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a b s t r a c t

A comprehensive experimental program has been performed to characterize the hydration and engi-
neering property evolution of a class G oil well cement under various curing temperatures from 30 to
90 �C. The progress of hydration was monitored by isothermal calorimetry (atmospheric pressure); the
viscosity evolution was measured using a high temperature and high pressure consistometer (up to
200 MPa); the ultrasonic property development was evaluated by an ultrasonic cement analyzer (up to
100 MPa). Test results indicate that the influences of curing temperature and pressure on the hydration,
viscosity and ultrasonic property development can be modeled by a scale factor method that is similar to
the maturity method used in the concrete industry. However, the key parameters of the scale factor
model, namely the apparent activation energy and the apparent activation volume of cement showed
obvious variations with test method and curing condition. The test results indicate that the curing
temperature has a stronger effect on cement hydration rate than viscosity and ultrasonic property
development rate, while the curing pressure has a much stronger influence on cement slurry properties
before setting (viscosity) than after setting (ultrasonic property).
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

A series of physical and chemical reactions of cement slurry will
take place when dry cement is mixed with water; various proper-
ties of cement-based materials will continue to evolve with the
extension of hydration time, such as viscosity (Scherer et al., 2010)
and rheology (Ma and Kawashima, 2019) of a cement slurry, as well
as compressive strength (Du et al., 2018; Kjellsen et al., 1991),
permeability, and elastic modulus (Kraub and Hariri, 2001) of a set
cement. For well cementing, due to the effect of the geothermal and
geopressure gradient (about 27 �C/km for temperature) (Ma and
Kawashima, 2019), temperature and pressure of oil well cement
placed downhole will increase with the increase in wellbore depth
(API RP 10B-2, 2013). In other words, oil well cement will undergo
neering, China University of
PR China.
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wide ranges of temperature and pressure changes in awellbore. For
a given cement slurry, curing temperature and curing pressure are
two of the most important factors affecting the hydration process
(Pang et al., 2013a, 2013b, 2013c) and the resulting microstructure
(Gallucci et al., 2013). Both curing temperature and curing pressure
can accelerate the hydration rate of cement during the early stage
of cement hydration. In addition, temperatures above 110 �C will
change the hydration products of cement to crystalline phases,
which will directly lead to significant changes in the long-term
performance of cement-based materials (Taylor, 1997). Therefore,
to optimize cement slurry formulation and improve cementing
quality, it is of considerable practical significance to study and
accurately predict the property evolution of cement-based mate-
rials with time under the influence of different temperatures and
pressures.

All wellbore integrity analysis software requires mechanical
properties of oil well cement as critical input parameters (Meng
et al., 2021). Understanding and simulating the engineering prop-
erty evolution of oil well cement is essential for the design
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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optimization of oil well cement system and long-term integrity of
cement sheath. Previous publications have shown that hydration
kinetics studies of Portland cement can be very useful in the
simulation of cement property evolutions (Sun et al., 2021a, 2021b).
The experimental methods used to obtain cement hydration ki-
netics data include quantitative X-ray diffraction analysis (QXRD)
(Pang et al., 2022; Kupwade-Patil et al., 2019; Jupe et al., 2012a,
2012b; Bergold et al., 2013; Jansen and Goetz-Neunhoeffer, 2012;
Hesse et al., 2011), bound water content analysis (Pang et al., 2022;
Escalante-Garcia, 2003; G�omez-Zamorano and Escalante-García,
2010; Li et al., 2014; Chidiac and Shafikhani, 2019; Liao et al.,
2019), isothermal calorimetry (IC) (Pang et al., 2013a, 2013b,
2021; Sun et al., 2021b), and chemical shrinkage (Pang et al., 2013a,
2013c; Lura et al., 2010; Peethamparan et al., 2010; Pang andMeyer,
2012). Among them, the IC method is most widely used since it can
directly and continuously collect high-precision heat flow data of
the hydration process. For oil well cement, viscosity and
compressive strength are two of the most important time-evolving
engineering parameters. The rate of increase in viscosity of cement
slurry should not be too slow or too fast for the safety and efficiency
of cementing operation. After the cement slurry is pumped into
place, the cement sheath must achieve a sufficiently high
compressive strength before next section can be drilled. Unlike
traditional methods of measuring cement viscosity and compres-
sive strength, which are generally carried out at sparsely spaced
discrete time points, the petroleum industry provides means of
indirect continuous measurement of the two parameters through
high-temperature and high-pressure (HTHP) consistometers and
ultrasonic cement analyzers (UCA), respectively. The objective of
this study is to carry out a comprehensive study of oil well cement
hydration kinetics, investigate its correlations with engineering
properties, and develop relevant models to simulate the property
development and to deepen our understanding of cement hydra-
tion process.

A maturity model that was developed mainly based on Arrhe-
nius’ law was initially used to predict the development of
compressive strength of set cement in the early stage (Zhang et al.,
2008). The model was later extended to predict other property
development of cement-based materials (Zhang et al., 2008;
Delatte et al., 2000; Kada-Be et al., 2000; Kjellsen and Detwiler,
1992; Jensen and Hansen, 1999; Pinto and Hover, 1999; Turcry
et al., 2002). Pang et al. (Pang et al., 2013b, 2013c) has developed
a scale factor model to simulate the influence of temperature on
hydration kinetics and property development of oil well cement
based on similar principle as the maturity model. In these models,
the apparent activation energy (Ea) can provide information about
the sensitivity of cement hydration reaction to temperature for a
constant pressure process. The apparent activation volume (DV*)
can be used to characterize the sensitivity of cement hydration
processes to curing pressure for a constant temperature process.
Using the scale factor model, Pang et al. (Pang, 2014; Pang et al.,
2014) also conducted preliminary explorations on the simulation
of certain engineering performance of oil well cement; however,
previous validations of the model are mostly limited to the tem-
perature range of 15e60 �C and the pressure range of 5e50 MPa,
which is too small considering the actual application environment
of oil well cement.

During this study, a comprehensive investigation of hydration
kinetics and property evolution of a Class G oil well cement in the
temperature range of 30e90 �C was conducted. Various experi-
mental methods (IC, HTHP consistometer, UCA) were employed
during this study. Due to equipment limitations, IC tests were
conducted at atmospheric pressure, while HTHP consistency and
UCA tests were conducted at maximum pressures of 200 and
100MPa, respectively. The scale factormodel was used to study and
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predict the effect of temperature and pressure on property evolu-
tion of oil well cement with time. The dependence of Ea and DV* on
curing temperature and pressure was analyzed. Finally, the differ-
ence of Ea obtained by different experimental methods as well as
DV* was studied.
2. Theoretical background

Previous studies (Pang et al., 2013a, 2013b, 2013c, 2021) have
found an interesting phenomenon that cement hydration kinetics
curves under the influences of different curing conditions (tem-
perature and pressure) as well as several chemical additives have
similar shapes, when they were represented by the rate of hydra-
tion as a function of the degree of cement hydration. These studies
suggest that there are proportional relationships between the hy-
dration rates under different conditions for the same degree of
hydration. Therefore, the hydration kinetic curve under arbitrary
curing conditions can be predicted based on that of a reference
condition by a scale factor (C) model. The scale factor describes the
difference in cement hydration rate caused by the change of curing
conditions compared to the reference condition, which reflects the
dependence of cement hydration rate on curing conditions. It can
be written as (Pang et al., 2013b, 2013c):

CðTr/T;Pr/PÞ ¼ exp
�
Ea
R

�
1
Tr

� 1
T

�
þ DV*

R

�
Pr
T
� P
T

��
(1)

where Ea is the apparent activation energy, kJ/mol; R is the gas
constant (8.314 J/(mol K)); DV* is the apparent activation volume,
m3/mol; T is the arbitrary temperature, K; P is the arbitrary pres-
sure, MPa; Tr and Pr are the reference temperature (K) and the
reference pressure (MPa), respectively.

In the scale factor model, if it is assumed that the cement hy-
dration kinetics under the reference curing condition (Tr, Pr) can be
expressed by the following mathematical function:

a¼ f ðtÞ (2)

Then, the cement hydration under the effect of any arbitrary
curing conditions (T, P) can be expressed by the following equation
(Pang et al., 2013b, 2013c):

a¼ f ðCðt� t0ÞÞ (3)

where f is the function representing the time dependence of the
degree of hydration (a) at temperature T; t0 is an offset time, h,
which was introduced to account for the potentially different hy-
dration mechanism during the very early period (before the end of
the induction period), which may have a different temperature and
pressure dependence than the main hydration. This is to say that
the end of induction period may not be predicted correctly using a
scale factor derived from the main hydration stage.

As mentioned earlier, cumulative heat of hydration can be used
to study cement hydration kinetics because it has a linear rela-
tionship with the degree of cement hydration. Similarly, the scale
factor model can also be applied to other properties (i.e. rheology/
viscosity, ultrasonic strength, and ultrasonic transit time) that have
an approximately one to one relationship with the degree of
cement hydration. We can simulate the evolution of these cement
properties under the influence of curing temperature and pressure
based on the scale factor model as well. If it is assumed that a
certain property (x) evolution of a cement slurry under the refer-
ence temperature and pressure (Tr, Pr) can be expressed by Eq. (4).

x¼ xTr，PrðtÞ (4)
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Then, the property evolution of cement slurry at arbitrary
temperature and pressure conditions (T, P) can be expressed by Eq.
(5).

x¼ xT，PðtÞ¼ xTr，PrðCðt� t0ÞÞ (5)

Because the above mathematical formulas are derived for
isothermal and isobaric data, a numerical approach is needed to
convert test data at variable temperature and pressures using the
equivalent age concept. When temperature and pressure vary with
time, the equivalent age te at the reference curing condition (Tr, Pr)
corresponding with the actual curing age t at any arbitrary tem-
perature and pressure condition (T(t), P(t)) can be described by the
following formula (Pang et al., 2014, 2020, 2021):

te ¼
Xn
i¼1

exp
�
Ea
R

�
1
Tr

� 1
TðtiÞ

�
þ

�
DV*

R

�
Pr

TðtiÞ
� PðtiÞ
TðtiÞ

���
Dti

(6)

where Dti is the infinitesimal time increment at ti; T(ti) is the
average temperature between time ti and time tiþ1; P(ti) is the
average pressure between time ti and time tiþ1. Because the time
interval is very small, T(ti) and P(ti) can also be taken as the tem-
perature and pressure at time ti. The experimental data of a certain
property development as a function of the equivalent age can be
fitted with an empirical equation and the test results at any arbi-
trary temperature and pressure history can then be predicted using
that equation. This is similar to the maturity method used to esti-
mate compressive strength of concrete materials in the civil engi-
neering industry (ASTM C1074-19, 2019). In addition to using an
empirical fitting, one can also use the interpolation method to
make the prediction based on the property vs. equivalent age curve
numerically. More details on how to use the numerical approach
can be found in Pang et al. (Pang et al., 2014, 2020).

3. Experimental materials and methods

3.1. Experimental materials and slurry preparation

Class G oil well cement with a density of 3.25 g/cm3 and a
median particle size of 19.5 mm were obtained from Aksu cement
factory, Xinjiang, China. The cement used in this studywas from the
same production batch supplied by the same manufacturer as the
cement used in our recent study. More detailed information about
the cement such as particle size distribution, compound composi-
tions and X-ray diffraction profile can be found in Pang et al. (2021).

During this study, all slurries were prepared by mixing 224 g of
tap water with 560 g of cement in a laboratory cement slurry
blender at room temperature according to standard API procedures
(API RP 10B-2, 2013), which is close to a neat slurry with awater-to-
cement ratio (W/C ratio) of 0.4. Small amounts of several chemical
additives were added to the slurry to obtain desirable slurry
properties, such as good mixability, and sedimentation stability,
which includes a suspension aid (diutan gum, 0.05% by weight of
cement, or BWOC), a dispersant (20% activity, BCD-210L, 1.25%
BWOC), and a defoamer (G603, 0.3% BWOC).

3.2. Isothermal calorimetry test

Isothermal calorimetry (IC) tests were performed using a
Calmetrix isothermal calorimeter (model: I-Cal Ultra, USA) to
measure the heat flow rate during cement hydration at the curing
temperature range of 30e90 �C under atmospheric pressure,
following ASTM C standard test procedure (ASTM C1608, 2017). A
sample of approximately 12.0 g was transferred to a plastic vial and
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sealed with a cap immediately after the cement slurry was mixed.
Generally, it takes approximately 5 min to place the sample into the
calorimeter after mixing. Timing of each test starts at the point
when the sample was placed inside the calorimeter. Testing data
during the first hour were discarded because approximately 1 h is
required for the test to reach an equilibrium state to collect accurate
heat-flow data.

3.3. Thickening time test

An HTHP consistometer (purchased from China Liaoning Bass-
rett Petroleum Equipment Manufacturing Co., LTD., model: BSRD-
8042DG) was used to measure the viscosity evolution of a
cement slurry at various conditions, within the temperature range
from 30 to 90 �C and pressure range from 5 to 200 MPa. The vis-
cosity of cement slurry is determined from the torque exerted on a
set of stationary paddles immersed in the slurry while the slurry
cup is rotating at 150 rpm. It is expressed in Bearden consistency
(Bc) units and has a linear relationship with torque. Generally,
when the consistency of cement slurry reached 70 Bc, it is
considered to have reached the limit of pumpability (LOP). The time
required to reach LOP is called the thickening time. In this study, it
takes about 50 min to ramp up the temperature and pressure from
ambient condition to the target curing condition.

3.4. Ultrasonic cement analyzer test

The measurement of cement compressive strength is tradi-
tionally performed by destructive crush testing using a load frame.
Nondestructive testing by ultrasonic methods based on either wave
reflectionmethod or wave transmissionmethod is also widely used
to monitor the setting and hardening process of cementitious
materials (Voigt et al., 2006; Reinhardt and Grosse, 2004; Lee et al.,
2004; Robeyst et al., 2008; Zhang et al., 2012). In general, good
correlations were found between ultrasonic properties and
compressive strength. In this study, an ultrasonic cement analyzer
(UCA) by Chandler Engineering was used to measure the ultrasonic
property (transit time of compressional wave through the sample)
evolution of oil well cement at various conditions, within the
temperature range from 30 to 90 �C and pressure range from 5 to
100 MPa. The ultrasonic transit time is converted to sonic
compressive strength based on a proprietary empirical equation in
the data acquisition software. It takes about 50 min to ramp up the
temperature and pressure from ambient condition to the target
curing condition during these tests.

4. Test results and discussion

4.1. IC test results

In the range of 15e95 �C, the effect of curing temperature on the
hydration heat evolution of Portland cement is well understood
from our previous study (Pang et al., 2021). Fig. 1 shows the hy-
dration kinetic mechanism curves of Aksu Class G cement at
various temperatures as measured by isothermal calorimetry. The
shapes of hydration kinetics curves are very similar in the tem-
perature range from 15 to 79 �C. However, the shapes of hydration
curves at higher temperatures (87 �C and above) started to show
significant variations with temperature. Dual peaks appeared un-
der high curing temperature, which is likely caused by accelerated
reaction of the aluminate phases. Therefore, in the lower temper-
ature range (30e79 �C), the scale factors can be conveniently
derived by calculating the ratios of hydration peaks between
different tests (i.e. the main peak value of the hydration rate curve
under any condition is divided by that under a reference condition),



Fig. 1. Heat flow vs. cumulative heat of hydration of Aksu Class G cement.
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which is known as the peak ratio method; in the higher tempera-
ture range, the scale factors have to be obtained by the best fit
method (where hydration kinetics at one condition is transformed
to achieve the best fit with that at another condition) (Pang et al.,
2013a).

The model parameters obtained by both methods at different
curing temperatures are shown in Table 1. For the test results be-
tween 30 and 60 �C, the scale factor obtained by both methods
agreed very well. The values of Ea calculated based on Eq. (1) for
different temperature ranges were in good agreement with previ-
ous studies. Compared to lower temperature tests (30e60 �C), the
values of Ea decreased significantly in the higher temperature range
(60e94 �C). A more appropriate method of deriving Ea to account
for a wider temperature range is by linear regression analysis
(Fig. 2). It can be seen from Table 1 and Fig. 2 that Ea derived in the
temperature range of 30e60 �C by linear regression analysis was
more than 40 kJ/mol, but became significantly lower (18.3 kJ/mol)
in the temperature range of 60e94 �C.

In this article, variable references and the scale factor estimated
by the best fit method were used to simulate the cement hydration
curve under different curing temperatures (Fig. 3). Nearest tem-
perature data curves were used as references for the predictions
(e.g. 30 �C results used to predict 45 �C results and 45 �C results
used to predict 60 �C results, etc.). The same quality of fit can also be
obtained by using the middle temperatures (e.g. using 30 �C results
to predict both 15 �C and 45 �C results). As discussed in previous
studies, the prediction results were more accurate when using the
nearest temperature data curve as the reference curve (Sun et al.,
2021b). This is because smaller temperature differences led to
smaller changes in hydration mechanism. The reasonable
Table 1
Scale factor model parameters obtained from IC tests by two different methods at differ

Tr‒T, �C Best fit method

C t0, h Ea, kJ/mol Ea*, kJ/mo

30e45 2.25 2.35 43.35 44.01
45e60 2.15 1.8 44.97
60e74 1.55 1.5 30.10 18.30
74e87 1.12 0 9.25
87e94 1.08 0 12.09

Note: Ea* is the value of Ea derived in wider temperature ranges by linear regression ana
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agreements in the results suggested that the scale factor model was
still valid in the temperature range from 60 to 94 �C. The errors in
the cumulative heat evolution between experimental data and
predicted data for all temperature tests at 50 h are within 6.0%. It
should be pointed out that time offsets as shown in Eq. (3) were
used in the model results here to account for the different mech-
anism of cement hydration during the early hydration (before the
main reaction).

4.2. Thickening time test results

The effect of curing temperature on the consistency evolution
profiles of Aksu cement slurry at 5 and 50 MPa are shown in Fig. 4,
which exhibited very similar trends. In general, with increasing
curing temperature, the rate of consistency evolution increases,
except for the temperature range from 75 to 90 �C. It is clear that
the thickening time of cement slurry decreased with increasing
temperature up to 75 �C at both curing pressures. High temperature
significantly decreased thickening time of cement slurry, which is
mainly because the elevated temperature can promote rapid
nucleation and growth of cement hydration products (Scherer et al.,
2010). The measured thickening time of cement slurry was reduced
from 3.94 h at 30 �C to 1.86 h at 75 �C at 50 MPa; while it was
reduced from 8.37 h at 30 �C to 2.52 h at 75 �C at 5 MPa. The
thickening time at 75 �C was slightly shorter than that at 90 �C for
both curing pressures. This phenomenon is known as thickening
time inversion and can adversely influence wellbore integrity
during well cementing (cement at shallower depth may set faster
than that at higher depth). There are many possible explanations to
the thickening time inversion phenomenon. For example, it may be
attributed to cement hydration product change (ettringite decom-
position) in this temperature range (Sun et al., 2022). Ettringite is
known to have a needle-shaped structure (Taylor, 1997) and can
cause more significant viscosifying effect than other hydration
products. At the same time, increasing temperature can cause
thermal thinning of cementing fluids, resulting in a lower slurry
viscosity at the same degree of cement hydration. Considering that
the temperature acceleration effect is much weaker in the range
between 75 and 90 �C, it is also possible that thermal thinning ef-
fect overpowers acceleration effect on cement hydration in this
range.

Based on the scale factor model presented in this study, the
consistency evolution curves of cement slurry at different curing
conditions should overlap when plotted as a function of the
equivalent age using a fixed temperature and pressure as the
reference curing condition according to Eq. (6). These curves can
also be further transformed to predict the consistency evolution at
any arbitrary conditions (Pang et al., 2014). However, the key pa-
rameters (Ea and DV*) have to be changed to obtain the best
agreements because of their dependence on temperature and
pressure; this method is similar to the best fit method in hydration
kinetics modelling mentioned previously in Section 4.1. Fig. 5
shows the prediction of HTHP consistency evolution profiles of
ent temperature ranges.

Peak ratio method

l C t0, h Ea, kJ/mol Ea*, kJ/mol

2.29 2.2 44.29 40.47
1.85 1.3 36.14
1.44 1.3 25.04 e

N/A N/A N/A N/A
N/A N/A N/A N/A

lysis.



Fig. 2. Linear fits used to obtain the activation energy for Aksu Class G cement based on Eq. (1).

Fig. 3. Prediction of hydration kinetics at different temperatures by the scale factor
model for Aksu Class G cement (using nearest temperature curves as references).

L.-J. Sun, X.-Y. Pang, S. Ghabezloo et al. Petroleum Science 20 (2023) 2372e2385
cement slurry at different temperatures at 5 and 50 MPa based on
the best fit method using a DV* of �24 cm3/mol (Pang et al., 2013b)
and an Ea that varies with the target temperature (The actual values
used for different temperature ranges are listed in Table 2). As
discussed previously in Section 2, before the prediction, the
experimental data were first transformed into equivalent age data
at isothermal and isobaric condition using a reference condition by
Eq. (6) and fitted with an empirical equation (a sixth order poly-
nomial in this case). It can be seen from Fig. 5 that the predicted
curves of each test were in good agreement with the experimental
data curves for both curing pressures. Similar to IC, the prediction
was made by using the nearest temperature data curve as the
reference. It can also be observed that consistency evolution profile
of a cement slurry under different curing conditions was not always
smooth and often showed a pattern of stepped increase; such
2376
details may be related to the unsynchronized reactions of different
phases in cement or the generation and transformation of certain
unstable hydrate phases, which is nearly impossible to predict. This
phenomenon is less obvious at high temperatures because of the
overall fast reaction rate of cement, so the predicted experimental
results at high temperatures are in better agreements than at low
temperatures.

Cement hydration reaction is the sum of a series of simultaneous
chemical reactions rather than a single reaction process. According
to Eq. (1), Ea represents the temperature sensitivity of the overall
cement hydration reaction for a constant pressure process and is
often called the apparent activation energy. As shown in Table 2, for
both curing pressures, Ea derived from thickening time test data
obtained here suggested that it decreased with increasing curing
temperature, which is consistent with the IC test results of this
study (Section 4.1) as well as previous studies (Pang et al., 2013a,
2021). However, the values of Ea seemed to be lower than those
obtained from IC tests. For the same temperature range, the
calculated Ea at 50 MPa was lower than that obtained at 5 MPa.
With pressure increasing from 5 to 50 MPa, the magnitude of
reduction of Ea in the lower temperature range (30e60 �C) was
approximately 26%e35%, significantly larger than the 7% reduction
in the higher temperature range (60e75 �C).

Fig. 6 illustrates the effect of different curing pressures on the
consistency evolution of cement slurry at 30 and 75 �C. The
experimental results showed that with increasing curing pressure,
the development of cement slurry consistency was accelerated. The
measured thickening time under 75 �C was reduced from 2.51 h at
5 MPa to 0.85 h at 200 MPa, while the thickening time under 30 �C
was reduced from 8 h at 5 MPa to 1.1 h at 200 MPa. Such phe-
nomenon of the effect of pressure on the consistency evolutionwas
similar to that of temperature. In a previous study, it was also
proved that curing pressure can accelerate cement hydration by
isothermal calorimetry (Pang et al., 2013b). As shown in Fig. 6, the
scale factor model was suitable for predicting the consistency
evolution curve under different pressures. To account for the
temperature variations during the ramp period, a constant Ea of
21.35 kJ/mol was used (derived based on the average results by



Fig. 4. Viscosity evolution of cement cured at different curing temperatures.

Fig. 5. Experimental and predicted consistency evolution of cement cured at different temperatures (nearest temperature data curve as reference).

Table 2
Scale factor model parameters obtained from thickening time tests at different
temperature and pressure conditions.

Tr‒T, �C Parameters obtained at 5 MPa Parameters obtained at 50 MPa

C Ea, kJ/mol Ea*, kJ/mol C Ea, kJ/mol Ea*, kJ/mol

30e45 1.89 34 24.6 1.60 25 18.1
45e60 1.48 23 1.29 15
60e74 1.26 15 1.24 14
74e87 0.95 N/A N/A 0.97 N/A N/A

Note: Ea* is the value of Ea derived in wider temperature ranges by linear regression
analysis.
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linear regression presented in Table 2), while DV* varies with the
target pressure (The actual values for different pressure ranges are
listed in Table 3). For tests at both temperatures, the predicted
profiles of viscosity evolution of cement slurry at different pres-
sures show excellent agreements with experimental curves.
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Compared with the results at different temperatures (Fig. 5), the
prediction results at different pressures were more accurate,
especially for high-temperature tests.

DV* of cement in the scale factor model represents the pressure
sensitivity of the overall cement hydration reaction for a constant
temperature process. As shown in Table 3, with the change of
pressure, DV* derived by thickening time test data does not show
an obvious trend of change with temperature and pressure. The
variations in test results could be attributed to experimental un-
certainties, as only one test was performed per curing temperature
and pressure. The calculated values of DV* at 30 �C were very high
at pressures below 100 MPa and then became extremely small in
the pressure range between 100 and 200 MPa. Except for the test
results at 30 �C, most of the calculated values of DV* are in good
agreement with previous studies (Scherer et al., 2010; Pang et al.,
2013b, 2014), with an average of �29.8 cm3/mol and a standard
deviation of 4.3 cm3/mol.



Fig. 6. Experimental and predicted consistency evolution of cement cured at different pressures (nearest pressure data curve as reference).

Table 3
Apparent activation volume (DV*) obtained from thickening time tests at different
temperature and pressure conditions (cm3/mol).

Pressure, MPa Apparent activation volume (DV*) at different
temperatures, cm3/mol

30 �C 45 �C 60 �C 75 �C 90 �C

5e50 �55.5 �33 �28 �25.3 �28.3
50e100 �46.0 e e �27.3 e

100e200 �4.0 e e �37.0 e
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4.3. UCA test results

As mentioned previously, the raw data obtained from UCA test
was the transit time, but the purpose of conducting UCA tests was
mainly to probe the mechanical property evolution of the cement
in a nondestructive way. Therefore, transit time was converted to
ultrasonic compressive strength (CS) and compressional wave (P-
wave) velocity and their evolution with time at various curing
conditions are shown in Fig. 7. Theoretically, the P-wave velocity is
proportional to the square root of the dynamic odometer modulus
of the cement. As the curing temperature is increased, the evolution
rate of ultrasonic CS as well as P-wave velocity of the setting
cement are significantly accelerated in the lower temperature
range of 30e45 �C during early hydration periods. The time it took
for ultrasonic property to reach a stable stage generally decreased
with increasing temperature. Both test results were qualitatively
similar to IC (Section 4.1) and thickening time test (Section 4.2) in
that the influence of temperature seemed to be significant in the
lower temperature range (30e45 �C) but became smaller at higher
curing pressures and higher temperatures. For the test results at
5MPa, the rate of the ultrasonic CS and P-wave velocity evolution at
75 �C was significantly faster than that of 90 �C. This behavior
agrees with crush strength of the cement tested previously (Pang
et al., 2022) and was similar to the reversed trend of thickening
time test results from 75 to 90 �C in Fig. 4. For the test results at
both 50 and 100 MPa, the ultrasonic CS and P-wave velocity evo-
lution curves almost overlapped in the temperature range from 60
to 90 �C, suggesting very minimal influences from curing temper-
ature at high curing pressure conditions. Ultrasonic CS derived at
lower temperatures (30 �C and sometimes 45 �C) were significantly
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higher than those derived at higher temperatures at the late hy-
dration period (see in Fig. 7a‒c). It may be because the micro-
structure of cement samples cured under lower temperatures is
finer and more homogenous than that under higher temperatures
(Gallucci et al., 2013).

A simple empirical function as described by Eq. (7) is widely
used to simulate both hydration kinetics and strength evolution of
cement-based materials (ASTM C1074-19, 2019; Chidiac et al.,
2013; Pichler et al., 2017). Clearly the function can be considered
as a specific example of Eq. (5) to simulate ultrasonic strength
development. The rate constants (k) in this model can be used to
calculate the scale factor and derive the activation energy and
activation volume parameters (Pang et al., 2022).

S¼ Su
kðt � t0Þ

1þ kðt � t0Þ
(7)

C¼ kT ;P
kTr;Pr

(8)

where S is the ultrasonic compressive strength of cement at time
(curing age) t; Su is the ultimate/limiting strength; t0 is the time
when strength development is assumed to begin; k is the rate
constant for the ultrasonic compressive strength development (the
subscripts are the corresponding temperature and pressure under
consideration).

Since the ultrasonic CS is derived from transit time using an
empirical equation and P-wave velocity is calculated by taking the
inversion of transit time, it is probably more appropriate to directly
analyze the raw transit time test data using a similar model as Eq.
(7). Because a cement slurry is in liquid stage in the initial stage of
hydration, it takes longer for the ultrasonic wave to pass through
the sample and the entire hydration process is accompanied by
transit time reduction. A slight modification to the equation is need
to simulate the sonic transit time development curve as the initial
value is nonzero. The following equation was proposed (Pang et al.,
2022):



Fig. 7. Effect of temperature and pressure on the evolution of ultrasonic CS as well as P-wave velocity through the setting cement by UCA.
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tS ¼ tIS þ tuS
ktSðt � t0Þ

1þ ktSðt � t0Þ
(9)

where tIS and tS are the sonic transit time at time 0 and time t,
respectively; tuS is the ultimate change in transit time, which is a
negative value; ktS is the rate constant. In the generalized scale
factor model, it is basically assumed that the rate constants of ul-
trasonic property evolution (i.e. k in Eq. (7) and ktS in Eq. (9)) have
similar relationships with curing temperature and pressure as hy-
dration reaction rate constants. In addition to the scale factormodel
(represented by Eqs. (1) and (8)), the rate constants in Eqs. (7) and
(9) may also be directly employed to calculate the activation energy
and the activation volume of the cement according to the basic
kinetics theory of chemical reaction (Laidler, 1987):

�
vlnk

vð1=TÞ
�
P
¼ Ea

R
(10)

�
vlnk
vðPÞ

�
T
¼ �DV*

RT
(11)

Fig. 8 shows examples of fitted results of ultrasonic CS devel-
opment (Eq. (7)) as well as transit time development (Eq. (9)),
which indicate that the fitted curves are in excellent agreement
with the original data curves. The complete list of fitted parameters
(for both ultrasonic CS and transit time) as well as Ea estimated by
linear regression analysis (Fig. 9) are shown in Table 4. The R-square
values of the fitting to sonic strength test as well as transit time test
results were almost equal to 1, indicating excellent agreements
between model and original data. The ultimate sonic strength (Su)
showed relatively significant variations for tests at low temperature
and high pressure (30 �C/50MPa, 30 �C/100MPa) as well as for tests
at high temperature and low pressure (90 �C/5 MPa); fortunately,
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these conditions should be rarely encountered in the real field
applications, considering that temperature and pressure typically
increase simultaneously with well depth. When these special
conditions were excluded, the Su at various testing conditions
exhibited smaller variations with an average value of 37.4 MPa and
a standard deviation of 4.7 MPa. The initial transit time (tIS) of the
cement slurries showed little dependence on curing temperature
but strong dependence on curing pressure, with average values of
16.7 ± 0.23, 15.8 ± 0.19, and 14.9 ± 0.13 ms/in (i.e. 657.5 ± 9,
622 ± 7.5, and 586.6 ± 5.1 ms/m), for curing pressures of 5, 50, and
100 MPa, respectively. However, the final transit time at infinite
time after cement setting (i.e. tIS þ tuS ) showed much weaker
dependence on curing pressure with average values of 7.56, 7.40,
and 7.33 ms/in (i.e. 297.6, 291.3, and 288.6 ms/m), for curing pres-
sures of 5, 50, and 100MPa, respectively. The final transit time at all
curing temperatures and pressures has an overall result of
7.43 ± 0.24 ms/in (292.5 ± 9.4 ms/m). The different pressure
dependence of transit time before and after cement setting is pri-
marily due to the fact that cement slurry is much more
compressible than set cement. The rate constants obtained from
sonic strength (k) and transit time data (ktS) increased steadily with
increasing temperature which seemed to be contrary to the quali-
tative observation in Fig. 7. This is primarily because the final sonic
strength evolution profile is simultaneously affected by the rate
constants and the ultimate sonic strength (Su). The rate constants
were used to calculate the apparent activation energy (Ea). As can
be seen from Fig. 9, Ea derived by linear regressionmethod based on
different dataset varied within a relatively small range from 23.6 to
27.7 kJ/mol for different curing pressures, and the overall average
result was 25.87 ± 1.38 kJ/mol.

Figs. 10 and 11 present the effect of curing pressure on the
evolution of ultrasonic CS as well as P-wave velocity of the setting
cement by UCA test. Apparently, while increasing curing temper-
ature might lead to reductions in ultrasonic properties of the set



Fig. 8. Representative fitting results of experimental data (solid line: experimental test curves, dotted line: fitted curves by Eqs. (7) and (9), respectively).

Fig. 9. Derivation of activation energy (Ea) of Class G cement using rate constants (k and ktS) in Table 4 and Eq. (10).
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cement in the long term (Fig. 7), increasing curing pressure
generally led to increases of these parameters. The starting point of
strength development and P-wave velocity change (which is an
indicator of setting time) appeared much earlier at higher curing
pressures and the time it took for ultrasonic property to reach a
stable stage generally decreased with increasing pressure, due to
acceleration effect similar to temperature. Increasing curing pres-
sure can significantly accelerate the ultrasonic property develop-
ment and increase the ultimate values at all temperatures except
for 75 �C. With curing pressure increasing from 5 to 100 MPa, the
ultimate ultrasonic CS of cement cured at 30, 45, 60, and 90 �C was
increased by 26.7%, 19.5%, 13.7%, and 32.1%, respectively. The effect
of curing pressure on the ultrasonic CS evolution of the cement at
75 �C was much weaker than at other temperatures, and the final
ultrasonic CS at curing time beyond 70 h were almost equal for all
pressures. Similarly, the P-wave velocity of cement samples under
different pressures were almost equal during 50e100 h at 75 �C.

The rate constants shown in Table 4 can also be used to derive
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DV* at different temperatures and the results obtained by linear
regression analysis are shown in Fig. 12. DV* varied somewhat
randomly with temperature and no clear trend of variation can be
observed. The values obtained from ultrasonic CS data varied
within a range from �14.4 to �23.8 cm3/mol (Fig. 12a), which has
an average of �18.2 cm3/mol and a standard deviation of 3.8 cm3/
mol. However, the magnitudes of DV* derived based on transit time
datawere apparently lower (Fig.12b), especially at 60 �C (�6.4 cm3/
mol). Except for 60 �C, the values obtained from transit time data
varied within a relatively small range from�11.1 to�14.2 cm3/mol,
with an overall results of �13.1 ± 1.56 cm3/mol. These results
showed that curing temperature seems to have little to no influence
on DV* obtained by the transit time data as well as ultrasonic CS
data. The relatively large variations can be attributed to experi-
mental errors as well as limitations of the model, especially
considering that the curing pressure has a much smaller effect on
property evolution than curing temperature.



Table 4
The best-fit parameters based on Eqs. (7) and (9) for different conditions.

Conditions Based on ultrasonic compressive strength Based on transit time

P, MPa T, �C t0, h Su, MPa k, 1/h Ea
a, kJ/mol t0, h tIS

b, ms/in tuS , ms/in ktS, 1/h Ea
a, kJ/mol

5 30 10.2 39.6 0.039 26.5 9.00 16.84 �9.560 0.25 26.1
45 6.07 35.2 0.08 5.87 16.61 �9.106 0.55
60 4.59 32.7 0.11 4.67 16.55 �8.953 0.80
75 4.39 34.2 0.16 4.06 16.52 �9.023 1.03
90 3.59 26.6 0.24 3.44 17.07 �9.155 1.54

50 30 4.96 45.7 0.05 25.2 3.86 15.9 �8.910 0.26 23.6
45 3.68 34.1 0.12 3.33 16.13 �8.635 0.61
60 3.05 34.7 0.16 2.94 15.72 �8.256 0.90
75 2.97 34.1 0.20 2.70 15.66 �8.180 1.02
90 3.26 32.8 0.25 3.14 15.79 �8.243 1.34

100 30 2.47 47.5 0.067 27.7 2.38 15.14 �8.158 0.40 26.1
45 2.16 42.1 0.14 2.13 14.91 �7.738 0.82
60 1.70 36.0 0.25 2.98 14.82 �7.401 1.00
75 1.85 33.2 0.28 1.99 14.82 �7.253 1.64
90 1.87 33.8 0.45 1.85 14.85 �7.330 2.38

Note.
a Ea is the value of apparent activation energy derived in the temperature range of 30e90 �C by linear regression analysis (See Fig. 9).
b Initial value of transit time obtained from original experimental data after temperature and pressure has stabilized.

Fig. 10. Effects of curing pressure on the ultrasonic property evolution of cement slurry by UCA (35, 45, and 60 �C).
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4.4. Dependences of Ea and DV* on test methods

Since Ea and DV* are two of the most important parameters of
the scale factor model, it is highly critical to evaluate their de-
pendences on the different test methods of this study. The Ea
derived by IC test was compared with those obtained by thickening
time test and UCA test at 0e5 MPa in Fig. 13. The test temperature
range for various experimental methods was from 30 to 90 �C. The
R-square values of the linear fittings were all higher than 0.97,
indicating excellent agreements between model and experimental
data. The values of Ea obtained from ultrasonic CS, ultrasonic transit
time (TT), and thickening time test data were all in excellent
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agreements, with an average of 25.7 kJ/mol, while Ea derived from
IC test data was around 32% higher. Therefore, it can be concluded
that the curing temperature has a stronger effect on cement hy-
dration rate than physical property development rate.

By comparing thickening time test results (Table 2) and UCA test
results (Fig. 9), it can be seen that Ea obtained by thickening time
tests was about 35% lower than that obtained by UCA tests at
50 MPa curing pressure. This may be due to experimental un-
certainties, considering that the results obtained by thickening
timewas highly variable. At 30 �C, DV* obtained by thickening time
tests (Table 3) was 270% higher than that derived by UCA tests
(Fig. 10), while at 75 �C, DV* obtained by thickening time tests was



Fig. 11. Effects of curing pressure on the ultrasonic property evolution of cement slurry by UCA (75 and 90 �C).

Fig. 12. Derivation of DV* of Class G cement using rate constants (k and ktS) in Table 4 and Eq. (11).
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Fig. 13. Linear fits as used to obtain the Ea based on different methods.

Table 5
The initial setting times obtained by different test methods under different curing
conditions.

Pressure, MPa Methods Initial setting time at different temperatures, h

30 �C 45 �C 60 �C 75 �C 90 �C

5 STBc 8.38 4.66 3.13 2.51 2.64
STUCA 6.23 4.58 4.00 3.53 3.17
STHOH 7.25a 4.79a 4.09a 4.10a 3.40a

50 STBc 3.94 2.65 2.23 1.87 1.94
STUCA 3.44 2.93 2.45 2.68 2.30

100 STBc 1.88 e e 1.38 e

STUCA 2.03 1.90 1.65 1.84 1.77

Note:
a Obtained by an isothermal calorimeter at atmospheric pressure.
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70% higher than that derived by UCA tests. Thickening time test
measures the early age property evolution of cement slurries before
setting, while UCA test is primarily focused on the property evo-
lution after setting. The test results suggest that curing pressure has
much stronger influences on cement property evolution rate before
setting, compared to after setting. It should be noted that averaged
results from UCA sonic strength and UCA transit time were used for
the comparison here, since their differences were relatively small
(7%e15%).
4.5. Setting time estimate comparisons

Setting time is one of themost important properties for cement-
basted materials during both oil well cementing operations and
building constructions. The setting time of cement can be esti-
mated by various test methods, such as penetration resistance
method (ASTM C403, 2017), ultrasonic wave method (Lee et al.,
2004), Vicat Needle method (ASTM C191-21, 2021), etc. As
mentioned previously, thickening time represents the time at
which a cement slurry loses its pumpability, which can be
approximated as the setting time (STBc). An UCA test measures the
continuous development of a cement slurry’s sonic strength, and
the start point of strength gain can be approximated as the setting
time of cement as well (STUCA). In the oil well cementing industry,
STUCA is sometimes simply determined as the point of time when
the ultrasonic strength reaches a small value (such as 0.4 MPa). In
this study, STUCA was determined by the intersection point of two
linear line fitting to the ultrasonic CS test data obtained during early
hydration period: the first line had an almost zero slope, the second
line had a slope that represents the initial strength development
rate. During this period of slope change, more and more cement
grains that were initially suspended in water became inter-
connected as newly formed hydration products filled the space
originally occupied by water. More detailed information about how
to determine this point can be found in Lee et al. (2004). The end of
the induction period during cement hydration signifies the start
point of accelerated cement hydration, which is another approxi-
mation for setting time (STHOH). Table 5 compares the setting time
estimated by these different test methods, which were apparently
in reasonable agreement with each other. All test results showed
that setting time decreased with increasing temperature and
pressure. However, the temperature effect on setting time was very
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small in the range between 60 and 90 �C. Most of the time, the set
time determined by UCA was slightly longer than that determined
by thickening time tests.

4.6. Discussion

The hydration reactions of cement result in continuous varia-
tions of physical andmechanical properties (such as hydration heat,
viscosity and sonic transit time) of the cement-based materials.
While hydration heat has an approximately linear relationship with
degree of hydration and is a commonly used metrics to measure
cement hydration kinetics, viscosity, and sonic properties of the
cement clearly have intrinsic dependencies on temperature and
pressure and their correlations with degree of hydration are not
unique. In other words, cement materials with the same degree of
hydration could exhibit different viscosities and sonic properties,
due to differences in microstructure and morphology of hydration
products obtained at different curing temperatures and pressures.
Thus, the critical parameters in the scale factor model, i.e. Ea and
DV*, do not carry their original physical meanings and instead are
simply fitting parameters, when cement properties not directly
associated with degree of hydration are considered. This is the
reason why the two parameters show strong dependences on the
type of material property being modeled. Nevertheless, it can be
seen from the results of this study that the scale factor model
developed from chemical kinetics theories works quite well in
reproducing the effects of curing temperature and pressure on the
various property evolution of Class G cement. Therefore, from an
engineering perspective, the two fitted parameters (Ea and DV*)
can still be used to gauge the sensitivity of a particular property
development rate on curing temperature and pressure,
respectively.

5. Conclusions

The influences of temperature and pressure on the hydration,
viscosity and acoustic property evolution of Class G oil well cement
were investigated experimentally and simulated based on a scale
factor model. The following conclusions can be drawn.

(1) Both curing temperature and curing pressure can accelerate
cement hydration, which leads to increases in hydration heat
release rate as well as viscosity and sonic property evolution
rate in the early stage of cement hydration. However, the
overall acceleration effects varied significantly with test
methods and actual curing conditions.

(2) The apparent activation energy (Ea) of the cement, which
represents the temperature sensitivity of property evolution
rate for a constant pressure process, showed significant
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reductions with increasing curing temperature according to
hydration heat and viscosity evolution test results. However,
Ea obtained from sonic property evolution after setting
showed little dependence on curing temperature and pres-
sure, with an average of 25.87 kJ/mol.

(3) The apparent activation volume (DV*) of the cement, which
represents the pressure sensitivity of property evolution rate
for a constant temperature process, mostly showed little
dependence on curing temperature except for some outliers.
DV* obtained from viscosity evolution measurement at
various temperatures (except for 30 �C) has an average
of �29.8 cm3/mol, while that obtained from sonic strength
evolution has an average of �18.2 cm3/mol, suggesting
curing pressure has a much stronger influence on cement
slurry properties before setting than after setting of cement.

(4) The ultimate physical and mechanical properties (P-wave
velocity and ultrasonic compressive strength) of set cement
estimated by ultrasonic testing decreased with increasing
curing temperature and increased with increasing curing
pressure.

(5) The setting time of cement approximated by the end of in-
duction period of heat of hydration test, thickening time of a
cement slurry and the starting time of sonic strength gain
were in reasonable agreement with each other at different
curing temperatures and pressures.
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