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a b s t r a c t

The long-term strength retrogression of silica-enriched oil well cement poses a significant threat to
wellbore integrity in deep and ultra-deep wells, which is a major obstacle for deep petroleum and
geothermal energy development. Previous attempts to address this problem has been unsatisfactory
because they can only reduce the strength decline rate. This study presents a new solution to this
problem by incorporating fly ash to the traditional silica-cement systems. The influences of fly ash and
silica on the strength retrogression behavior of oil well cement systems directly set and cured under the
condition of 200 �C and 50 MPa are investigated. Test results indicate that the slurries containing only
silica or fly ash experience severe strength retrogression from 2 to 30 d curing, while the slurries con-
taining both fly ash and silica experience strength enhancement from 2 to 90 d. The strength test results
are corroborated by further evidences from permeability tests as well as microstructure analysis of set
cement. Composition of set cement evaluated by quantitative X-ray diffraction analyses with partial or no
known crystal structure (PONKCS) method and thermogravimetry analyses revealed that the conversion
of amorphous C-(A)-S-H to crystalline phases is the primary cause of long-term strength retrogression.
The addition of fly ash can reduce the initial amount of C-(A)-S-H in the set cement, and its combined use
with silica can prevent the crystallization of C-(A)-S-H, which is believed to be the working mechanism of
this new admixture in improving long-term strength stability of oil well cement systems.
© 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

Drilling and completion of deep and ultra-deep wells is a critical
step of extracting petroleum and geothermal energies buried deep
down the earth surface (Allahvirdizadeh, 2020). Wellbore sealing
integrity provided primarily by oil well cement is critical to safe-
guard stable production of these wells. The high temperature
environment in deep and ultra-deep wells resulting in strength
retrogression of oil well cement is a major cause of its wellbore
integrity failure (Salim and Amani, 2013). As a commonly used
cementitious material in well cementing, neat oil well cement
systems experience significant strength declines when they are
neering, China University of
China.
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cured at temperatures above approximately 110 �C (Krakowiak
et al., 2015), which is caused by the change of hydration products
from amorphous C-S-H to high calcium crystalline hydration
products. A generally accepted practice to prevent the strength
retrogression of oil well cement is adding silica powder to change
hydration products into tobermorite and xonotlite with relatively
good properties (Swayze,1954). This approach seems to be effective
for cement set at low temperatures before high temperature curing
(Costa et al., 2017; Iverson et al., 2014; Jiang et al., 2021; Krakowiak
et al., 2018; Pernites and Santra, 2016), which is applicable for
simulating the upper wellbore sections in deep wells and steam-
injection wells (Liu et al., 2021). However, several of our recent
studies have revealed that silica-enriched oil well cement systems
can experience severe long-term strength decline under simulated
high-temperature deep-well conditions at 200 �C and 50e150 MPa
(Li et al., 2020; Liu et al., 2022; Pang et al., 2021; Qin et al., 2023).
The key difference between our study and most previous studies is
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Fig. 1. Particle size distribution analysis of dry blend materials.
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the setting temperature (defined as the temperature at which
liquid cement transforms to solid cement): our study employed a
high setting temperature while most previous studies employed a
low setting temperature before high-temperature curing. In order
to address the newly discovered long-term strength retrogression
issue of silica-enriched oil well cement systems, various influencing
factors have been studied. The optimization of silica-based ad-
mixtures, including particle size, dosage and crystallinity may
change the rate of strength decline, but cannot prevent the trend of
microstructure coarsening and physical-mechanical property
deterioration (Qin et al., 2023). Similarly, increasing curing pressure
and adding physical reinforcement materials (such as nano-
graphene and latex fiber) can slow down but not prevent the
strength retrogression process (Liu et al., 2022; Qin et al., 2023).
With the fast increase in the number of deep and ultra-deep wells
being drilled worldwide (Hu et al., 2013; Pu et al., 2022;Wang et al.,
2017), it is highly critical to find a proper solution to the long-term
strength retrogression problem of oil well cement set and cured
under high-temperature and high-pressure conditions.

The gradual formation of xonotlite from either amorphous C-S-
H or tobermorite over long-term curing seems to be one of the
primary causes of strength retrogression of silica-enriched oil well
cement systems (Pang et al., 2021). Such transformation can cause
volumetric shrinkage and microstructure coarsening because
xonotlite has less bound water and a much higher density
(Churakov and Mandaliev, 2008; Helmi et al., 2016; Shen et al.,
2019). Previous studies have shown that the incorporation of
aluminum into the structure of C-S-H can effectively prevent the
transformation of tobermorite to xonotlite by aluminum substitu-
tion into the tobermorite crystal lattice structure at high temper-
atures (>150 �C) (Chow and Kalousek, 1976; Shaw et al., 2000).
However, adding alpha-alumina to silica-enriched oil well cement
has been proven to be ineffective in preventing strength retro-
gression possibly due to the low reactivity of alpha-alumina (Qin
et al., 2023). As a solid waste released from the coal burning pro-
cess, fly ash contains more reactive alumina and is widely available
around the world. It is currently widely used in both oil well
cement and construction cement as a supplementary cementitious
material to improve durability and other properties
(Ahmaruzzaman, 2010; Cho et al., 2019; Hemalatha and
Ramaswamy, 2017; Hemalatha and Sasmal, 2019; Juenger and
Siddique, 2015; Meng et al., 2017; Wang et al., 2019; Yildirim and
Sümer, 2013). Fly ash has also been used as a raw material to pre-
pare geopolymer systems for cementing applications, but the
geopolymer systems has yet to see a full-scale implementation in
oil and gas well cementing, especially in the cementing of ultra-
deep wells and other complex conditions involving ultra-high
temperature and high-pressure, due to various factors such as
lack of supporting processes and standards (Adjei et al., 2022;
Ahdaya and Imqam, 2019; Khalifeh et al., 2018; Paiva et al., 2018;
Salehi et al., 2019). During this study, the effectiveness of fly ash as a
strength retrogression admixture used both individually and in
combination with silica sand are investigated. Oil well cement
systems containing fly ash are designed with sufficient amounts of
retarder to meet deep-well cementing requirements and are
directly exposed to HPHT curing condition of 200 �C and 50 MPa to
simulate the conditions of deep wells and ultra-deep wells. The
physical and mechanical property change of set cement are eval-
uated in both macroscopic and microscopic scales and monitored
up to a curing period of 90 days.

Analyzing the phase composition change of set cement with
curing time is critical for understanding the mechanism of strength
retrogression. Quantitative X-ray diffraction (QXRD) analysis is a
commonly usedmethod for phase quantification of both anhydrous
cement and hydrated cement (Christidis et al., 2021; Jansen et al.,
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2012; Le Saoût et al., 2011; Mejdi et al., 2022; Polavaram and
Garg, 2021; Scrivener et al., 2004; Soin et al., 2013; Wei et al.,
2012; Wolf et al., 2019, 2020). However, because cement hydra-
tion products contain significant amounts of amorphous phase,
either an internal or external standard is needed to perform QXRD
analysis on hydrated cement. Additionally, since fly ash contains
significant amounts of amorphous phases that may or may not be
fully reacted during hydration, fly ash modified cement-based
materials generally contain multiple different amorphous phases.
The use of internal or external standard can help to determine the
total amount of amorphous phase but not the individual contents of
various amorphous phases. Scarlett and Madsen (2006) proposed a
partial or no known crystal structure (PONKCS) method, which can
be combined with the classic Rietveld refinement to calculate the
content of the unknown or partially known phase (PONKCS phase).
The diffraction pattern of the PONKCS phases (which can be either
crystalline, amorphous or mixed phases) can be fitted by a Le Bail or
Pawley model and treated as if it has a known crystal structure
during Rietveld refinement. This method is widely used in many
studies and is an important means to study cement systems con-
taining mineral admixtures such as fly ash and granulated blast
furnace slag (Bullerjahn and Mehringsk€otter, 2021; De Matos et al.,
2022; Naber et al., 2019; Snellings et al., 2014; Stetsko et al., 2017;
Sun and Vollpracht, 2018). During this study, Rietveld refinement is
employed in combination with PONKCS method and external
standard method to determine phase compositions of high-
temperature oil well cement systems containing fly ash.
2. Materials and experimental methods

2.1. Materials

Class G oil well cement, 53 mmsilica flour and chemical additives
used in cement slurries were the same as those used in our pre-
vious studies (Pang et al., 2021; Qin et al., 2023). Four kinds of
commercially available fly ash used in this study came from the
same power plant in Shanxi, China. They were all class F fly ash
according to ASTM C618. However, they present slight differences
both in particle size distribution and composition. It is possible for
fly ash from the same power plant to present differences in reac-
tivity despite similar compositions (Wang et al., 2019). Fig. 1 and



Table 2
Main oxides of bulk materials used.

Oxide name YFA KFA SFAI SFAII 53 mm silica Class G cement

Al2O3 38.695 26.589 39.465 39.585 1.033 2.985
CaO 3.788 5.649 3.330 2.055 1.452 65.134
Fe2O3 3.385 7.547 3.138 0.597 0.866 6.675
TiO2 1.820 7.156 1.923 2.167 0.051 e

K2O 0.621 1.294 0.985 0.531 0.260 0.805
MgO 0.397 0.163 0.855 0.023 0.399 1.962
Na2O 0.097 e 0.138 e 0.190 0.179
SO3 2.604 1.652 2.456 2.155 0.212 3.15
P2O5 0.271 2.005 0.274 0.154 0.023 0.043
SiO2 47.994 46.111 47.057 52.548 95.412 18.452
Free lime 0.46 0.03 0.03 0.09 e 1.65
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Table 1 provide the particle size distribution test results of the bulk
materials used. Table 2 presents XRF oxide analysis results. Here,
YFA is the original unground fly ash; KFA is a different product with
much lower Al2O3 content and ground to much smaller sizes; SFAI
has the same composition as YFA, but was ground to finer sizes,
SFAII is a different batch of the same product as SFAI. It can be seen
that SFAII contain higher amount of SiO2 and lower amounts of
minor oxide (such as Fe2O3 and CaO, etc.), compared to SFAI. X-ray
powder diffraction revealed that the crystalline mineral in the four
types of fly ash included quartz, anhydrite, mullite, and hematite, as
shown in Fig. 2. The XRD diffractograms of all fly ashes showed the
characteristic reflections of amorphous structure in the range of 25�

～30�, while the 53 mm silica had mainly quartz with high crys-
tallinity. The XRD diffractograms of class G cement and 53 mm silica
can be found in our previous study (Pang et al., 2021).
Fig. 2. Phase analysis of fly ash.
2.2. Formulation design and slurry preparation

Table 3 presents the formulation design of the slurries tested
during this study. Slurry C0 was the control design with 70% silica
flour; slurries m1 tom4 were designedwith 60% fly ash and no silica
flour; slurries M1 to M4 were designed with both fly ash and silica
flour. The CaO/SiO2 molar ratio in the blended systems (M1 to M4)
was close to 0.83 in reference to the chemical formula of tober-
morite. All slurries were designed with a final density of 1.9 g/cm3.
The liquid additives used were the same as those in our previous
studies (Pang et al., 2021; Qin et al., 2021). The dosages of disper-
sant, retarder, fluid loss additive and defoamer were 5.5%, 4.5%, 6%
and 0.5% by weight of cement, respectively. The defoamer was a
pure liquid, while the solid contents in other liquid additives were
all 20%. Because most of the different fly ash products used in this
study (YFA, SFAI and SFAII) have very similar compositions with
only particle size and batch differences, the corresponding slurries
m1, m3 and m4 (as well as slurries M1, M3 and M4) are not expected
to exhibit significantly different performances, especially in the
long-term. All slurries presented in Table 3 were produced for 2 d
short-term curing; while only selected slurries were produced for
long-term curing (slurries C0, m2, m3, M2 and M3 for 30 d, slurries
M1, M2, M3 and M4 for 90 d). This is primarily due to equipment
(HTHP autoclave) availability, considering that it is very time
consuming to perform long-term curing; the selection of long-term
testing slurries was based on short-term test results. In a previous
study, we have demonstrated that our experimental protocols will
generated highly reproducible results between different batches
(Qin et al., 2021).

During this study, dry blend of cement mixture were added to
mixing water and liquid additive in a laboratory blender at a speed
of 600 rpm, followed by final mixing at a speed of 3000 rpm for
35 s. The reduced shear rate was employed to avoid causing density
increase of the slurry, because small amounts of hollow particle
(cenospheres) may be present in the fly ash. After mixing, the slurry
was poured into stainless steels mold (25 mm � 70 mm internal
dimension) and directly put inside autoclaves for high temperature
and high pressure (HTHP) curing at 200 �C/50 MPa.
Table 1
Summary of material properties: particle size, surface area and specific gravity.

Material D10, mm D50, mm

YFA 1.58 18.05
KFA 0.94 2.47
SFAI 1.24 4.19
SFAII 1.18 4.27
53 mm silica 4.04 53.0
Class G cement 0.96 14.33
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3. Test method

3.1. Macroscopic property analysis of set cement

Macroscopic properties of the cement studied include
compressive strength and permeability. Compressive strength tests
were performed using a UTM5105X load frame from Shenzhen
SUNS Technology Company. Water and gas permeability tests were
measured using test devices manufactured by Hai-An Hua Cheng
Company according to GB/T 19139-2012 China national standard.
Three replicate specimens were produced for each condition to
obtain the average and variability of compressive strength in test
result, while two replicate specimens in the same batch were used
for water and gas permeability tests to obtain the average. More
detailed information about these test methods can be found in our
previous studies (Pang et al., 2021).
D90, mm Surface area, m2/kg Specific gravity

67.37 492 2.90
5.55 1187 2.66
10.51 816 2.64
10.92 830 2.57
163 234 2.67
45.03 524 3.25



Table 3
Formulation design of dry blend compositions and added water.

Formulation Cement Fly ash 53 mm silica Suspension aid Added water Initial porosity

C0 100 0 70 2.5 52.6 51.8
m1 100 60(YFA) 0 2.5 53.2 54.4
m2 100 60(KFA) 0 2.5 49.4 52.1
m3 100 60(SFAI) 0 2.5 48.9 51.8
m4 100 60(SFAII) 0 2.5 47.7 51.1
M1 100 60(YFA) 45 2.5 67.6 52.7
M2 100 60(KFA) 45 2.5 63.7 50.8
M3 100 60(SFAI) 33.8 2.5 59.7 50.9
M4 100 60(SFAII) 33.8 2.5 58.5 50.3

Note: the dry blend compositions and added water were all in % by weight of cement; the initial porosity equal to total liquid content in % by volume of cement slurry and
included water in liquid additives.
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3.2. Microscopic property analysis of set cement

Microstructure of set cement was studied by Scanning Electron
Microscope (SEM) andMercury Intrusion Porosimetry (MIP). A field
emission SEM by JEOL (Model JSM-IT500LV) was used to obtain
microstructure images. Sample preparation (epoxy impregnation
and polishing) method was the same as that used in our previous
study (Pang et al., 2021). The images were collected at a voltage of
15 kV and a current of 60 mA. A Quantachrome mercury intrusion
pore size analyzer (model PM 33)was used tomeasure porosity and
pore size distribution of the set cement. Small pieces of sample
with largest dimension less than 5 mm and a total mass of
approximately 1 g was used. The maximum pressure applied was
32,000 psi (220 MPa).

3.3. Set cement composition analysis

Cement composition was evaluated by Thermogravimetry (TG)
and X-ray diffraction (XRD) analyses. TG tests were conducted us-
ing a Setaram thermal analysis instrument (Model Setline STA)
with nitrogen as the protective gas. Temperature scheme include
initial ramping from 28 to 105 �C at 5 �C/min and hold for 1 h,
followed by final ramping from 105 to 1000 �C at 5 �C/min. The sum
of weight losses during all stages were considered as total water
content of the sample for subsequent QXRD analysis. XRD data
were collected using a Panalytical diffractometer (Model Aeris with
a 600 W Cu-anode source, l ¼ 1.541 Å) operated at 40 kV and
15mA. All scans weremeasured over an angular range of 7e70� (2q
angle) with a 0.01� 2q step size and scanning time per step of
75.22 s, resulting in a total measurement time of about 30 min per
scan.

Rietveld refinement analysis was carried out using Highscore
Plus 5.0 software with International Diffraction Center Database
(ICDD) and Crystallography Open Database (COD) to assess the
quantities of main crystal phases as well as the amorphous phase.
Similar to our previous study (Pang et al., 2022), a single crystal
silicon was ground into fine powders and used as an external
standard. The following equation was used to calculate the phase
content of a sample (Scrivener et al., 2016):

Wj ¼
SjrjV

2
j

SsrsV2
s
Ws

um
us

(1)

where Wj is the weight fraction of phase j in the sample, Sj is the
scale factor obtained in the Rietveld refinement for phase j, rj is the
unit cell density of phase j, Vj designates the unit cell volume of
phase j; similarly, Ss, rs, and Vs represent the corresponding pa-
rameters of the standard material; Ws is the weight fraction of the
standard phase in the external standard material (100% in our
study); um and us are the mass absorption coefficients (MAC) of the
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sample and the standard material, respectively. The calculation of
MAC requires the oxide composition and total water content (ob-
tained by TG tests) in a sample.

4. Test results and discussion

4.1. Compressive strength

Fig. 3 summarizes the compressive strength test results of cured
slurries at various curing time. The compressive strength of the
control slurry C0 decreased from 63.18 to 8.95 MPa from 2 to 30 d
curing time, suggesting that the traditional silica-enriched system
experienced severe strength retrogression (86% decline) in the 30 d
curing period, confirming our recent study (Pang et al., 2021). The
decline rate was significantly faster than previously investigated
systems at the same test condition, possibly due to larger silica
particle sizes and different dosages of additives (Pang et al., 2021;
Qin et al., 2023). Numerous studies showed that fly ash-cement
blend systems typically had lower early strength at lower curing
temperatures (Giergiczny, 2019; Lam et al., 2000; Li et al., 2021; Ma
et al., 2016). Similarly, the use of fly ash instead of silica as
admixture severely decreased the 2-day strength of the set cement
(by about 50%) at HPHT conditions and cannot prevent the long-
term strength retrogression of oil well cement systems in the
30 d curing period. The compressive strength of slurries m2 and m3
declined by 48.27% and 60.71%, respectively, from 2 to 30 d curing.
However, the combined use of fly ash and silica appeared to have
effectively halted the severe strength decline of oil well cement.
Slurries M1 through M4 exhibited stable or increased strength
during long-term curing up to 90 d. With curing time increased
from 2 to 90 d, the compressive strength of slurry M2 was little
changed, while the compressive strengths of slurries M1, M3 andM4
increased 33.0%e101%. The slight decrease (21%) in compressive
strength of slurry M2 from 2 to 30 d may be due to natural exper-
imental uncertainties as compressive strength test results of
cement can be subjected to the influences of multiple factors. The
improved long-term strength of cement-silica-fly-ash systems (M
systems) may be related to the favorable change of hydration
products and would be explained in the following XRD analysis
section. It was worth pointing out that there were no significant
differences among the 90 d test results of slurries M1, M2, M3, and
M4, suggesting that the properties of fly ash just affected early
strength and had relatively little influence on the long-term per-
formance of the blended systems, in agreement with other studies
at lower temperatures (Antiohos et al., 2007; Cho et al., 2019; De
Maeijer et al., 2020; Ma et al., 2016).

4.2. Water and gas permeability

As oil well cements are typically at water saturated state under



Fig. 3. Compressive strength test results of cured slurries at various curing time.
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downhole condition due to the presence of formation fluids, water
permeability is a more relevant parameter to evaluate their zonal
isolation effectiveness. Water and gas (Klinkenberg) permeability
test results of different slurries are displayed in Fig. 4. Gas perme-
ability test was only conducted on selected slurries because it re-
quires an extra drying process and does not reflect the true service
condition. The test results indicated that the water permeability of
the control slurry C0 increased by nearly one order of magnitude
from 2 to 30 d curing, i.e. from 0.0038 to 0.0212 mD. Although the
2-day compressive strengths of the fly ash slurries (m1 to m4) were
only about 50% of that of the control, these slurries seem to have
comparable water permeability as the control. This is due to
Fig. 4. Water permeability and gas permeability tes
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differences in hydration products and microstructure that will be
further discussed later. Consistent with compressive strength test
results, the use of fly ash alonewas not able to prevent permeability
increase of the set cement with increasing curing time, while the
combined use of silica and fly ash can completely reverse such
trend of permeability change. The water permeability of slurry M3
was reduced by nearly one order of magnitude from 2 to 90 d (total
reduction approximately 79.7%). The water permeability of slurries
M1, M2 and M4 was also reduced by 59.8%, 36.2% and 65.5%,
respectively. Set cement is known to have significantly higher gas
permeability than water permeability due to coarsening of C-S-H
structure during drying (Pang et al., 2021; Zhou et al., 2017). Test
t results of set cement at various curing time.
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results of slurries M2 and M3 indicate that gas permeability was
decreased along with water permeability. They also confirmed
previous findings that gas permeability were significantly higher
thanwater permeability. It is clear from the test results of this study
that the combined addition of fly ash and silica flour can effectively
prevent permeability increase of oil well cement systems over long-
term curing at HPHT conditions. The reduction in permeability is
related to the favorable change of hydration products and would be
explained in the following XRD analysis section.
4.3. MIP analysis

Fig. 5 displays the mercury intrusion test results of selected
specimens. According to the aperture division principle proposed
by Guo et al. (2016) and Shen et al. (2018), the pore structure of
cement-based materials can be generally divided into four types:
harmless pores (＜20 nm), less harmful pores (20e50 nm), harmful
pores (50e200 nm) and more harmful pores (＞200 nm). This di-
vision principle was originally proposed based on the impact of
pores on the tensile strength of cement-based materials during
free-thaw actions, which is further employed here for pore size
classifications. During 2e30 d curing, the total porosity increased
from 25.3% to 38.0% in the control slurry C0, where the pores larger
than 50 nm increased from 8.7% to 26.5%. In all samples containing
both fly ash and silica, the pores larger than 50 nm showed a
decreasing trend with time, while the pores less than 50 nm
remained stable or increased slightly. This is in great contrast to oil
well cement systems containing only silica as anti-strength retro-
gression additive (Pang et al., 2021). Overall, the total porosity of all
samples containing both fly ash and silica varied slightly from 33.9%
to 35.9%. The total porosities of slurries M1, M2 and M4 showed
slight reductions with time, which was primarily attributed to the
volume reductions of larger pores. The total porosity of slurry M2
remain almost constant with time, but the proportion of small
pores slightly increased. All slurries containing both fly ash and
silica exhibited similar total porosities and pore size distributions
after 90 d curing. Therefore, all test results, including compressive
strength, permeability, and porosity analysis, appeared to show
that the types of fly ash used had no significant differences in their
abilities to prevent the long-term deteriorations of set cement
properties at HPHT conditions. It can be concluded that the slurries
containing both fly ash and silica exhibited stable microstructure
and macroscopic properties over the 90 d curing period evaluated,
with no retrogression behavior observed.

Additionally, during long-term curing from 2 to 30 d, the span
and median of pore size of control slurry C0 significantly increased
with curing time increasing: the span increased from approxi-
mately 7e400 nm to 7e1000 nm and themedian increased from 30
to 100 nm, indicating that it apparently experiencedmicrostructure
coarsening with increasing curing time. The pore size of slurries
containing both fly ash and silica (M1 toM4) at all curing ages spans
from about 7 to 600 nm with a median of 30e60 nm, which
reduced slightly with curing time increasing, indicating that the
combined use of fly ash and silica effectively prevented micro-
structure coarsening of oil well cement systems over long-term
curing at HPHT conditions, consistent with permeability test re-
sults. As shown from the derivative curves, most selected speci-
mens exhibited two main distribution peaks: one located between
15 and 30 nm and the other located between 50 and 150 nm.
During long-term curing, the pore sizes corresponding with both
distribution peaks increased with time for slurry C0 but decreased
with time for slurries M1 to M4. Backscattered electron images
confirm the test results observed by MIP and were included in the
appendix.
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4.4. XRD analysis

XRD was used to identify the mineral compositions of set
cement. It can be seen from Fig. 6 that the main hydration products
of control slurry C0 mainly included semi-crystalline C-S-H, tober-
morite and xonotlite, while the addition of fly ash changed the
hydration product of oil well cement system to include more
alumina-bearing phases such as katoite, grossular and possibly
some new semi-crystalline phases (including C-(A)-S-H) as re-
flected by broadened peaks ranging from 28.5� to 33.5�. During
long-term curing from 2 to 30 d, the control slurry C0 showed
increasing crystallinity as reflected by the diminishing amorphous
C-S-H peak between 28.5� and 30.5� and the sharpening of the
crystalline peaks at 28.9�, which was the main cause for the
strength retrogression of traditional system at HPHT conditions,
confirming our recent study (Pang et al., 2021). The use of fly ash
instead of silica as admixture significantly changed the initial
mineral composition of the set cement at 2 d. For the slurries
containing fly ash only (m2 and m3), significant increases in katoite
and grossular peak intensities were observed with increasing
curing time to 30 d. In contrast, the XRD diffractograms of the
slurries containing both fly ash and silica (M1 to M4) seemed to be
much more stabilized and changed relatively little with increasing
curing time, which explained the admixture's effectiveness in
preventing strength retrogression.

In order to further explore the working mechanism of fly ash in
preventing the long-term decline of silica-enriched oil well cement
systems set and cured at HPHT conditions, quantitative analysis of
mineral composition was conducted for all systems. Using the
PONKCSmodel of amorphous phase in fly ash to assess the reactivity
of fly ash may be more accurate than using that of the bulk
composition due to possible asynchronous reactions of different
phases in fly ash (Sun and Vollpracht, 2018). Therefore, for the fly ash
modified systems, quantitative analysis of the mineral composition
was conducted by using the PONKCS model of amorphous phase in
fly ash (hereafter referred to “FA-amor”model) in combination with
the external standard method. The diffraction pattern of crystalline
mineral components in fly ash was subtracted from that of the bulk
composition to create PONKCS pseudo-structures for the amorphous
phases in fly ash. The amorphous phases of fly ash were regarded as
cubic structures with an Fd30m space group (space group No.227).
The background was fitted using Chebyshev polynomial of the first
kind. The total amount of amorphous phases in fly ash was first
estimated by the internal standard method at a dosage of 20%
standard material (rutile powder with 99.9% purity) and shown in
Table 4. The “psedo formula mass” can be determined to obtain the
basic models of fly ash amorphous phase, which are given in Table 5
and Fig. 7. Detailed modeling process can be found in the literature
(Stetsko et al., 2017). To verify the accuracy of these models, four
kinds of fly ash were mixed with the standard material (rutile) at
dosages of 20%, 40%, and 60%, respectively, and wet ground thor-
oughly in absolute ethanol for 10 min. The QXRD results obtained by
using the FA-amor PONKCS model and external standard method
was compared with the internal standard method in terms of the
total amorphous phase content. The two estimationswere very close
to each other and the difference ranged from 2.43% to 4.97%, indi-
cating that the constructed FA-amor models were reliable, as shown
in Fig. 8. It was worth noting that the error got slightly larger as the
dosage of the standard material increased from 20% to 60% (with
amorphous phase content decreased), which could be attributed to
the dramatic signal differences between diffraction peaks of rutile
and fly ash (the highest peak of rutile was 14～24 times as high as
that of fly ash).

In addition to the amorphous phase contained in fly ash, the
hydrated cement also contains amorphous hydration products,



Fig. 5. MIP test results of selected specimens.
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which mainly consists of C-(A)-S-H. Ideally, the weak diffraction
pattern of C-(A)-S-H should be accounted for during the Rietveld
refinement of the set-cement XRD profile. However, the C-S-H
diffraction pattern obtained at low curing temperature, which
worked well in XRD refinement of cement-silica systems (Qin et al.,
2022), did not seem to fit well in the systems containing fly ash,
possibly due to different structures. The contents of all unidentified
amorphous phase (UAP) in hydrated cement were estimated by the
external standard method described in Section 3.3. The content of
C-(A)-S-H phase was assumed to be equal to that of UAP.

Here, all systemswere classified into stable systems (M1, M2, M3,
M4) and unstable systems (C0, m1, m2, m3, m4). The samples of the
1128
stable systemwere tested twice to check the repeatability of QXRD
analysis results and the average standard deviation in measured
phase contentwas approximately 0.37%. Representative refinement
results of the diffractograms are presented in the appendix (Fig. A4
to Fig. A7). The refined phase contents of the unstable systems are
presented in Fig. 9. The amorphous C-(A)-S-H is known to be one of
the best phases contributing to the strength of set cement, while
xonotlite is among one of the worse phases. The content of amor-
phous C-(A)-S-H was reduced with increasing curing time in the
control slurry C0, as well as in slurries m2 and m3, suggesting
continuous crystallization of amorphous C-(A)-S-H in these sys-
tems, which was the main cause of strength retrogression.



Fig. 6. X-ray diffraction analysis of set cement at various curing time.

Table 4
Phase analysis results for different fly ash by internal standard method.

Phase YFA KFA SFAI SFAII

Quartz 4.9 4.3 4.8 4.8
Hematite 2.0 1.2 2.8 3.1
Anhydrite 3.8 2.7 3.0 3.5
Mullite 0.3 0.8 0 0
Muscovite 2M1 2.2 2.4 1.6 1.9
Calcite 0.2 0 0 0
Amorphous 86.5 88.7 87.8 86.7
RWP 3.1328 2.9573 2.8546 2.7873
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However, while the reduction of amorphous C-S-H in the control
slurry C0 was quite significant and accompanied mainly by the in-
crease of tobermorite and xonotlite contents, the reduction of
amorphous C-(A)-S-H in slurries m2 and m3 was relatively small
and accompanied mainly by the increase of katoite content.

The refinement results of the stable systems are presented in
Fig. 10. In contrast with the unstable systems, the contents of
amorphous C-(A)-S-H in all the stable systems were increased with
curing time increasing, suggesting that the amorphous C-(A)-S-H in
these systems had excellent stability at such high temperature,
which was the main reason that fly ash can prevent long-term
Table 5
Parameter of FA-amor models.

Parameter YFA-amor

Psedo formula mass 9.5
Space group number 227
Side length of unite cell (a ¼ b ¼ c) 6.46
Caglioti W left 159.9
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strength retrogression of silica-enriched oil well cement systems
set and cured under HPHT conditions. The improvement of the
physical and mechanical properties with increasing curing time
observed in previous sections may also be attributed to the
increasing C-(A)-S-H content in the set cement, mainly as a result of
continued reaction of fly ash and silica. Additionally, all fly ash
modified slurries contain significantly more tobermorite and less
xonotlite than the control slurry, which further proved that the
incorporation of aluminum into the structure of C-S-H can prevent
the transformation of tobermorite to xonotlite by aluminum sub-
stitution into the tobermorite crystal lattice structure at high
temperatures (>150 �C) (Chow and Kalousek, 1976; Shaw et al.,
2000). It is believed that having more tobermorite in set cement
is beneficial to long-term strength stability at high temperature
owing to its dense fibrous microstructure (Reddy et al., 2016; Jupe
et al., 2008). It is worth noting that the addition of fly ash reduced
the initial amorphous C-(A)-S-H content in all slurries after 2 d
curing, which can explain their lower initial strength compared
with the control slurry C0. The long-term strengths of the cement-
silica-fly-ash systems were much better than slurry C0 at 30 d due
to signficantly less xonotlite phase generated. Finally, it should be
stressed that mineral composition is not the only factor controlling
cement strength, because the microstructure of the same mineral
may be different depending on their condition of formation.

The composition evolution of different systems from the initial
unhydrated state to the states at various curing time are presented
in Fig. 11. Consistent with our previous studies (Qin et al., 2021,
2022), class G cement was found to have completely reacted at such
high curing temperature after 2 d curing. In the cement-silica
system (control slurry C0), the percentage of quartz reacted
increased from 50.8% to 75.1% from 2 to 30 d curing. In the cement-
fly-ash systems, fly ash was almost completely consumed after 30 d
curing (see slurries m2 and m3). The degree of reaction of fly ash
was significantly reduced in the cement-silica-fly-ash systems (M
systems) compared to that in the cement-fly-ash systems (m sys-
tems). This is probably because fly ash has to compete with silica to
react with cement in the M systems, which is the fastest reacting
phase. The amount of quartz and fly ash consumed in slurries M1 to
M4 varied widely among different systems: The amount of quartz
consumed in slurries M3 and M4 were 59.7% ± 1.6%, more than
those consumed in slurries M1 and M2 (45.8% ± 0.3%), after 90 d
curing. The amount of fly ash consumed in slurries M3 andM4 were
also the highest, at approximately 64.4% after 90 d curing. Overall, it
appears that large particle size (YFA in M1) and lower Al2O3 content
(KFA in M2) significantly reduced the reaction rate of fly ash during
the hydration process. Numerical data of Figs. 9e11 are included in
the appendix (Tables A1 and A2).

4.5. TGA analysis

Fig. 12 present the TGA results of slurries at various curing time.
At the age of 2 d, the non-evaporablewater content of control slurry
C0 was about 0.13 g/g dry blend, which reduced to only 0.07 g/g dry
blend after 30 d curing, suggesting that chemically combined water
content was decreased due to conversion of hydration products
from amorphous C-(A)-S-H to crystalline phases. The primary
decomposition peak shifted from approximately 210 to 760 �C,
KFA-amor SFAI-amor SFAII-amor

2.4 10.7 10.1
227 227 227
10.7 6.52 6.51
123.7 148.2 157.7



Fig. 7. Refinement of fly ash diffraction patterns and derivation of their amorphous phase models.

Fig. 8. Plot of the QXRD results of amorphous phase measured by PONKCS model and
that calculated by internal standard method (wt%). The solid lines shows the y ¼ x
correlation and the dashed lines depict a ±5 wt% interval.

Fig. 9. Phase compositions of unstable systems at various curing time. (“Others” refers
to minor phases such as calcium iron silicate hydroxide, grossite, etc.; “UAP” refers to
unidentified amorphous phases, which mainly consists of C-(A)-S-H).
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corresponding with the dehydration of amorphous C-(A)-S-H and
xonotlite, respectively. The test results were in good agreement
with QXRD results presented in Fig. 12. On the other hand, the non-
evaporable water content of all fly ash modified samples showed
stable non-evaporable water content, which increased slightly with
curing time in the systems containing both fly ash and silica. The
non-evaporable water content of fly ash modified slurries ranged
1130
from 0.13 to 0.18 g/g dry blend at 30 d, far more than that of control
slurry C0, suggesting that the addition of fly ash increased the
chemically combined water in the hydration products, especially
over long-term curing. The derivative curves of fly ash modified
slurries showed two main decomposition peaks, one at approxi-
mately 210 �C, the other at approximately 420 �C. The first peak
corresponds with the dehydration of C-(A)-S-H, while the second
peak corresponds with the dehydration of calcium silicoaluminate
hydrate such as katoite and grossular (Frías et al., 2022). The second
peak in slurries m1 to m3 were apparently higher than that in



Fig. 10. Phase compositions of stable systems at various curing time. (“Others” refers
to minor phases such as calcium iron silicate hydroxide, grossite, etc.; “UAP” refers to
unidentified amorphous phases, which mainly consists of C-(A)-S-H).

Fig. 11. Composition evolution of different systems at various curing time. (”0 D” is the
cement slurry composition before hydration; “HP” refers to all hydration
products; “Free water” is evaporable water in set cement; “FA-C” and “FA-amor” refer
to crystalline and amorphous components in fly ash, respectively; “additives” are solid
components of all additives).

G.-D. Cheng, X.-Y. Pang, J.-S. Sun et al. Petroleum Science 21 (2024) 1122e1134
slurries M1 to M4, suggesting more kaotite and grossular contents
in the former, which is consistent with QXRD test results.

5. Discussion and future work

Cementing high-temperature deep wells presents significantly
different challenges compared with steam-injection wells. High-
temperature deep wells requires the cement to set and cure in
one-step at high temperatures, while steam injection wells require
the cement to set at relatively low temperatures and cure at high
temperatures. As revealed by several recent studies, the strength
retrogression problem for high-temperature deep well conditions
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is much more difficult to solve than that for steam injection well
conditions. Strategies such as optimizing the particle size and
dosage of silica, employment of other admixtures such as alpha-
alumina, fiber or nano-graphene reinforcement materials, and
highly reactive amorphous silica, all seemed to be ineffective in
preventing long-term strength retrogression (Pang et al., 2021; Qin
et al., 2023). This study presented a novel method of improving the
long-term strength stability of traditional silica-enriched oil well
cement by introducing fly ash to the system and achieved excellent
test results. The working mechanism of fly ash in preventing long-
term strength retrogression is revealed by comprehensive micro-
scopic and phase composition analysis of the set cement. The
possible reason that the combined use of fly ash and silica can
improve the long-term strength stability of oil well cement systems
is twofold: first of all, the xonotlite phase related to poor strength
was inhibited; secondly, the stability of C-S-H was improved by
introducing aluminum inclusions to form C-(A)-S-H. C-(A)-S-H is
known to have better stability and micromechanical properties
than C-S-H (Hou, et al., 2015; Zhu et al., 2022). However, the reason
that the cement-fly-ash systems (m systems) also experienced
strength retrogression may be due to its high Ca/Si ratio (ranging
from 1.42 to 1.59). It has been shown that the stability of the C-(A)-
S-Hwith a lower Ca/Si ratio is superior to that of the C-(A)-S-H with
a higher Ca/Si ratio due to fewer defects in the silica chain, lower
polymerization, and small gel pore volume (Wang et al., 2022).
Additionally, only limited number of mixture designs are investi-
gated at one curing temperature here. A more comprehensive
investigation of the admixture design parameters, such as the ratio
between fly ash and silica and their total dosage, is needed in the
future. The effect of different curing temperature on the test results
should also be evaluated in future studies.
6. Conclusions

The influences of fly ash and silica on the high temperature
resistance of oil well cement (directly set and cured under the
condition of 200 �C and 50 MPa for different curing time) were
studied experimentally. The following main conclusions can be
drawn.

(1) The addition of silica or fly ash individually in oil well cement
cannot prevent the long-term strength retrogression, while
their combined addition can not only stabilize the mixture
but also result in increases in strength and decreases in
permeability of the set cement with increasing curing time.
The compressive strength was increased by 11.1%e101%,
while the permeability was decreased by 36.2%e79.7% from
2 to 90 d for the four different systems studied.

(2) The pore size and total porosity of oil well cement systems
containing both fly ash and silica were decreased with
increasing curing time, suggesting that the combined use of
the two admixtures effectively prevented microstructure
coarsening of oil well cement systems over long-term curing
at HPHT conditions, which is consistent with permeability
test results.

(3) The cement slurries containing only silica showed significant
conversion of amorphous C-(A)-S-H to xonotlite during long-
term curing while the cement slurries containing only fly ash
showed significant conversion of amorphous C-(A)-S-H to
kaotite and grossular during long-term curing, which are
possibly the cause of strength retrogression of these systems.
The cement slurries containing both silica and fly ash
exhibited more stable compositions, and the amorphous C-
(A)-S-H content increased with time during long-term



Fig. 12. TGA test results of set cement at various curing time.
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curing, which explained the long-term stability of their
physical and mechanical properties.

(4) Within the scope of this study, test results show that the
different types of fly ash used had no significant differences
in their abilities to prevent the long-term deteriorations of
traditional silica-enriched system properties at HPHT
conditions.
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