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Modeling the hydration kinetics of oil well cement as a function of temperature

is critical for offshore cementing projects related to natural gas hydrates. During

this study, the heat release of oil well cement hydration in the temperature

range between 5 and 30°C was monitored by isothermal calorimetry. The

influence of the source of cement, water-to-cement (w/c) ratio, and CaCl2
on hydration kinetics was evaluated in great detail. Results indicated the

temperature effect on cement hydration kinetics can be modeled by a scale

factor derived from the apparent activation energy (Ea) of the cement reaction.

Ea showed moderate dependence on the cement source and relatively little

dependence on the w/c ratio and CaCl2 addition. By combining with previous

experimental data, a function correlating Ea and temperature in a wide

temperature range (5–87°C) was obtained.
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Introduction

Offshore hydrocarbon resources account for 60% of global hydrocarbon resources, and

30% of these resources are distributed in deep water areas (Liu et al., 2017). Natural gas

hydrate is often considered a hazard during deep-water well drilling and completion. Gas

hydrate is an ice-like crystalline substance formed by natural gas and water under high

pressure and low temperature (Sloan and Koh, 2007), which is mainly found in the deep-

sea shallow sediments and providesmechanical integrity to the layer. However, gas hydrate

stability is highly sensitive to environmental conditions, especially temperature. Offshore

natural gas hydrates are usually buried at depths of 762–4,572 m (Reddy, 2008), where the

formation temperature can range from 0 to 30°C (Wang et al., 2009; Wang et al., 2017).

Once the temperature rises above 30°C, the gas hydrate will decompose into gas and liquid

phases (Merey et al., 2021). In recent years, significant effort has been devoted to studying

the potential of extracting natural gas hydrates as an energy resource. It is estimated that

90% of deep water resources exist in the form of natural gas hydrates (Chen et al., 2022).

Cement slurry used in well completion can decompose natural gas hydrates due to the

release of hydration heat during cement setting (Dillenbeck et al., 2003). The liberated gas
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molecules and high-pressure water molecules generated by the

decomposition of natural gas hydrates can intrude into cement

slurry to form channels, which will lead to the migration of gas

and water and reduce the bonding strength between set cement

and the formation. In severe cases, it will cause significant

wellbore drilling accidents such as well leakage, well kick, well

collapse, etc. Therefore, development of deep-water petroleum

resources (building wells through gas hydrate zones) and natural

gas hydrate resources (building wells into gas hydrate zones) both

call for comprehensive studies on the effect of temperature on

cement hydration kinetics and heat release.

Low temperature is the common feature for gas hydrate

formation drilling and completion due to low seawater/seabed

temperatures. For a given cement slurry, curing temperature is one

of the most important factors affecting the hydration process

(Lerch and Ford, 1948; Kjellsen and Detwiler, 1992; Escalante-

Garcia, 2003; Mounanga et al., 2006; Elkhadiri et al., 2009; Pang

et al., 2013a; Pang et al., 2013b) and the resulting microstructure

(Gallucci et al., 2013; Bahafid et al., 2017; Gajewicz-Jaromin et al.,

2019). The hydration rate of oil well cement is very slow at low

temperatures (Lerch and Ford, 1948; Kjellsen and Detwiler, 1992;

Escalante-Garcia, 2003; Mounanga et al., 2006; Elkhadiri et al.,

2009), which can hinder the development of compressive strength

(Reinas et al., 2011) and the static gel strength of cement paste.

Slow hydration is detrimental to wellbore integrity and can

increase the probability of fluid and gas migration (Tinsley

et al., 1980; Sabins et al., 1982; Moon and Wang, 1999;

Namkon et al., 2018). Therefore, the mechanical strength

development rate of oil well cement under low temperatures is

also a challenge that has to be overcome. Oil well cement

accelerators can help reduce the waiting-on-cement (WOC)

time during cementing and promote the strength development

of cement-basedmaterials, especially at low temperatures. Calcium

chloride (CaCl2) has been used to improve the early compressive

strength development of cement and shorten the setting time at

low temperatures for many years, but a consensus about the

mechanism of CaCl2 promoting the hydration of cement has

not been reached. Pang et al. developed a scale factor model to

simulate the influence of temperature on the hydration kinetics

and property development of oil well cement (Pang et al., 2013c;

Pang et al., 2020; Pang et al., 2021; Pang et al., 2022). It has been

shown that the model can be employed to predict the temperature

change of oil well cement when heat exchange with the

environment is known (Pang et al., 2020). The model also

worked well for cement slurries containing chloride

accelerators, but the type of cement studied was relatively

limited (only two API Class H cements), and the curing

temperatures were all above 15°C (Pang et al., 2015). Jupe et al.

(2007) observed a significant difference between the hydration of

an API Class A cement and Class H cement under the effect of

CaCl2 by in situ synchrotron X-ray diffraction studies. The

accelerating effect of CaCl2 varied with the cement type and

mineral components (Shideler, 1952; Shanahan et al., 2016).

During well cementing, cement hydration heat is the root

cause of natural gas hydrate decomposition. Accurately

measuring and modeling the evolution of cement hydration

heat at low temperatures is of great significance for preventing

gas hydrate decomposition. In recent years, many researchers

have worked to develop algorithms that can accurately predict

the temperature increase during cementing (Bittleston, 1990;

Guillot et al., 1993; Davies et al., 1994). However, most

studies only consider the heat exchange between the cement

slurry and other media in the wellbore during the pumping

process and ignore the key factor of cement hydration heat.

Recently, Wang et al. (2019) developed a model considering the

influence of cement hydration, but this model lacks low-

temperature data and does not consider the effect of

accelerators on hydration kinetics. Previous research on

cement hydration kinetics has mainly focused on construction

cement, and oil well cement hydration kinetics studies at

temperatures below 30°C are relatively rare in the open

literature. In addition, because of the limitations to testing

equipment, few laboratories can obtain cement hydration heat

data below 15°C. Therefore, obtaining data on cement hydration

heat under the coupled effect of accelerators and low temperature

is critical for modeling the transient temperature change of oil

well cement.

In this study, a comprehensive investigation into the

hydration heat release of API Class G oil well cement under

low temperatures (5–30°C) was conducted by isothermal

calorimetry. Effects of w/c ratios (0.3, 0.4, 0.5) and cement

source (Aksu cement, Jiahua cement, and Dyckerhoff cement)

on cement hydration were researched in detail. The dependence

of apparent activation energy (Ea) on curing temperature, cement

source, w/c ratio, and addition of CaCl2 was evaluated. Finally,

the scale factor model was used to predict the effect of low

temperatures on the hydration heat evolution of oil well cement

with time.

Theoretical background

The hydration reaction of cement-based materials is

accompanied by heat generation. The thermal power signal

from cement hydration can be monitored in real time with an

isothermal calorimeter. Due to the fact that the heat release rate

of cement hydration is proportional to cement hydration rate, a

large number of researchers have studied cement hydration by

isothermal calorimetry (Pane and Hansen, 2005; Frølich et al.,

2016; Sun et al., 2021a; Linderoth et al., 2021). The overall

hydration degree of cement (α, the mass fraction of the

cement clinker phase reacted) can be indirectly measured by

isothermal calorimetry, which can be expressed by Eq. 1.

Q(t)
Q0

� α(t) (1)
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where Q(t) is the cumulative heat evolution at curing time t (J/(g

cement)); Q0 is the theoretical cumulative heat for a fully reacted

cement (J/(g cement)), which can be calculated based on the

mineral composition of the cement clinker phase (Taylor, 1997).

Cement hydration kinetics describe the evolution of α with

time. The influencing factors of cement hydration kinetics can be

divided into external factors and internal factors. For oil well

cement, the external factors mainly include curing temperature

and pressure, while the internal factors refer to the composition

of the cement slurry, including the composition and particle size

of dry cement, w/c ratio, and additives. The additives used in oil

well cement can be highly complex, and hence, it is difficult to

mathematically model the influences of all of the various internal

factors on hydration kinetics. Previous studies have shown that

the influences of external factors (curing temperature and

pressure) on the cement hydration kinetics can be simulated

by using a scale factor model (Karakosta et al., 2015; Ma and

Kawashima, 2019; Sun et al., 2021a). This is because the

hydration mechanism curves (defined by the hydration rate as

a function of the degree of hydration) have similar shapes at

various conditions, and their differences can be represented by a

scale factor. The scale factor describes the difference in the

cement hydration rate caused by the change in the external

environment compared to a reference condition. Therefore, the

scale factor model uses the experimental results at a reference

curing condition and a scale factor to predict a particular

property evolution at any arbitrary curing condition. Since the

influences of the internal factors are accounted for implicitly in

the reference experimental results, the model can be applied no

matter how complex the cement slurry composition is. The scale

factor model is primarily developed for practical engineering

application purposes, particularly to predict the heat release and

transient temperature change of cement-based materials (Pang

et al., 2020). It should be noted that the scale factor model has

limited use in explaining the physical and chemical mechanisms

of cement hydration, which is highly complex and has been the

subject of considerable debate (Scherer et al., 2012; Karakosta

et al., 2015; Pang and Meyer, 2016a; Pang and Meyer, 2016b; Ma

and Kawashima, 2019; Pichler and Lackner, 2020). Nevertheless,

the model can provide a fairly accurate simulation of the

influence of temperature on cumulative heat evolution under

a variety of curing conditions when applied in a numerical way

(Pang et al., 2020; Pang et al., 2021). In this model, the

relationship between temperature and the scale factor (C) can

be described based on the Arrhenius formula (Pang et al., 2013a)

C(Tr→T) � exp(Ea

R
( 1
Tr

− 1
T
)) (2)

where Ea (apparent activation energy, kJ/mol) describes the

sensitivity of the entire hydration reaction to temperature; R is

the gas constant (8.314 J/(mol·K)); T refers to arbitrary

temperature (K); Tr refers to the reference temperature (K).

The specific method of calculating the scale factor includes

the peak ratio method and the best fit method, which can be

found in Pang et al. (2013c). Although Ea may be influenced by a

number of different factors (Sun et al., 2021b), the use of a

constant Ea with a scale factor model has been proven to be quite

accurate in predicting the hydration kinetics of oil well cement

systems with an error of less than 3% (Pang et al., 2021), possibly

because the low C3A (3CaO·Al2O3) content reduced the system

complexity.

Because the cement degree of hydration is

proportional to heat evolution according to Eq. 1; the

scale factor model discussed here can be directly applied

to simulate the heat evolution of cement. If it is assumed

that a mathematical function f can be used to describe

cement hydration heat evolution under a reference curing

temperature (Tr),

QTr(t) � f(t) (3)

Then, the function of cement hydration heat at any arbitrary

temperature (T) can be expressed by

QT(t) � f(C(t − t0)) (4)
where t0 (h) is an offset time introduced to account for the

potentially different hydration mechanism during the very

early period (before the end of the induction period), which

may have a different temperature dependence than the main

hydration.

In addition to the scale factor, a reaction rate constant (k)

under any temperature and isobaric condition may also be

directly employed to calculate the activation energy of the

cement (Pang et al., 2013a):

( zlnk

z(1/T))P

� −Ea

R
(5)

Here, the rate constant could be parameters obtained by

various cement hydration kinetics models or simply the peak

hydration rate (Scherer et al., 2012; Pang and Meyer, 2016b;

Pichler and Lackner, 2020; Pang et al., 2021). Previous studies

found that the effect of certain accelerators and retarders (CaCl2,

NaCl, KCl, and sucrose) on the cement hydration rate is similar

to that of temperature and pressure, especially at relatively low

concentrations (Pang et al., 2015; Sun et al., 2021b). Therefore,

the hydration kinetic curve under the influence of arbitrary CaCl2
dosages can also be predicted by the scale factor model described

by Eq. 3 and Eq. 4. In this case, Eq. 3 represents the hydration

kinetics curve at a reference dosage of the accelerator, while Eq. 4

represents the hydration kinetics at an arbitrary dosage of

accelerator. The corresponding scale factor (C) is calculated as

follows:

C(CaCl2, cr → c) � g(c)
g(cr) (6)
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where c is an arbitrary concentration/dosage of the

accelerator; cr is the reference concentration/dosage of the

accelerator; g(c) is an empirical function describing the

relationship between the scale factor and the concentration/

dosage of the accelerator. Therefore, the combined influence

of temperature and accelerator on cement hydration can be

modeled by

C(T, CaCl2) � C(T) · C(CaCl2) � exp(Ea

R
( 1
Tr

− 1
T
)) g(c)

g(cr)
(7)

It should be mentioned that modeling of the effect of

CaCl2 on cement hydration kinetics would not be needed for

simulating the transient temperature change of cement

because the reference test will contain a pre-determined

amount of CaCl2. The model is still given here to show

that CaCl2 has a similar effect to temperature, which may

be useful during the design of cement slurries used at low

temperatures.

Materials and methods

Materials

API Class G oil well cements from three different

manufacturers were used in this study: Aksu (A) cement

was purchased from Aksu cement factory, Xinjiang, China;

Jiahua (J) cement was purchased from Jiahua Special Cement

Co., Ltd., Sichuan, China; Dyckerhoff (DH) cement was

provided by Dyckerhoff Deutschland-Buzzi Unicem

company, Wiesbaden, Germany. The mineral composition

of the three cements by X-ray diffraction (XRD, Rietveld

analysis) is listed in Table 1, and the XRD profiles are

shown in Figure 1. The particle size distribution (PSD)

diagram for different cements based on the ethanol

dispersion method by using a laser particle size analyzer

TABLE 1 Estimated main compound compositions (mass percentage) and other properties of different types of cements.

Cement Estimated main compound compositionb PSD Density g/cm3 Q0 J/g

C3S C2S C3A C4AF CS� Median SSAa

-μm -m2/kg

Aksu 67.06 14.81 2.71 8.19 6.8 14.3 529 3.25 433

Jiahua 51.31 26.31 1.59 12.7 3.81 17.2 544 3.18 403

Dyckerhoff 59.34 15.71 1.85 14.35 5.57 27.5 545 3.19 428

aspecific surface area is estimated assuming spherical particles.
bcement chemistry notations: C=CaO, S=SiO2, A=Al2O3, F=Fe2O3, and �S=SO3.
cC�S: Gypsum + hemihydrate + anhydrate.

FIGURE 1
XRD profiles of different cements.

FIGURE 2
Particle size distribution of different cements.
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(Model: 2000, Malvern, UK) is shown in Figure 2. The results

of the median particle size and specific surface area (SSA)

estimated by the PSD measurements for different cements are

summarized in Table 1. Aksu cement has the smallest median

particle size compared to the other two cements. There is little

difference in the SSA of cements from different

manufacturers. The theoretical hydration heat (Q0) of fully

reacted cements calculated using a previously developed

method shown by Eq. 8 (Taylor, 1997) is also listed in the

Table.

Q0 � 540 ppC3S + 247 ppC2S + 1356 ppC3A + 427 ppC4AF (8)

where pi is the original weight fraction of phase i in the anhydrous

cement.

During this study, CaCl2 (provided by Sinopharm Group

Chemical Reagent Co., Ltd.) was added as an accelerator to

promote low-temperature hydration. To ensure that the

cement slurry has good sedimentation stability and good

mixability, small amounts of several other chemical

additives were added to the slurry, which included the

suspension aid (diutan gum), dispersant (20% activity,

BCD-210 L), and defoamer (G603). More detailed

information about these additives can be found in our

recent study (Pang et al., 2021).

Slurry preparation

Slurries used in this study were prepared using a Waring

laboratory blender (Model: NHJJ, by Nithons Technology Co.,

Ltd.) with tap water, according to the American Petroleum

Institute standard procedure (API RP10B-2) at room

temperature (approximately 25°C) (API RP 10B-2, 2013).

For both Aksu cement and Jiahua cement, the w/c ratios

studied included 0.3, 0.4, and 0.5; for Dyckerhoff cement,

the w/c ratio was 0.4. Detailed slurry compositions are shown

in Table 2, where the w/c ratio is indicated by the slurry name

for easy identification. For example, “A3” stands for Aksu

cement slurry with a w/c ratio of 0.3.

Isothermal calorimetry test

An isothermal calorimeter (purchased from USA Calmetrix,

model: I-Cal Ultra) was used to measure the thermal power

evolution of a cement slurry at curing temperatures of 15, 20, 25,

and 30°C, respectively, following standard test procedures

(ASTM C1679-09) (ASTM C1679, 2009). The calorimeter was

calibrated using inert samples (about 5 g of deionized water),

following standard procedures for each new temperature. The

calibration derives the proportionality constant and the baseline,

which are automatically applied during subsequent tests. The test

sample was transferred to a plastic vial and placed inside the

calorimeter within 5 min after the dry cement materials and

water were mixed during each test. The mass of the sample to be

added in the plastic vial varied with w/c to ensure the total heat

capacity was balanced with the reference. In other words, the

mass of the sample was approximately 13.5 g for 0.3 w/c slurry,

12.0 g for 0.4 w/c slurry, and 11.0 g for 0.5 w/c slurry. For this

type of sample, the calorimeter has a time constant of

approximately 300 s, which is much smaller than the time

scale of the main cement hydration peak (at least 10 h). The

data obtained during the first 1 h of the IC test were removed to

account for the time needed to reach the temperature equilibrium

between the sample and the testing instrument. It is known that

the hydration heat generated during this period is also very small

(Pang et al., 2015).

During this study, a calorimeter for low temperature testing

(MicroDSC by Setaram™, France) was employed to monitor the

cement hydration heat release at 5°C. The equipment contains a test

cell and a reference cell made of stainless steel. A cement slurry

sample of approximately 0.5 g was introduced into a secondary

container (a small glass test tube) before being loaded into the

test cell and sealed with an O-ring. In the reference cell, the glass

test tubewas filledwith about 0.18 gwater instead. A baseline test was

run with both glass test tubes (in the test cell and the reference cell)

filled with water using the same testing procedures as a real test. The

baseline was manually subtracted from the thermal power test data.

More detailed information about sample preparation and instrument

operation can be found in our recent study (Pang et al., 2021).

TABLE 2 Slurry composition designs.

Slurry name A3 A4 A5 J3 J4 J5 DH4

Cement type Aksu Aksu Aksu Jiahua Jiahua Jiahua Dyckerhoff

Cement 100 100 100 100 100 100 100

Water 30 40 50 30 40 50 40

Diutan gum 0.05 0.05 0.05 0.02 0.05 0.03 0.05

Defoamer 0.30 0.30 0.30 0.30 0.30 0.30 0.30

Dispersant 1.25 1.00 1.00 1.6 1.4 1.25 0.54

CaCl2 1.0 1.0 1.0 1.0 1.0 1.0 1.0
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Results and discussion

Heat evolution of cement for different
manufacturers at low temperatures

As most previous studies of oil well cement hydration

kinetics focused on high curing temperatures (Pang et al.,

2013a; Pang et al., 2013b; Pang et al., 2013c), the effect of

temperature on the hydration of oil well cement at

temperatures below 30°C needs to be further studied. The

thermal power evolution for different cement slurries with a

w/c ratio of 0.4 (i.e., A4, J4, and DH4) in the range from 5°C to

30°C is shown in Figure 3. As expected, higher temperatures

promote the growth of the main peak and shorten the duration of

the acceleration period. This phenomenon is similar to previous

findings on the effect of temperature (15–60°C) on cement

hydration without CaCl2 (Pang et al., 2021).

As mentioned earlier, the heat evolution curves under an

arbitrary temperature can be predicted by using a reference curve

and a scale factor. In this study, the scale factors were obtained by

calculating the ratios of the hydration peak between two different

tests. Table 3 lists the peak hydration rates and the scale factor

model parameters under low temperatures for different slurries

with CaCl2, where the scale factors were derived using both a

constant reference and a variable reference. It should be noted

that any test may be selected as the reference test. If the test

results at 15°C were selected as the reference, the scale factors (C)

derived for different cements at 25°C varied within a very small

FIGURE 3
Thermal power evolution for different cements under low temperatures (dosage CaCl2=1%, w/c=0.4).

TABLE 3 Model parameters of different cements.

Cement Temp °C Hydration peak
mW/(g cement)

Scalea factor Scaleb factor Ea (kJ/mol)

5–15°C 15–30°C 5–30°C

Aksu 5 1.49 1 — 46.4 — 45.1
15 2.99 2.0 2.0 41.5
20 4.44 2.96 1.48 —

25 5.56 3.7 1.25 —

30 7.41 4.92 1.33 —

Jiahua 5 1.43 1 — 62.3 — 49.6
15 3.64 2.54 2.54 42.8
20 4.90 3.4 1.34 —

25 6.40 4.46 1.31 —

30 8.58 5.97 1.34 —

Dyckerhoff 5 1.45 1 — 49.1 — 41.3
15 3.03 2.09 2.09 35.5
20 3.98 2.74 1.31 —

25 5.09 3.50 1.28 —

30 6.30 4.35 1.24 —

acalculated using 5°C test as the reference.
bcalculated between tests at two adjacent temperatures (lower temperature test as the reference).
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range from 1.68 to 1.85. These values were almost equal to

previous studies of Class H cement (C=1.75), when the same

temperature range and the same dosage of the CaCl2 (1% by

weight of cement) accelerator were considered (Pang et al., 2015).

The apparent activation energy (Ea) is a useful parameter for

correlating temperature and cement hydration kinetics because it

can provide information about the sensitivity of the rate of the

cement hydration reaction to temperature. Table 3 also lists Ea
estimates for different cements in the temperature range from 5 to

30°C. Ea between 5°C and 15°C was directly calculated from the

scale factor according to Eq. 2. Ea in wider temperature ranges

(15–30°C and 5–30°C) was estimated by linear regression analysis

using multiple data points based on Eq. 5 (Figure 4). In the

temperature range from 15 to 30°C, the Ea of Aksu cement and

Jiahua cement showed excellent agreement with each other and

with the values in the literature (Pang et al., 2021), while the Ea of

Dyckerhoff cement was obviously lower. When test results at 5°C

were also considered, the Ea calculated by linear regression

analysis increased for all three cements tested. The magnitude

of increase wasmore significant for Jiahua cement andDyckerhoff

cement than that for Aksu cement. In the temperature range from

5 to 15°C, the difference in Ea between Aksu cement and

Dyckerhoff cement was relatively small, while the Ea of Jiahua

cement was obviously higher, and the Ea calculated from different

cements was significantly higher than that obtained in the range of

15–30°C. These test results suggest that Ea decreases with

increasing curing temperature, which is consistent with many

previous studies about cement without CaCl2 (Pang et al., 2013b;

Pang et al., 2013c; Pang et al., 2021). The results also indicate that

the sources of cement have little to moderate influence on Ea,

when similar temperature ranges are considered. The most

significant difference was observed for Jiahua cement in the

temperature range of 5–15°C.

The cumulative heat evolution curves of different cement

slurries under the effect of low temperatures are shown in

Figure 5. For the same slurry, the cumulative heat hydration

at any given time generally increased with the increasing curing

temperature during the entire test period. At curing temperatures

of 25 and 30°C, the cumulative hydration heat was near constant

at the end of 7 days, while at lower curing temperatures,

hydration still progressed at significant rates at the end of the

tests.

The influence of low temperature on the ultimate cumulative

heat (curing time=7 d) for different cement slurries is presented

in Figure 6. The cumulative hydration heat at 30°C and 7 days for

different cements varied within a very small range from 303.4 J/(g

cement) to 316.5 J/(g cement). The degree of hydration

calculated by Eq. 1 was within the range of 71.5 ± 1.5% for

different cements (Taylor, 1997; Pang et al., 2022). For the same

cement, the differences between cumulative hydration heat at

25°C and that at 30°C were less than 0.4% at the end of 7 days.

However, relatively significant increases in cumulative hydration

heat (at 7 d) with increasing temperature were observed from 5°C

to 15°C and from 15°C to 25°C, and the amount of increase varied

widely between different cements. Combined with Figure 3,

Figure 5, and Figure 6, it can be inferred that the effect of

temperature can significantly increase the peak of thermal

power in the temperature range considered in this study but

has little effect on the cumulative hydration heat for the later

hydration stage when the temperature is higher than 15°C. This

effect was similar to that of CaCl2, which mainly affects the peak

of the heat release rate and had little effect on the long-term

strength of cement, as observed in previous studies (Thomas

et al., 2009; Cheung et al., 2011; Chen et al., 2020).

The assumption of the scale factor model is that the shape of

the hydration mechanism profile (thermal power vs. cumulative

FIGURE 4
Ea obtained by linear regression analysis using hydration peak data under low temperatures (w/c=0.4, CaCl2 dosages=1.0%).
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hydration heat) under different curing conditions for a given

slurry is similar (Pang et al., 2013a). Therefore, the effect of low

temperatures on the hydration kinetics of different cements can

be more clearly understood by analyzing the hydration

mechanism profiles. It can be seen from Figure 7 (left) that

the hydration mechanism profiles under various temperatures

have similar shapes for a given cement; after normalizing the

thermal power by its peak, it can be seen that the curves drawn by

normalized thermal power and cumulative heat of hydration

almost overlap during the acceleration period but deviate slightly

from each other during the deceleration period (see in Figure 7

(right)). Interestingly, the hydration mechanism curves of Jiahua

cement agree with those of Dyckerhoff cement.

Heat evolution behavior of cements with
different w/c ratios

In offshore cementing operations, with the increase of the

wellbore depth, the cement slurry undergoes a low-high-low

temperature change, and its density needs to be adjusted

according to the wellbore condition. If the density of the

cement slurry is too low, it cannot balance the formation

pressure, which will cause wellbore collapse; if the density is

too high, it is likely to cause leakage of the wellbore by fracturing

the formation. Adjusting the density of the cement slurry is

generally achieved by tuning w/c ratios. Figure 8 presents heat

evolution from cements with different w/c ratios in the range of

15–30°C. The cement slurry was prepared based on the formula

in previous studies (Pang et al., 2021; Pang et al., 2022) but using

CaCl2 as the accelerator. As shown in Figure 8, with the increase

in the w/c ratio, the time it took for the heat release rate to reach

the peak decreased slightly. The cumulative heat of hydration at

the end of the curing period (168 h) increased with increasing

water content in the slurry, and the percentage of increase ranged

between 17 and 22% when the w/c ratio was increased from

0.3 to 0.5.

Figure 9 shows the hydration mechanism profiles for

different w/c ratios overlapped below 25 J/(g cement). With

further hydration, the hydration mechanism profiles with a

higher w/c ratio shift to the right, and this shift becomes

greater after the main peak. As can be observed from

Figure 8, the heat release rate of the slurry with a higher w/c

ratio decreases more slowly during the deceleration stage, which

FIGURE 5
Influence of low temperatures on cumulative heat evolution of cements from different manufacturers. (w/c=0.4).

FIGURE 6
Coupled influence of temperature and the CaCl2 accelerator
on cumulative heat (curing time=7 days) for different cements.
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eventually leads to the higher cumulative hydration heat at a

longer time. The reasons for this are as follows: 1) the water in the

slurry is gradually consumed during the hydration, and the slurry

with a lower w/c ratio has less free water to meet the demand of

further reaction; 2) with the growth of hydration products, the

slurry with a lower w/c ratio has much less available space for

growth.

Figure 10 shows the dependence between w/c ratios and Ea
obtained from linear regression analysis based on Eq. 2 for

different cements in the temperature range from 15 to 30°C.

Figure 10A shows that Ea are almost equal for cements with

different w/c ratios, at the same temperature and the same dosage

of CaCl2. Similarly, w/c ratios had almost no influence on Ea of

Jiahua cement (see Figure 10B). Ea calculated by linear regression

analysis ranged from 41.5 kJ/mol to 43.0 kJ/mol for Jiahua

cement and from 40.7 kJ/mol to 42.8 kJ/mol for Aksu cement.

In summary, the w/c ratios of the cement slurry have little to no

influence on Ea.

Influences of CaCl2 dosages on hydration
kinetics

Figure 11 illustrates the difference in hydration curves for

Aksu cement with w/c ratios from 0.3 to 0.5 at 15 and 30°C before

and after adding CaCl2. With the addition of CaCl2, while a

similar increase in the hydration peak was observed at all test

conditions (different w/c ratios and different temperatures), the

cumulative heat evolution exhibited different behaviors; the

increase in cumulative heat evolution was apparently more

dramatic at higher w/c ratios and 15°C due to continuously

accelerated hydration at later stages. CaCl2 had almost no effect

on final heat evolution at 30°C and 7 days because the curves

plateaued earlier.

Table 4 and Figure 12 show the effects of cement source, w/c

ratios, and CaCl2 dosages on hydration kinetic parameters. tI
(induction time) and tP (time to main peak) of all slurries

decreased significantly when the CaCl2 dosage was increased

FIGURE 7
Thermal power vs. cumulative hydration heat before (left) and after (right) normalized different Class G cements.
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from 0.0% up to 1.0%. Induction time was determined by the

intercept of two tangent lines obtained from the heat rate data:

one during the induction period and the other during the early

stage of the acceleration period (Pang et al., 2021). For Aksu

cement, the reductions in tI and tP with the addition of CaCl2
showed very little dependence on the curing temperature and w/c

ratio and averaged out to 3.6 and 6.7 h, respectively; for Jiahua

and Dyckerhoff cements, the reductions in tI and tP with the

addition of CaCl2 decreased significantly with curing

temperature, and a strong dependence on the w/c ratio was

also observed. The scale factor equals the ratio of the thermal

power peaks and measures the strength of acceleration caused by

CaCl2. As shown in Table 4, the scale factor associated with CaCl2
acceleration was found to be dependent on the cement source but

generally independent of the curing temperature and w/c ratio

(C = 1.50 ± 0.06 for Aksu cement, 1.24 ± 0.11 for Jiahua cement,

and 1.44 ± 0.05 for Dyckerhoff cement). However, an apparent

decrease inCwith temperature was observed for Jiahua cement at

all three w/c ratios studied. In a previous study, the scale factor

was found to be mainly a function of the molar concentration of

CaCl2 (Pang et al., 2015), while in this study, it seemed to be more

closely related to CaCl2 dosage by weight of cement. The addition

of CaCl2 increased the cumulative heat evolution at 15°C/7 days

(the amount of change increased with increasing w/c) but had

very little effect on the cumulative heat evolution at 30°C/7 days.

Figure 13 shows the hydration mechanism profiles of

different cement slurries before and after adding calcium

chloride. After the addition of CaCl2, the normalized rate

decreased at a faster speed after the peak as the hydration

reaction proceeded, which is consistent with our previous

study (Pang et al., 2015). Such a change in hydration behavior

seemed to be more significant for Dyckerhoff cement than for

Aksu cement and Jiahua cement; the shoulder peak typically

associated with sulfate depletion was completely removed by the

addition of CaCl2. Therefore, this phenomenon of reduced

relative rate during the post peak period may be associated

FIGURE 8
Heat evolution of cements with different w/c ratios in the range of 15–30°C.
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with delayed or advanced (reacted during the pre-induction

period) reactions of the aluminate phases. Figure 13 also

shows the hydration mechanism profiles during the

acceleration stage nearly overlapped for different curing

temperatures and for different w/c ratios, suggesting that

cement hydration followed the same mechanism during this

stage. However, the peaks and hydration mechanism profiles

of the deceleration period shifted slightly to the right at higher

temperatures as well as for higher w/c ratios, which were

consistent with previous studies of Aksu cement without

CaCl2 (Pang et al., 2021).

Model application

Examples of using the scale factormodel (expressed by Eq. 3 and

Eq. 4) to simulate the cumulative heat evolution curves for different

cements (with a w/c ratio of 0.4 and 1.0% of CaCl2 dosage) in the

range from 5°C to 30°C are provided in Figure 14. The cumulative

heat release curves predicted using experimental curves at 15°C of

the same slurry agreed very well with themeasured curves, especially

during the early stages. The errors in the cumulative heat evolution

between experimental data and predicted data for all temperature

tests at the end of the tests were within 2.2%, except for 5°C (for

FIGURE 9
Thermal power vs. cumulative heat of hydration after normalization (Jiahua Class G cement).

FIGURE 10
Influence of w/c ratios on Ea for different cements.
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which the error was 6.0–13.4%). It seemed that the model tended to

underestimate the long-term hydration extent at 5°C, which may be

caused by more significant changes in the hydration mechanism

between the temperature range of 5°C and 15°C.

Figure 15 shows the predicted experimental results under the

influence of CaCl2 using the hydration kinetics curve without an

accelerator as a reference curve, according to the scale factor model

(Eqs 3, 4, and 6). The experimental and predicted cumulative heat

evolution curves agreed very well at both temperatures. Compared

with the predicted results under the influence of temperatures, there

were more significant differences between experimental and

predicted cumulative heat evolution curves during the

deceleration period. It can be inferred that CaCl2 changes the

hydration mechanism of cement during the deceleration stage of

FIGURE 11
Effect of CaCl2 dosages on the heat evolution curve for Aksu cement (left: 15°C; right: 30°C).
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hydration. The hydration mechanism profiles under the effect of

CaCl2 dosage presented in Figure 13 also prove this conjecture.

Dependences of Ea on curing temperature

Since Ea is one of the most important parameters of the scale

factor model, it is highly critical to evaluate its dependence on curing

temperatures. As mentioned in Heat evolution behavior of cements

with different w/c ratios Section, the addition of CaCl2 had little effect

on the sensitivity of hydration to temperature. Therefore, the

correlations between Ea and curing temperatures in a wider

temperature range can be further investigated using experimental

results obtained in this study and those obtained from a previous

study (without the addition of CaCl2) (Pang et al., 2021). Figure 16

showed the relationship between Ea obtained by Eq. 5 and the curing

temperature of Aksu cement in the range from 5°C to 87°C.

Apparently, Ea decreased with increasing curing temperature,

suggesting that the temperature sensitivity of the overall cement

hydration reaction became weaker with the increase in curing

temperature. The analysis of the effect of temperature on Ea was

divided into two intervals: 5–60°C and 60–87°C. For both intervals,

approximate linear correlations were obtained between Ea and

curing temperatures. The rate of reduction (i.e., the slope of the

linear fit) in Ea was relatively small (0.215 kJ/mol/°C) in the lower

temperature interval of 5–60°C, which was more than quadrupled

(0.958 kJ/mol/°C) in the higher temperature interval of 60–87°C.

The rate of reduction in the lower temperature range is in reasonable

agreement with that used by Hernandez-Bautista et al. (2016) in the

temperature range of 23–60°C (0.189 kJ/mol/°C). The dependence of

Ea on curing temperature is known from a number of previous

studies (Pang et al., 2013a; Pang et al., 2013b; Pang et al., 2013c; Sun

et al., 2021a; Pang et al., 2021; Pang et al., 2022). Generally, a

constant Ea is convenient (and often accurate enough) to simulate

cement hydration kinetics variations in a narrow temperature range

(Matthieu et al., 2012; Pang et al., 2013a; Pang et al., 2013b;

TABLE 4 Influence of CaCl2 dosage on kinetic parameters of hydration for Class G cement.

Slurry Temp. Dosage mca Peak,
mW/(g cement)

Tinduction, (h) Tpeak, (h) Heat at
168 h

Cb

°C % mol/L J/(g cement)

A3 15 0 0 2.27 8.08 16.27 238.7 1.43
1 0.30 3.26 4.67 9.62 249.3

30 0 0 5.07 8.66 13.56 271.7 1.53
1 0.30 7.79 4.12 6.42 269.2

A4 15 0 0 1.99 8.52 17.92 250.2 1.50
1 0.23 2.99 5.56 11.33 275.2

30 0 0 5.03 7.34 12.6 294.2 1.47
1 0.23 7.41 4.06 6.97 303.4

A5 15 0 0 1.95 8.35 18.87 255.7 1.6
1 0.18 3.12 4.25 10.54 292.0

30 0 0 5.08 6.68 12.67 321.0 1.44
1 0.18 7.29 3.38 6.67 321.2

J3 15 0 0 2.89 12.33 19.17 252.6 1.21
1 0.30 3.49 5.77 10.29 257.7

30 0 0 7.78 7.89 11.13 280.0 1.1
1 0.30 8.52 4.97 7.76 273.6

J4 15 0 0 2.70 9.27 17.48 285.8 1.35
1 0.23 3.64 6.54 12.06 299.1

30 0 0 7.55 6.57 9.18 317.3 1.14
1 0.23 8.58 5.46 8.27 316.5

J5 15 0 0 2.61 9.18 18.34 298.4 1.36
1 0.18 3.56 6.88 12.96 311.9

30 0 0 6.77 5.93 10.46 335.9 1.26
1 0.18 8.50 5.56 8.72 328.7

DH 15 0 0 2.06 8.9 20.96 291.6 1.47
1 0.23 3.03 5.28 11.97 283.9

30 0 0 4.51 6.63 12.73 308.1 (122 h) 1.40
1 0.23 6.30 5.43 8.82 311.3

amc is the molar concentration of CaCl2 in the mixing water.
bcalculated using 0% dosage CaCl2 test as the reference.
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FIGURE 12
Effects of the cement source, w/c ratios, and CaCl2 dosages on hydration kinetic parameters.
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FIGURE 13
Influence of the CaCl2 accelerator concentration on the hydration mechanism profiles for different slurries (solid line: 0.0%; dotted line: 1.0%).

FIGURE 14
Experimental and predicted hydration heat evolution curves of different cements under low temperatures (15°C tests as references).
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Martinelli et al., 2013; Maruyama and Lura, 2019; Sun et al., 2021a;

Pang et al., 2022), a variable Ea (Pang et al., 2021), or a reference test

at variable temperatures (Pang et al., 2020) would be required to

simulate cement hydration kinetics variations in a wide temperature

range.

Conclusion

The influences of curing temperature, water-to-cement (w/c)

ratio, CaCl2, and sources of cement on the hydration of Class G

oil well cement were investigated experimentally by isothermal

calorimetry. The influences of curing temperature and CaCl2 on

hydration kinetics were simulated based on a scale factor model

developed previously. The following conclusions can be drawn:

1) The changes in induction time (tI) and time to hydration peak

(tP) with the addition of CaCl2 showed strong dependence on

the cement source; the scale factor associated with CaCl2

acceleration was also dependent on the cement source but

generally independent of curing temperature and w/c ratios;

2) In addition to increasing the reaction rate, CaCl2 has little

influence on the hydration mechanism of cement during the

acceleration stage but changes the reaction mechanism

significantly during the deceleration stage of hydration;

3) The apparent activation energy (Ea) of the cement hydration

reaction, which represents the temperature sensitivity of the

hydration reaction rate, decreased with increasing curing

temperature; the rate of decrease is about 0.215 kJ/mol/°C

between 5°C and 60°C, which increased to 0.958 kJ/mol/°C

between 60 and 87°C.

4) Within the range investigated during this study, w/c ratios

and addition of CaCl2 all appear to have little to no influence

on Ea of the cement, while the cement source has a moderate

influence on Ea.
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