(viz., 60 °C). Therefore, to accurately estimate parameters A and kG from
our chemical shrinkage data is practically impossible.

Fig. 14 shows how changes in kB and kG affect the shape of the
chemical shrinkage curve: kB predominantly affects the initial hydration,
while the growth rate, kG, predominantly affects the later hydration.
However, cementhydration eventually becomes diffusion-controlled, so
the growth rate becomes dependent on time. At that point, the present
form of the BNG model is no longer valid. For this reason, only kB was
analyzed in this paper.

Fig. 15 shows that kB has an Arrhenius-type dependence on
temperature with an activation energy of 32.5 kJ/mole. It increases
with increasing temperature and addition of accelerator. Higher
temperature and accelerators result in faster nucleation and growth
rates, leading to earlier percolation of hydration products.
Fig. 16. Nucleation parameter kB versus setting time of all the samples at various
temperatures and with additives at a given w/c=0.35. Setting time and kB have an
inverse relationship which confirms that the amount of hydration product at the setting
point is a constant.
For a given specimen, kB is a constant, so it can be used to calculate
the amount of the product at a given time. For different specimens, kB
is influenced by the ambient temperature, pressure and additives. Our
result shows that the amount of hydration products is the same for a
given w/c at the setting time. When the degree of reaction is small,
Eq. (8) reduces to:

X tð Þ = F tð Þ
A

= 1− exp −2kGt 1−∫1
0 exp −π

3
k4B
kG

t3 1−3x2 + 2x3
� �" #

dx

 !" #

≈2kGt∫
1
0
π
3
k4B
kG

t3 1−3x2 + 2x3
� �

dx≈π
3
k4Bt

4

ð11Þ

This is a reasonable approximation at the setting point. We can
rearrange Eq. (11) to find the setting time when the amount of
hydration at setting time, Xset, is known:

tset≈
3
π
Xset

� 	1=4
k−1
B ð12Þ

Fig. 16 shows the relationship between kB and the initial setting
time found by the Vicat method. A higher nucleation rate corresponds
to faster setting. The fit in Fig. 16, matches well with the prediction of
the BNG model, Eq. (12): tset and kB have an inverse relationship with
a proportionality constant that is expected to be related to the amount
of hydration products. Therefore, the amount of hydration products at
the setting time can be calculated. From the fitting equation in Fig. 16,
Xset is 15% of the transformed volume fraction, which is larger than the
TGA result, 3.88%. There are two reasons for this discrepancy in the
proportionality factor in Eq. (12). First, there is a factor 2 inside the
exponential function in Eq. (8), which corresponds to an equal growth
rate in both directions on the nucleation surface. However, generally
we expect the growth rates into the interstitial space to be faster than
the penetration of the hydration products into the particles, so the
factor of 2 should be replaced by a number between 1 and 2. This will
be discussed in the forthcoming paper. The second problem is that the
approximation in Eq. (11), which leads to Eq. (12), is not precise at the
setting point. Nevertheless, the experimental results confirm the
prediction of an inverse relationship between kB and tset. Given that
the amount of hydration product is constant at the setting point,
Eq. (12), provides satisfactory predictions of the setting time for
mixtures cured at different temperatures and pressures [4]. The
discrepancy between the observed and predicted values of Xset in
Fig. 16 does not compromise the prediction of setting time signifi-
cantly, because the reaction is accelerating rapidly at that point, so the
difference in X corresponds to a short interval of time. Moreover, if a
single value of Xset is known, it can be used to precisely predict the
setting time at other temperatures or with other additives.

5. Conclusions

Temperature increase and calcium chloride additions accelerate
the rate of cement hydration, causing earlier setting; conversely,
retarder maltodextrin, and the additives hydroxyethylcellulose and
diutan delay cement hydration, causing later setting times.

Setting is a percolation process. Consequently, for the mixtures
evaluated, at a givenw/c, the degree of hydration at setting is a constant,
regardless of the effects of ambient temperature or presenceof additives.
A lower w/c paste needs a smaller amount of hydration product (lower
degree of hydration) to form a percolating solid network.

Vicatneedlepenetrationandultrasonicwavevelocity tests correspond
well, as they are both sensitive to the development of a stress-resisting
(percolating) network. Ultrasonic velocity measurements can replace the
Vicat test for accurate and convenient determination of the setting time.

TGA analysis confirms that chemical shrinkage and degree of
hydration are linearly related.
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The initial hydration of cement follows the Boundary Nucleation
and Growth (BNG) model, assuming constant rates of nucleation and
growth. There is a reciprocal relationship between the parameter kB
and the setting time. Given that the amount of hydration product is
constant at the setting point, when kB is known, setting time can be
predicted [4]. In a forthcoming publication, we will explore an
alternative formulation of the BNG model in which growth occurs
from a fixed number of nuclei. That model also shows excellent
agreement with the data, and has certain theoretical advantages [8].
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