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As the exploitation of oil and gas field becomes more difficulty nowadays,
severe casing deformation may occur if anti-extrusion strength of casing
decreases to a certain degree and this brings large economic loss and
severe safety problems. As an annular sheath between casing and formation,
creep of oil well cement paste is one of the most important factors in deciding
abnormal casing deformation and wellbore integrity. To figure out the
mechanism on how to reduce the creep value of oil well cement paste,
effect of different additives, e.g., retarder, glass fibre reinforcement and CSA
expansive agent on the creep value of oil well cement are investigated in this
study. It can be found out that retarder plays a negative role in reducing the
creep deformation and creep value of cement with 1, 2, 3% retarder is 2.39%,
7.85%, and 15.02% higher than that without retarder at 12 h. Results from heat
flow indicates that retarder may play an important role in prolonging the early
induction period of hydration and reducing the hydration rate in the middle and
later stages. On the contrary, Glass fibre shows a positive effect in reducing the
creep value of oil well cement paste and creep value reaches with 0.2%, 0.4%,
0.6%, and 0.8% is 1.27%, 6.61%, 9.82%, and 12.60% lower than that without fibre
addition at 72 h. This is because high porosity between and around fibers based
on a microstructure observation may lead to a more continuous and uniform
stress field between cement paste, and consequently reduce the creep value of
cement paste. It can also be found out that CSA cement is considerably effective
in limiting creep deformation of oil well cement paste at early ages. There is also
an acceleration effect on the heat flow of oil well cement in both induction and
acceleration periods and the corresponding maximum heat flow is 7.3%, 9.0%,
and 11.2% higher than the reference cement with no CSA addition. The results
obtained in this study are aimed to provide theoretical basis for the wellbore
integrity and improvement of oil and gas recovery.
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Introduction

Casing is a special oil pipe used in oil drilling process and it
plays a very important role in the production process. The
performance of casing is a decisive factor governing successful
exploitation of oil and gas (Li et al., 2020). However, with the
increasing difficulty of oil and gas field exploitation and
complexity of downhole conditions, severe casing deformation
may occur if anti-extrusion strength of casing decreases to a
certain degree, which will significantly affect the economic
benefits of resource development of oil and gas (Lin et al,
2017; Mohammed et al., 2019). In terms of intrinsic reasons,
casing deformation may result from geological and/or
engineering factors, e.g., non-uniform load, extremely high
temperature, initial casing defects and so on (Lu et al., 2021).
Among these factors, according to the wellbore structure, creep
parameters of the surrounding rock and cement are the most
important factors that need more attentions. Within it, creep
deformation of the surrounding rock has been widely
investigated by many researchers (Zhai et al., 2015; Brandao
etal., 2017). However, creep deformation of cement has not been
fully characterized in the published literature, therefore it needs
to be investigated before reasons for casing deformation can be
understood comprehensively.

Cementing is an important construction process in
petroleum engineering and it is one of the most important
drilling processes deciding the sealing and integrity of oil and
gas well (Jafariesfad et al., 2017). The main function of cement
sheath is to seal between the formation and casing, prevent cross
flow of underground fluid into layers, improve the stress state of
casing and extend service life of casing (Kumar et al.,, 2022).
Various theories and calculation methods have been put forward
to predict the creep property of concrete used as construction
materials (Li and Yao, 2001; Bazant et al., 2004; Stierwalt and
Hamilton, 2005; Garas et al., 2009; Fathifazl et al., 2011), but the
results are not applicable to oil well cement paste due to their
difference in raw materials, chemical compositions, internal
microstructure and both physical and chemical properties.

Class G cement is the commonly used oil well cement at
present. As the downhole conditions are becoming more and
more complex, perforation, acid fracturing and other
the
exploitation process. These processes may introduce large

construction processes would be applied during
dynamic loadings upon cement sheath, therefore conventional
cement sheath is more vulnerable to crack. If the cracks within
cement initiate and propagate to great extent, radioactive crack
may generate within cement. This would lead to the crossflow
channel of downhole formation fluid, causing a series of severe
development problems, e.g, casing damage, leakage of
underground natural gas and toxic gas, etc. (Yan et al.,, 2020;
Su et al., 2022). Therefore, oil well cement with great ductility,
small creep and high strength is of great importance in improving

casing integrity as well as efficiency of oil exploitation.
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Due to the special working condition of oil well cement,
cement slurry should has enough pumping time under the
condition of high temperature and pressure at the bottom of
the well (Bassioni and Ali, 2013; Kupwade-Patil et al., 2019).
Sodium triphosphate retarder is an important additive in oil well
cement, which can adjust the thickening time of cement (Dai
et al, 2022). In literature, researches on retarder additive mainly
concentrate on its molecular structure optimization design, but
its effect on the creep properties of oil well cement has not been
fully understood.

Hydrated cement paste is a brittle material with low tensile
strength and inferior resistance to crack propagation. Previous
studies showed that its toughness would be improved by the
addition of fiber reinforcements (Brandt, 2008; Song et al., 2019).
Fibres can not only limit the crack expansion but can also
withstand  the
Microstructural studies have shown that fibres are randomly

external loads mutually with cement.
displayed in the cement matrix and act as bridging effect, which
can efficiently disperse and transfer stresses (Ferreira and Branco,
2007; Orlowsky and Raupach, 2008; Song et al., 2015). Glass fibre
is a common reinforcement used in cement and previous studies
on glass fibre reinforced cement (GRC) mainly concentrates on
cement matrix modification to improve the durability of the
composite materials, but there is a lack of study on the effect of
glass fibre on the creep value of cementitious materials.

In order to solve the volume shrinkage of conventional
cement, researchers have developed a series of oil well cement
expansion agents such as MgO, gypsum lattice expansion agent
and sulphoaluminate (CSA) expansion agent (Mo et al., 2010;
Moradpour et al., 2013; Corinaldesi et al., 2015). Among them,
CSA cement demonstrates great potential in improving the
shrinkage properties of oil well cement (Chen et al, 2012;
Hargis et al., 2019; Mark et al,, 2021), furthermore it is also
beneficial for improving strength development of cement (Wang
and Song, 2021). However, the effect of CSA expansion agent on
the creep properties of oil well cement remains unknown and this
needs further investigation.

In the present study, oil well cements with the addition of
different additives (e.g., retarders, glass fibres, expansive agent) are
investigated to illustrate their influence on the creep property of
hydrated oil well cement. This is considerably necessary before casing
deformation and damage can be understood, prevented and solved.

Experimental materials and methods
Materials

Class G oil well cement was used in this study. To improve the
workability of cement slurry, 0.5% dispersant and 2% water loss
reducer were added in the mix. Besides this, sodium triphosphate
retarder (1.0%, 2.0%, 3.0%), glass fiber reinforcement (0.2%, 0.4%,
0.6%, 0.8%) and CSA expansive agent (5%, 10%, 15%) were added
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TABLE 1 Chemical compositions of different types of cement (by wt.%).

10.3389/fbuil.2022.1063229

CaO SiO, Fe,03 Al O3 SO; MgO K,O Na,O LOI
Class G 63.76 21.00 5.36 3.44 3.23 1.36 0.45 0.49 091
CSA 42.33 9.00 1.35 33.82 8.83 2.29 0.22 0.13 2.03
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FIGURE 1 Effect of retarder content on heat flow of oil well cement.
Effect of retarder content on creep deformation of oil well
cement.

respectively in the mix. Chemical composition of class G oil well
cement and CSA cement is present in Table 1. A water to cement
ratio of 0.33 is applied in the mix design and specimen size was
150 mm x 50mm x 50 mm heat flow tests and 100 mm x
100 mm x 400 mm for creep tests.

Experimental work

Creep tests were carried out on a double-shaft creep test rig
with 80 mm steel probes embedded on both sides, and a dial
gauge was used to measure the deformation. Each group of
specimens was equipped with a corresponding auxiliary
shrinkage specimen, because the deformation e(t) of the
loaded specimen is actually composed of creep deformation
& (t) after loading time t and shrinkage deformation e ()
after resting time t, the relationship between them is as follows.

e(t) = & (t) — & (1). 6]

In the present study, CSA expansive agent is added to
compensate the autogenous shrinkage of cement. Hydration of
CSA expansive agent will initiate intensively soon once contact
with water and generate dominant heat flow compared to the pure
cement. During this process large amounts of needle-shape is
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generated, which is beneficial to improve the autogenous
shrinkage of cement and therefore may reduce its creep value.
Therefore, investigation on the heat flow of cement is of great
importance in predicting the creep value. In this study, multi-
(model TAM Air, TA
Instruments) was applied to investigate the heat flow of oil well
cement. A stress ratio of 0.33 (0.33 times of flexural strength) is
applied in the test and the specific isothermal temperature is 20 +
0.02°C. After demolding, the heat flow of oil well cement paste was

channel isothermal calorimeter

accordingly recorded at an early age up to 72 h.

SEM was carried out by JEOL JSM-5800LV in this study and
secondary electron imaging mode was selected in order to
characterize the micro-morphology of fractured surfaces on oil
well cement reinforced by glass fibre. Before testing, the samples
were carbon coated to increase the electricity conductivity of
hydrated cement paste. The detailed setting of acceleration
voltage is 15 Kev, working distance is 10 mm and spot size is 25 nm.

Analysis of experimental results

Effect of retarders on the creep
deformation of cement

The effect of retarder content on the creep deformation of oil
well cement is shown in Figure 1. It can be observed that creep
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deformation increases with elevated retarder content. The overall
creep value exhibits a rapid increase in the first 12 h. At 12 h,
creep strain of oil well cement with 1%, 2%, 3% retarder addition
is 30 x 107%, 31.6 x 10™*%, and 33.7 x 107*%, respectively which
is 2.39%, 7.85%, and 15.02% higher than that for the reference
sample with no retarder addition. After 12 h, the increment rate
slowed down to great extent and maintained at a relatively
constant value after 24 h. The corresponding creep strain at
72 h reaches 30.2 x 107%, 31.8 x 107%, 33.0 x 107*%, and
35.5 x 107*%, respectively for the hydrated cement with 0%, 1%,
2%, 3% retarder addition.

In order to analyze the intrinsic hydration mechanism
relating to the changes in creep values caused by different
retarder contents, heat flow from cement hydration is
investigated and the result is present in Figure 2. It can be
seen that there is an obvious temperature peak in induction
period at about 5h with the addition of retarder, and the
second exothermic peak at about 15 h-30 h exhibits a broader
and wider range of time as content of retarder increases,

that More
corresponding second

content.
the
exothermic peak shows a tendency of delay as retarder

compared to without retarder

importantly, times  for
content increases. The maximum heat flow value occurs at
19.63, 23.54, and 26.72 h, respectively for the specimen with
1%, 2%, and 3% addition of retarder, which are greatly
postponed compared with 15.51 h for the reference sample
without retarder addition. At the same time, the heat flow
peaks of the sodium triphosphate-doped samples occurred at
about 18 h was lower than that of the blank samples. The main
peak reaches 2.08, 1.86, and 1.80 mW/g, respectively for the
specimen with 1%, 2%, and 3% retarder addition, which are
9.96%, 19.48%, and 22.08% lower than that for the reference
sample with no retarder addition. Therefore the results show
that retarder may play an important role in restraining the
hydration process of cement, prolonging the early induction
period of hydration and reducing the hydration rate in the
middle and later stages. This is consistent with the previous
researches (Tan et al., 2015; Zhang et al., 2022). Research by
Zhang (Zhang et al.,, 2022) showed that the intensity of the
hydration exothermic peak decreased as the dosage of retarder
increase, this was because the retarder would precipitate with
calcium ions and the deposit would accumulate on the surface
of cement grain, which may influence dissolution of cement
grain and consequently hinder the formation of hydration
products.

Effect of glass fibres on the creep
deformation of cement

The effect of glass fiber on the creep deformation of oil well
cement paste is shown Figure 3. It can be observed that creep
value demonstrates great reduction as glass fiber content
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FIGURE 3
Effect of glass fibre content on the creep value of cement
paste.

increase. In detail, creep strain of cement paste reduces to a
value of 29.8 x 107*%, 28.2 x 107%%, 27.2 x 10*%, and 26.4 x
107*%, respectively with 0.2%, 0.4%, 0.6%, and 0.8% at 72h,
which is 1.27%, 6.61%, 9.82%, and 12.60% lower than the
reference sample without fibre content.

In order to understand the microstructural reasons
underlying decreasing creep deformation as shown in
Figure 3, microstructure between and around glass fibres are
also characterized in this study as shown in Figure 4. It can be
observed that fibres are randomly dispersed in the cement
matrix, which may act as a bridge to carry parts of the
imposed loading system. The more fiber is added, the wider
the scope of overlap, and thus the creep deformation of the
cement paste can be controlled to a certain extent, causing
reduction of the creep value. Furthermore, it can be seen that
there is still flexible space between fibres, which is beneficial to
distribute and transverse loading system. At the same time,
interfacial area between cement and fibre are highly porous,
when the micro-cracks arrive at the transition zone, stress can be
dispersed and transferred along the porosity, therefore further
development and transmission of cracks can be limited and
corresponding creep value of cement paste can be controlled.
This is in agreement with the previous study (Brandt, 2008; Song
et al., 2015; Song et al., 2019).

Effect of expansive agent on the creep
deformation of cement

To investigate the effect of CSA expansive agent on the creep
value of hydrated oil well cement, CSA cement with a content of
5%, 10%, 15% are added to replace cementitious materials and
the corresponding results are demonstrated in Figure 5. It can be
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Effect of CSA on the creep value of cement paste.

found out that CSA cement is considerably effective in limiting
creep deformation of hydrated oil well cement at early ages. At
the same time, creep reduction rate increases as the content of
CSA cement increases and lowest creep value can be obtained in
the cement with the addition of 15% CSA. Until 72 h, the
corresponding creep strain reaches 28.9 X 107'%, 27.6 x
10%, and 252 x 107*%, respectively for the specimen with
5%, 10%, and 15% CSA cement addition, which is 4.65%, 8.59%,
and 16.61% lower than that for the specimen without CSA
addition.

The heat flow of oil well cement with 5%, 10%, 15% CSA
addition up to 72 h is illustrated in Figure 6. A dormant period
can be observed in the induction period in first 8 h in all the
investigated specimens and the hydration heat rate over time
is increased by an increased incorporating dosage of CSA
cement. This is consistent with the previous research by Qin
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Effect of CSA on the heat flow of oil well cement paste.

(Qin et al., 2018) indicating that the increased heat rate at this
stage could be attributed to high contents of sulfates and
Ye'elimite in CSA cement. A subsequent strong exothermic
peak between about 8 and 15h indicates an acceleration
period in the hydration process, and the strong peak occurs
earlier as CSA contents increases. In detail, it takes place at
11.92, 9.56, and 8.09 h, respectively for cement with 5%, 10%,
and 15% CSA addition, both of which shifts to an earlier date
compared to 14.76 h for the reference sample with no CSA
addition. Similar results were obtained in previous studies
(Saott et al., 2013; Qin et al., 2018).

At the same time, it is also clear that CSA plays a significantly
important role in affecting the heat flow of oil well cement at early
ages. In general, the maximum heat flow reaches to 2.50, 2.54,
and 2.59 mW/g for the cement with 5%, 10%, and 15% CSA
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addition, which is 7.3%, 9.0%, and 11.2% higher than the
reference cement with a corresponding value of 2.33 mW/g.
This phenomenon is indicative of an acceleration effect of
CSA addition on the acceleration period in the heat flow
development of oil well cement at early ages. The results can
be explained that hydration of calcium sulfoaluminate initiates
more rapidly and intensively in the first 48 h than traditional
Portland cement, and the hydration is an exothermic reaction
and releases large proportions of hydration heat flow, therefore
addition of CSA in the oil well cement can lead to advanced larger
exothermic heat flow.

Conclusion

It can be concluded that creep deformation of oil well
cement paste increases with elevated retarder content, it
reaches 30 x 10™%, 31.6 x 10™%, and 33.7 x 107%,
respectively with 1%, 2%, 3% retarder addition, which is
2.39%, 7.85%, and 15.02% higher than that for the
reference sample without retarder at 12 h. In terms of heat
flow, retarder may play an important role in prolonging the
early induction period of hydration and reducing the
hydration rate in the middle and later stages.

Glass fibre shows a positive effect in reducing the creep
value of oil well cement paste and the creep strain reaches
29.8 x 107*%, 28.2 x 107'%, 27.2 x 10™'%, and 26.4 x 107%,
respectively with 0.2%, 0.4%, 0.6%, and 0.8% content of glass
fibre at 72 h, which is 1.27%, 6.61%, 9.82%, and 12.60% lower
than the reference sample without fibre addition. This is
because three-dimensional random distributions of glass
fibers may inhibit the volume change of cement to a certain
extent, more importantly, high porosity between and around
fibers may lead to a more continuous and uniform stress field
and consequently reduce the creep value of oil well cement
paste.

It can also be concluded that CSA cement is considerably
effective in limiting the creep deformation of oil well cement
paste at early ages. The creep value of cement with 5%, 10%, and
15% CSA cement addition is 4.65%, 8.59%, and 16.61% lower
than that for the specimen without CSA addition. Results from
heat flow indicates an acceleration effect of CSA addition on the
acceleration period in the heat flow of oil well cement at early
ages, the corresponding maximum heat flow is 7.3%, 9.0%, and
11.2% higher than the reference cement with no CSA addition.
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