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ABSTRACT 
 

Experimentally, the aim of this research paper is to investigate the thickening time (TT) of different 
ferrous cement slurry systems in high-pressure and high-temperature (HPHT) environment.  
Objectively, the study collected eight (8) samples of groundwater from 8 different boreholes, as 
mix-water, from the study area, Kolo Creek.  These mix-water samples were subjected to water 
chemistry analysis, based on the American Public Health Association (APHA) drinking water test 
methods; the results obtained from these tests were benchmarked with the standard values of World 
Health Organisation (WHO), and Nigeria Standard Drinking Water Quality (NSDWQ) standards.  
These results reveal that, in each of the tested mix-water samples, ferrous ion (Fe

2+
) concentration 

was higher (0.52 to 6.82mg/L); which is greater than 0.3mg/L, and this was the only chemical 
parameter that was in strong disagreement with the WHO’s and NSDWQ’s Drinking Water Quality 
standards.  Subsequently, each of these ferrous mix-waters were used in the formulation of cement 
slurries at the water-to-cement ratio of 0.44 in batches; each of these formulated slurries were 
used, to test for the effects of ferrous ion concentration in mix-water on the TT performances of the 
slurries.  These TT tests were performed using the Chandler model 7322 HPHT Consistometer.  
These tests were conducted based on the API Specification 10A methods of 1995. Generally, the 
results obtained reveal that, as the concentration of Fe

2+
increases in the mix-water, the TT of the 

cement slurry accelerated in the HPHT environment.  This means that the cement slurry set faster.  
Also, this set-fast behaviour of high ferrous ion concentration towards slurry suggested that, high 
concentration of ferrous ion induced the exothermic reaction of tricalcium aluminate (C3A) during 
the hydration of the ferrous cement slurry.  Therefore, ferrous neat cement slurry is only suitable 
for cementing shallow oil-well, except retarding additives are added into the slurry. 
 
Keywords: Thickening Time, Mix-Water, Oil-well Cement, Ferrous Ion, Cement Slurry, High-
Pressure, and High-Temperature 

 
Nomenclature/Abbreviation/Short-Hand 
0F Degree Fahrenheit Fe2+ Ferrous ion Concentration, mg/L 

2D 2-Dimensional Plots HPHT High-Pressure (psi) and High-Temperature (0F) 

API American Petroleum Institute M Molarity 

Bc Bearden Units Mg/L Milligram per Litre 
BHCT Bottomhole Circulating Temperature, 0F Min Minutes 

BHST Bottomhole Static Temperature, 0F Na2SiO3 Sodium Silicate 

C3A Tricalcium Aluminate NaOH Sodium Hydroxide 

C3S Tricalcium Silicate OWC  Oil-well Cement 

ppg Pound per Gallon Psi  Pounce per Second Inch 
R2 Coefficient of Determination t Time, hrs or min 

T Torque, g-cm TT Thickening Time 

w/c Mix-Water-to-Cement Ratio WHO World Health Organisation 

WOC Waiting-On-Cement, hrs or min.  

 
1.0. Introduction 

 
The thickening time (TT) of cement slurry is a measurement of the time during which oil-well cement 
(OWC) slurry remains in a pumpable non-Newtonian fluid state (Roshan and Asef, 2010).  The 
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pumpable state is usually between 20 minutes to days, at prevailing oil-well in situ conditions (Alp 
and Akin, 2013; Salam et al., 2013).  In addition, Salam et al. (2013) explained that, this pumpable 
time includes the time spent in mixing the powdered cement, mix-water, and additive(s) in a cement 
mixer; and the time after initial mixing up to the time, when the cement can no longer be pumped.  
Explicitly, this means that the TT is the sum-up periods of mixing the cement slurry, pumping, 
displacement of drilling mud, placement of cement slurry at the desired subsurface location in the 
wellbore, and release of inflatable plug, including the safety factor of 1 to 2 hours (Dillenbeck, 2010).  
Nevertheless, this process depends on the downhole temperature and pressure profile, the mixing of 
the powdered cement, quantity and quality of mix-water, the ground particle size of the powdered 
cement, and the additives used (Boniface and Appah, 2014); thus TT can be evaluated up to the 
pressure, and temperature of 30,000 psi, and 400 

0
F in most ultra-HPHT reservoir, respectively; using 

a device known as pressurized consistometer (API Specification 10A, 1995; DeBruijn, 2008; Broni-
Bediako et al., 2015).  During TT tests in the HPHT consistometer, as the cement slurry begins to set, 
the points of departure is observed from the potentiometer.  These points of departure are the points 
with respect-to-time, at which the consistency or apparent viscosity, of the cement slurry begins to 
increase.  These points are very crystal clear at 30, 70, and 100 Bearden Units (Bc).  Although, in most 
cases, the final departure point of 100Bc is the consistency, at which the slurry seized, to be pumpable; 
but, in some studies 70 Bc is considered, to indicate the maximum consistency for the slurry, to still be 
in a non-Newtonian pumpable state (Dargaud and Boukhelifa, 2006; Broni-Bediako et al., 2015).   
 
Despite the aforementioned tests, it should be noted that the pressurised fortified metallic vessel used 
to hold the sampled cement slurry into the consistometer, does not simulate or represent real oil-well 
downhole prevailing conditions; mostly the reservoir formation characteristics (Bourgoyne et al., 
1986).  Since, in actual well conditions, mix-water used to prepare cement slurry can infiltrate into a 
permeable formation, fractured or dual fractured formation, through the challenging processes of fluid 
filtration, lost circulation, and fluid loss (Igbani et al., 2018).   Hence, the estimated wellbore real TT 
may be probably less or greater than, what is been predicted during the laboratory slurry design (Azar 
and Samuel, 2007).  Furthermore, the measuring of TT, as determined in a HPHT consistometer, is 
only related to the torque being placed on a stationary paddle within the rotating slurry metallic cup.  
Also, the torque does not represent, the impeding factors in the wellbore, militating against the 
rheological behaviour of the cement slurry.  Thus, as the cement sets, the torque increases on the 
spring-loaded potentiometer connected to the paddle shaft.  This torque is recorded as a Direct 
Current (DC) voltage across a resistor on top of the potentiometer.  The actual viscosity of the OWC 
can then be derived from a linear plot of DC volts versus viscosity in Bc.  In the HPHT consistometer, 
a torque is applied to a spring-loaded paddle to the cement slurry in the rotating 150 rpm (revolution 
per minute) slurry cup, in which the 150 rpm represents the pump rate (Saleh et al., 2018).  The TT of 
most cement slurries become “unpumpable” from the range of 40 to 100 Bc for most oil-well 
applications; while other API standard for cement slurry TT elapses at 100 Bc (Van Kleef and Van 
Vliet, 1993; Purvis et al., 1993; API Specification 10A, 1995). 
 
Consequently, the TT of a cement slurry under real conditions must be ascertained, to ensure 
sufficient pumping time for the cement slurry to displace the drilling mud, and to properly place the 
cement slurry at the desired subsurface location.  However, excessive or protracted TT must be 
avoided, to prevent unnecessary rig downtime, settling and separation of cement slurry components; 
mostly, in a directional or deviated zone of the casing string, nucleation and growth of free-water 
pockets, and formation of high porosity and channels in cement sheath due to loss of hydrostatic head, 
and gas cutting.  In other words, in a poor designed cement slurry, an unnecessary protracted TT will 
result in delays of cement slurry set, which comprises higher rig costs, while an unnecessary shorten 
TT will result in the failure of the cement, to reach its required desired or targeted subsurface depth 
(Kanesan et al., 2018).  Hence, these explained that there are factors that affect the TT of cement 
slurries.  These factors can increase the time for waiting on cement (WOC) of slurry to set, which may 
prolong the rig downtime – ‘retarding cement slurry TT’.  On the other hand, some of these factors 
may shorten the WOC time for cement slurry to set, and this may cause the cement slurry to set 
prematurely, to exhibit flash set, or set probably at the wrong depth in the wellbore – ‘accelerating 
cement slurry TT’ (Azar and Samuel, 2007).  Additionally, available study confirmed that, some 
major factors that affect the TT of cement slurry are the downhole temperature and pressure, improper 
use of additives, and impurities in mix-water (Pattinasarany and Irawan, 2012).   
 



Nigerian Journal of Environmental Sciences and Technology (NIJEST)  Vol 4, No. 2 October 2020, pp 351 - 369 

 

Igbani et al., 2020                                                              353 

 

Technically, during primary cementing of the annular space, the temperature encountered by the 
cement slurry, is comprised of the transmitted heat from the bottomhole circulating temperature 
(BHCT) and the bottomhole static temperature (BHST), including the inherited exothermic heat 
generated from the cement slurry hydration reaction (Kabinoff et al., 1992; Kutasov and Kagan, 2002; 
Hole, 2008).  Accordingly, as this combined temperatures increases, the TT of cement slurry system 
gets shorten.  This will obviously decrease the WOC time to set, which directly reduces the rig 
downtime.  On this backdrop, Bett (2010) in a report on geothermal oil-well cementing, materials and 
placement techniques concluded that, BHCT is very critical in the design of OWC slurry, and accurate 
estimate is necessary, as it affects the slurry TT and rheology.  Furthermore, in a recent study, 
Soltanian and Mortazavi (2016) studied the difficulties that frequently happen, in cementing a low 
temperature formation with a long setting time, in which the cement is subjective by low 
temperatures, at which the TT increases. To solve this problem, Soltanian and Mortazavi (2016) 
formulated a unique cement system, which contained Nano-silica, hollow spherical material, and 
Class G oil-well cement, and some additives such as dispersants, and fluid loss control agents were 
used in the cement system.  The laboratory tests showed that, the slurry had a low density, excellent 
fluid loss control, no free fluid, right-angle-set, and a short TT (47 minutes) at low temperatures.  
Therefore, it is important that a temperature gradient profile be computed, to give the temperature 
disclosure that the cement slurry will encounter during the pumping operations.  Apart from the effect 
of temperature on cement slurry TT, the bottomhole pressure also affects the TT behaviour of cement 
slurry.  The intended bottomhole flowing pressures of the formation fluids in an oil-well have the 
tendency to accelerate the TT of a cement slurry.  However, the effect of pressure is not practically so 
pronounced compared to that of temperature.  Although, testing a designed cement slurry property in 
the laboratory requires both simulated downhole pressure and temperature.  Accordingly, in another 
study, an increased pressure on cement slurry was observed to only change the rate of hydration of 
C3S, but did not alter the structure of the cement slurry (Bresson et al., 2002).  Besides, the effects of 
temperature and pressure on the TT of OWC slurry, it has also been reported that density control 
activities on cement slurry, is another threatening factor on TT. 
   
As a result, in a recent study, Kanesan et al. (2018) investigated the TT of Class F fly ash geopolymer 
cement for oil-well cementing.  In the study, Kanesan et al. (2018) formulated fly ash geopolymer 
cement slurry, to investigate the role of density and retarder on TT.  With regards to this, the reagents 
used for the cement formulation were class F fly ash, mix-water, NaOH, Na2SiO3, dispersant, and 
retarder.  In addition, the mixing ratio of Na2SiO3 and NaOH, and the molarity of NaOH were 0.25 
and 8M, respectively.  In course of this, three (3) types of samples were prepared and termed as low, 
medium, and high density mixtures of geopolymer based cement.  For the low density mix, mix-water 
was continuously added into the mix until the optimum and desired density was achieved, but 
exclusive to the water added to dissolve and dilute NaOH pellets to obtain the molarity of 8M.  But, 
barite was added into the high density mixtures, to increase the density of the mixtures to the desired 
slurry density.  The required density for a particular slurry mixture was achieved from the 
manipulation of the quantity of three variables.  These variables were fly ash, water, and barite.  
Water was used to reduce the density of the cement slurry, while barite was used as a heavyweight 
agent to increase the density of the mixture.  After the cement slurries have been prepared, Kanesan et 
al. (2018) employed the API standards experimental methods, and subjected the slurries to density, 
and TT tests using the pressurized mud balance, and HPHT Consistometer equipment, respectively; as 
also enshrined in the API Specification 10A (API Specification 10A, 1995).  However, in Kanesan et 
al. (2018) study, the HPHT Consistometer operating oil-well pressure, and temperature conditions 
were simulated at 2000psi, and 140

0
F, respectively.  The results obtained evidenced that the medium 

density mixture is the optimum mixture.  The medium density has the highest TT of 6.00 and 5.63 
hours for with, and without retarder, respectively.  Also from the results obtained, it evidenced that 
the addition of barite and water into the slurry slowed the geopolymerization hydration reaction.  
Additionally, it was discovered that the addition of retarder delayed the TT of the slurry by 6.49%, 
6.57% and 1.12% for low, medium and high density cement slurries, respectively.  On the other hand, 
the addition of retarder was very insignificant in the high density slurry; this explained that the 
addition of barite hindered the retarder to form a barrier layer around the reacting geopolymer cement 
molecules.  As a result of the study, Kanesan et al. (2018) concluded that, the three formulated 
geopolymer cement slurries met the requirements of conventional oil-well cementing processes with 
the TT falling between 3-8 hours, though depending on the well depth.  In addition, it was also 
concluded that, the density of the cement slurry, and the addition of retarder affected the TT of the 
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geopolymer cement slurries; which the medium density cement slurry resulted in the longest TT 
period.  Conversely, the addition of retarders and barite were observed to be ineffective in prolonging 
the TT of high density cement slurries.  Finally, it was found that the addition of retarder contributed 
to less than 10% of the increment in TT for all three cement densities formulated.  This was also 
pointed out by Bett (2010) that, when a cement slurry density is reduced the TT and the ultimate 
compressive strength are also reduced.  Kanesan et al. (2018) study also shows that, quantity of mix-
water above the API Specification used in the formulation of cement slurry, does not only reduces the 
density of cement slurry, but prolongs or retards the TT of cement slurry.  This premise about the 
effects of large quantity of mix-water in cement slurry on the performances of OWC TT has been 
confirmed by various studies (Valic and Stepisnic, 1998; Zhang et al., 2010).       
 
Water is an important integral ingredient of cement slurry, and it is termed mix-water in cementing of 
oil and gas wells.  Part of the mix-water is used in the hydration reaction of slurry cement, which a 
potable mix-water is required for imparting the workability of cement slurry into cement sheath.  This 
is the singular reason most organisational specifications endorsed the use of potable mix-water for 
primary cementing (API Specification 10A, 1995; WHO, 2011).  Thus, the quality of mix-water is 
always required, to be looked into very carefully; since, mix-waters are still collected at rig-site for 
the purposes of cementing without, the application of water-reticulation   This have led to many 
reported cases of failed TT of cement slurry, due to the presence of chemical impurities in mix-water 
(Nygaard et al., 2014; Kiran, et al., 2017).  Hence, the effects of mix-water quality on the TT 
performances of cement slurries have been investigated by many studies, but to no avail or consensus.  
On this background, Madhusudana et al. (2011) studied the effects of lead ion (Pb

+
) present in de-

ionized mix-water of known concentrations on cement mortars properties.  In the study, samples of 
cement mortars were prepared with de-ionized water at identified concentration of Pb

+
 at 10, 50, 100, 

500, 1000, 2000, 3000, 4000 and 5000 mg/L; while some cement mortar samples were also prepared 
with de-ionized mix-water only.  Those with the deionised water only, were used as the experimental 
control units, or for reference purposes.  When the TT results of the reference sample were 
benchmarked with those of the Pb

+
 cement mortars; it was observed that, as the concentrations of Pb

+
 

in mix-water increased, the TT of cement mortar significantly accelerated.  Although, at 2000 mg/L 
concentration of Pb

+
, the TT slightly increased.  However, this investigation was conducted at 

atmospheric conditions not at HPHT environment.  Furthermore, Patil et al. (2011) in a study, 
examined the effects of chemicals as impurities in mix-water on properties of concrete.  This work 
was conducted for cement mortars with w/c of 0.473, using mix-water with various concentrations of 
sodium hydroxide (NaOH), calcium hydroxide (Ca(OH))2, calcium sulphate (CaSO4), ferrous sulphate 
(FeSO4), and sodium nitrate (NaNO3).  The recorded TT results showed that, the presence of each of 
the aforementioned chemical impurities in mix-water at increasing known concentrations, accelerated 
the TT of the investigated cement mortars, when compared with the control cement slurry prepared 
with Tap water only.  Nevertheless, this investigation was accompanied at atmospheric conditions, not 
at HPHT environment.  Similarly, in a recent study, Saleh et al. (2018) studied and measured how 
mix-water quality affects cement properties.  As a result, five (5) different types of mix-waters 
classified as soft (distilled water), slightly-hard, moderately-hard, hard, and very-hard, were used in 
the formulation of the Class G OWC slurries.  Thereafter, each of the slurries was subjected to the 
consistometer test, to record the TT.  The results obtained from the study demonstrated that, when the 
hardness of the mix-water increased, the TT of the cement slurry accelerated.  This investigation was 
carried out at simulated well conditions. 
 
Generally, the aforementioned reviewed studies have evidenced that, the downhole temperature and 
pressure, improper use of additives, and chemical impurities in mix-water accelerates the thickening 
time of cement slurry, and mortar.  Still, these evidences did not give account on the effects of density 
increment or reduction by ferrous ionic impurities on TT; and the effects of ferrous ion presence in 
mix-water on the thickening time performance of cement slurry in HPHT environment.  Therefore, 
this research paper experimentally examined the effects of different ferrous ion known concentrations 
in mix-water, on the thickening time performance of cement slurry.  Consequently, mix-water 
samples were collected between November, 2018 and March, 2019.  To achieve this aim, this study 
randomly collected the mix-water samples from eight (8) boreholes at different locations of the study 
area, Kolo Creek, Nigeria.  These sampled mix-waters were subjected to water analysis, to identify 
the physicochemical properties of the mix-waters.  Furthermore, these analysed mix-waters were used 
in the formulation of Class G oil-well cement slurry.  In addition, deionised water was used in the 
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preparation of the control cement slurry.  Thereafter, each of the prepared slurries was subjected to 
HPHT TT performance test.  In this study, the simulated HPHT environments were set in pairs of 
3,000 psi and 250

0
F; 3,000 psi and 200

0
F; 2,500 psi and 250

0
F; 2,500 psi and 200

0
F for the TT 

performance tests.   
 
1.1. Study area 
The research opted for Kolo Creek area as a case study, because of the high activities of oil 
exploration and production, including the high content of ferrous groundwater in the area 
(Amangabara and Ejenma, 2012; Adesuyi, 2015; Oyinkuro and Rowland, 2017).  Kolo Creek is 
located in Ogbia Local Government Area of Bayelsa State, Nigeria (Figure 1).  Kolo Creek on the 
Global Positioning System (GPS) position is approximately at Latitude 04°

 
24′26.893″ and 04° 

59′05.094″ North and longitude    06°14′59.190″ and 06°20′47.701″ East, which an exploration and 
production company, had since 1964 been the sole international oil company (IOC) that operates the 
oil mining leases (OMLs) of between 35 and 36 (Adesuyi, 2015; Ebuete and Bariweni, 2019).  The 
major hydrocarbon produced from this area is crude oil.  As at 2016, more than 40-well have been 
drilled, which more than 33-well have been in the level of drilling and completion, and production.  
These oil-wells are classified at maximum pressure (10,000 psi) and temperature (300

0
F) see Figures 

2 and 3; while the groundwater in this area, from shallow wellbores were classified as good, but not 
potable (Figure 4).  Currently, more than 8-well are producing, in which 6-well are producing to 
Gbaran oil gathering facility (World Industrial Information, 2016).  In addition, based on my personal 
conversations with several Community Leaders at Kolo Creek (Otuasaga, Oruma, Imiringi, 
Amurukani, Kolo 1, Kolo 2, Kolo 3, Emeyal 1, Emeyal 2, etc.) communities and staff of the IOC, it 
was disclosed that, the IOC do always conduct some remedial (maintenance) cementing jobs on some 
production wells.  Therefore, this study is very paramount.  Thus, this study is expected, to yield 
sustainable outcomes and solutions that would make the cementing of similar oil-wells safer and 
economically viable in the area.  
 

 
Figure 1: Map of Bayelsa State: inset map showing location of studied area (Kolo Creek) in red-like 
colour.  Modified from Creek (2004) and Adesuyi (2015).  
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Figure 2: HPHT threshold classification for reservoirs (DeBruijn et al., 2008). 
 

 
Figure 3: HPHT projects around the world (DeBruijn et al., 2008).  
 

 
Figure 4: Water quality index map for Kolo Creek in Ogbia local government area, Bayelsa State, 
Nigeria (Oyinkuro and Rowland, 2017). 
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2.0. Methodology 
 
2.1. Materials/equipment 

The materials used for the investigations were Class G cement, de-ionised water, eight (8) ferrous 
mix-water samples, 36 cement slurry samples; while the major equipment were Weighing Balance, 
Pressurised Mud Balance, the Chandler model 7322 HPHT Pressurised Consistometer, X-ray 
diffraction (XRD), Quantachrome Autosorb-1 (QA) 2005 Surface Area Analyser and Cement Mixer.  
 
2.1.1. Deionized mix-water 
A 20-litre plastic-can of high grade de-ionized water was purchased from an industrial chemical 
Dealer at Yenagoa, Bayelsa State of the Federal republic of Nigeria.  The deionised water was 
branded as ultra-violet treated and premium water quality.  The deionised water was also laboratory 
graded and not intended for human consumption.  The deionized water is a product of Roshan 
industries.  The deionised mix-water was used, to formulate the neat cement slurries.  This water is 
free from ions and impurities, and it was used, to formulate the control cement slurries for the TT 
tests. 
 
2.1.2. Sampling of mix-water 
The mix-water samples were collected between November, 2018 and March, 2019.  The mix-water 
samples were randomly collected from eight (8) locations in the study area, Kolo Creek, Nigeria, as 
indicated in Table 1.  Before the sampling processes were conducted, each sampling from the 
boreholes was conducted after the in-situ mix-water had been hovered from the borehole for 20 
minutes.  This was done with the aid of a submersible pump, at the flow rate (Q) of 20 litres/minutes.  
This ensured that the sampling was from the desired uncontaminated water-source in each water 
boreholes.  Each of the boreholes had a depth that is approximately below 60 ft.  After the 20 minutes 
of pumping, each of the 4-litre empty plastic container were washed and rinsed twice (2) with the 
sample to be collected at the borehole site; though, at every borehole sites mix-water was collected 
and poured into a rinsed 4-litre empty plastic container (Figure 5); then, the container was closed 
hermetically, while avoiding the appearance of air bubbles.  Each of the containers had a label 
indicating the date, time, and location of the sample collected.  The mix-water samples were 
transported in eight thermos-coolers to the Niger Delta University Chemistry Laboratory for water 
chemistry analysis. 
 
Table 1: Sampled ferrous mix-water locations from case study area, Kolo Creek. 

 
 

 
Figure 5: 30 days stand-alone sampled mix-water from the case study area, Kolo Creek. 
 
2.1.3. Mix-water and its physicochemical properties 
The mix-water samples were collected between November, 2018 and March, 2019.  These mix-water 
samples were randomly collected from eight (8) boreholes at different locations of the study area, 
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Kolo Creek, Nigeria.  These sampled mix-waters were subjected to water analysis, to identify the 
physicochemical properties of the mix-water. The mix-water samples randomly collected from the 8 
locations in the study area, Kolo Creek, were subjected to water analysis, at the Chemistry 
Laboratory, Niger Delta University, Nigeria.  These laboratory analyses were conducted in agreement 
with the widely accepted conventional instrumental analytical standard methods of the American 
Public Health Association drinking water test methods (APHA, 1998).  The instrumental analytical 
standard methods were used, to test for the presence of some heavy metals in each of the sampled 
mix-waters at the laboratory, after 3 hours of sampling.  The heavy metals investigated were limited 
to: arsenic (As), chlorine (Cl), cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), lead (Pb), 
magnesium (Mg), calcium (Ca), mercury (Hg), and zinc (Zn).  Explicitly, the presence of heavy 
metals in the mix-water samples were determined by the Atomic Absorption Spectrophotometer 
(AAS); while the anion, and cation of the heavy metals were measured and determined using standard 
titrimetric and spectrophotometric methods.  Furthermore, other physical properties of the mix-water 
samples examined onsite, were the pH, turbidity, total dissolved solids (TDS), and electrical 
conductivity.  Subsequently, the physicochemical results obtained were benchmarked with the World 
Health Organisation, and Nigeria Standard Drinking Water Quality standards values (NSDWQ, 2007; 
WHO, 2011).  The physicochemical results show that, in each of the tested mix-water samples for 
physicochemical parameters, the ferrous ion (Fe

2+
) concentration was higher (0.52 to 6.82 mg/L); 

which is greater than 0.3 mg/L (Table 2).  This was the only heavy metal that is strongly in 
disagreement with the WHO’s and NSDWQ’s Drinking Water Quality standards.  However, 
groundwater from this study area, have been declared as good water, but not as potable water 
(Oyinkuro and Rowland, 2017).  The aforementioned laboratory tests and analyses for 
physicochemical parameters of water to determine its suitability as potable water, have also been used 
and reported by many researchers (Ashraf et al., 2011; Oyinkuro and Rowland, 2017; Zacchaeus et 
al., 2020); hence, its application in this study. 
 
Table 2: Results of physicochemical on the mix-water samples collected between November, 2018 
and March, 2019 from Kolo Creek  

 
 
2.1.4. Class G oil-well cement 
Class G oil-well cement was used as one of the experimental materials.  This Class G oil-well cement 
was provided by a Vendor to the petroleum engineering laboratory, Niger Delta University, Nigeria.  
Class G oil-well cement (OWC) is envisioned for use as oil and gas basic cement.  Upon its delivery 
at the petroleum engineering laboratory, the cement was packed separately in sealed plastic bags.  
These sealed bags were further sealed in five (5) empty 20-litre plastic cans with each container 
containing 5 kg of the Class G OWC, to prevent the powdered cement from contacting moisture.  To 
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verify this cement, X-ray diffraction (XRD) and Quantachrome Autosorb-1 (QA) 2005 Surface Area 
Analyser equipment were used, to test for the composition and surface area of the Class G OWC.  The 
results from both the QA, and XRD tests are summarised and presented on Table 3.  In addition, the 
surface area of the Class G OWC was measured by the Brunauer, Emmett, and Teller (BET) method 
using nitrogen gas as the adsorptive medium in a QA 2005 (Khan et al., 2010).  The XRD and BET 
preliminary results disclosed that the Al2O3 to Fe2O3 weight ratio was greater than 0.64 (Bourgoyne et 
al., 1986).  This explained that, the supplied Class G cement is suitable in formulating the deionised 
and ferrous cement slurry systems for the investigations.  More information about the Class G cement 
specifications are presented in Tables 4 and 5. 
 
Table 3: Compound component and BET surface area of class G oil-well cement (wt.%). 

 
 
Table 4: Major chemical properties of class G oil-well cement 

 
 
Table 5: Physical properties of class G oil-well cement 
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2.2. Methods 

2.2.1. Preparation of ferrous and deionised Class G cement slurry 
The sampled ferrous mix-waters were used to prepare the cement slurries.  Practically, these cement 
slurries were prepared based on the principles of API specification 10A (API specification 10A, 
1995).  In accordance with this specification, the container with mix-water as its content was 
subjected to mixing at the speed of 4,000 rpm for approximately 15 seconds; after all the measured 
Class G cement powder had been added into the mix-water, immediately the mixing container was 
covered and placed for mixing at the speed of 12,000 rpm in the cement-mixer.  This mixing was 
performed for about 35 seconds.  Explicitly, from the both 8 samples of ferrous mix-waters, and 1 
sample of de-ionised mix-water; cement slurries were formulated, at various performance test 
intervals.  Generally, eight (8) cement slurries of mix-water/oil-well Class G cement ratios (w/c) of 
0.44 were prepared from each of the 8 different mix-waters, which had different ferrous ions 
concentrations; and one (1) deionised cement slurry for the control experiment (Figure 6).  A total of 
36 cement slurry samples were used for the TT tests.  Also, precautions were taken, to ensure the 
adherence of the API procedures of mixing cement slurry, and the replacement of the device’s blade, 
when it has loss 10% of its original weight with an unused standard blade. 
 

 
Figure 6: Block diagram illustrating the preparation of cement slurries for the tests 
 
2.2.2. Thickening test of ferrous Class G cement slurry 
The outcome of the laboratory TT tests evidenced the length of time that the ferrous Class G cement 
slurry would remain pumpable or flowable in the wellbore annulus at the simulated high-pressure and 
high-temperature (Roshan and Asef, 2010).  This is also termed the time waiting-on-cement (WOC) 
to set.  This includes the initial mixing time of the cement slurry, to the time the cement slurry can no 
longer be pumped in the wellbore, during the cementing of the annulus between the casing and the 
formation wall.  In investigating these ferrous cement slurries, in the laboratory, these tests were 
performed in a Chandler HPHT Consistometer model 7322, and readings were taken, at some points, 
and at the stationary condition (30, 70, and 100 Bc) of the potentiometer (API Specification 10A, 
1995; Salam et al., 2013; Alp and Akin, 2013; Broni-Bediako et al., 2015).  These readings were 
reported or expressed in Bearden units of consistency, Bc (API Specification 10A, 1995).  In this 
study, the operational testing pressure and temperature were set in pairs of 3,000 psi and 250

0
F; 3,000 

psi and 200
0
F; 2,500 psi and 250

0
F; 2,500 psi and 200

0
F.  These experimental controlled conditions 

were used to examine and estimate the TT of each of the 36 formulated ferrous cement slurries, 
divided in four (4) experimental groups, which each group had eight (8) ferrous cement slurry 
samples.  The ferrous cement slurry samples used for the tests were neat ferrous Class G cement 
slurries, which contained low to high ferrous concentration in mix-water and Class G oil-well cement.   
Practically, after the preparation of each of the samples, the investigated sample was filled into the 
two (2) API cement slurry cups, to the groove marked positions.  Then, approximately after 20 
seconds, the outside of the slurry containers were struck by a lighter rod to remove all entrapped air 
pockets from the prepared cement slurry.  At this point, the stationary paddles assembly including the 
potentiometer were inserted into each of the slurry containers, and installed into the opened 
cylindrical housing.  Then, the consistometer was powered, and white mineral oil was supplied, and 
circulated into the bath-oil pressure chamber.  This supplied oil was controlled with the gland nut, to 
attain the pressurised consistometer desired bath-level.  The desired bath-level was observed and 
attained, when the oil started flowing after the air in the exhaust.  This made the air-operated 
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hydraulic pump, to generate pressure to the cylinder assembly; after the gland nut was tightened 
firmly.  Afterward, the simulated pressure and temperature were set to 3,000 psi and 250

0
F, 

respectively.  Also, the setting of simulated temperature actuated the heat, which was supplied to the 
chamber by a 2,200 watt, internal, tubular heater; while the thermocouples determined the 
temperatures of the oil bath and cement slurry at an increasing temperature gradient of 3

0
F (Igbani et 

al., 2020).  The alarm system was also set at 90 min, to remind the Researcher about the minimum 90 
min API TT of Class G cement, these configurations took about 5 min.  Consequently, the heater, 
motor and timer clock were finally turned on; the motor rotated the API slurry cups via the drive 
table, at a speed of about 150 rpm; while the operating time for the test was set at 145 min.  Then, the 
maximum consistency (Bc) during the conditioned time of 15 – 30 min after the initiation of the TT; 
and the time the formulated ferrous cement slurry got to the consistency of 30, 70 and 100 Bc were 
recorded.  At the end of the testing period, the controller was stopped.   
 
Finally, after the consistometer had been depressurised, oil-drained, and allowed to cool down, the 
aforementioned experimental procedure was repeated for each of the cement slurry samples prepared, 
according to the stipulated experimental conditions.  The TT results are presented in the next section 
for analyses, and discussions. 
 

3.0. Results and Discussion 
 
Tables 6 to 9 show the different ferrous ion concentration in mix-waters, as it affects the TT of the 
investigated cement slurry systems.  In each of the tables, column A, B, C, D, E, F, and G depicts the 
sample label (mix-water sample [MWS]), ferrous ion concentration (mg/L), density of the cement 
(ppg), and the API first 15 – 30 minutes in consistency (Bc), while the others represent the TT at the 
consistency of 30 Bc, 70 Bc, and 100 Bc, respectively.  The results in Table 6, Table 7, Table 8, and 
Table 9 were respectively obtained at the held paired simulated temperature and pressure of 250

0
F and 

3000 psi; 200
0
F and 3000 psi; 250

0
F and 2500 psi; 200

0
F and 2500 psi.  Consequently, the API first 

15 - 30 minutes’ consistency values, which range from 16.70 to 25.30 Bc in column D of Tables 6 to 
9, with higher values in Table 7, disclosed that, all the cement slurry samples tested, satisfied the API 
requirement for oil-well cement TT (Broni-Bediako et al., 2015; API Specification 10A, 1995).  
Although, most of these slurries are contaminated with Fe

2+
 ion.   In addition, the results found in the 

aforementioned tables indicate that, as the concentration of Fe
2+

ion (column B) increases at the rate of 
0.93 mg/L, the density of the cement slurry (column C) decreases at the rate of -0.48 ppg.  Sequel to 
this, detailed results have been presented in Figures 7, to illustrate the inverse proportional 
relationship between ferrous ion concentration and ferrous cement density, and how it affects the 
investigated TT at 30 Bc, 70 Bc, and 100 Bc, of the neat ferrous cement slurry at the held paired 
simulated temperature and pressure of 250

0
F and 3000 psi, 200

0
F and 3000 psi, 250

0
F and 2500 psi, 

and 200
0
F and 2500 psi. 

 
Table 6:  TT at temperature (250

0
F) and pressure (3,000 psi) and cement density 
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Table 7: TT at temperature (200

0
F) and pressure (3,000 psi) and cement density 

 
 
Table 8: TT at temperature (250

0
F) and pressure (2,500 psi) and cement density  

 
 
Table 9: TT at temperature (200

0
F) and pressure (2,500 psi) and cement density  
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The influence of ferrous ion at different concentrations on the equivalent cement weight (ECW) is 
illustrated in Figure 7.  These results were obtained from the pressurised mud balance; after each of 
the slurries were conditioned for about 30 minutes at 80

0
F, and stirred with the cement mixer for 35 

seconds at the speed of 12,000 rpm.  The results in Figure 7 evidenced that, high concentration of 
ferrous ion in mix-water, resulted in the reduction of the cement slurry density. 
 

 
Figure 7: Fe

2+
 ion concentration as it influences the Equivalent Cement Weight (ECW) after the 

formulation and conditioning of the ferrous cement slurry 
 
In Figure 8, the figure shows that, the TT at the consistency of 30 Bc, 70 Bc, and 100 Bc, decreases at 
the rate of about -2.51, -2.69, and -1.86 minutes, respectively, whereas, synergistically, the ferrous ion 
concentration in mix-water increases at the rate 0.93 mg/L, and the ferrous cement density decreases 
at the rate of -0.48 ppg.  Additionally, the model with the highest coefficient of determination, R-
squared (R

2
 = 0.9659) indicates that, the TT of ferrous cement slurry is better measured at 70 Bc.  

These results were obtained when the experiments were conducted at the held condition, of simulated 
temperature of 250

0
F, and pressure of 3,000 psi.  It was also observed from these results that, at this 

simulated condition, the accelerating rates of the measured TT at 30 Bc, 70 Bc, and 100 Bc were the 
first fastest; when benchmarked with other investigated conditions.   
 

 
Figure 8: TT recorded at temperature (250

0
F) and pressure (3,000 psi).  

 
Similarly, the results in Figure 9 took the same trend as those presented in Figure 8.  The results of the 
TT experiments conducted under the experimental condition of temperature at 200

0
F, and pressure at 

3000 psi is presented in Figure 9.  This results in Figure 9 illustrates that, TT at the consistency of 30 
Bc, 70 Bc, and 100 Bc, respectively decreases at the rate of about -2.71, -2.99, and -2.07 minutes; 
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whereas, as identically reported in Figure 8, likewise in Figure 9, the ferrous ion concentration in mix-
water increases at the rate 0.93 mg/L, and the ferrous cement density decreases at the rate of -0.48 
ppg.  Also, the model with the highest coefficient of determination, R-squared (R

2
 = 0.9554) specifies 

that, the TT of ferrous cement slurry is better measured at 70 Bc. It was also observed from these 
results that, at this simulated condition, the accelerating rates of the measured TT at 30 Bc, 70 Bc, and 
100 Bc were the third fastest; when equated with the results of the other experimental conditions. 
 

 
Figure 9:TT recorded at temperature and pressure of 200

0
F, and 3,000 psi respectively. 

 
Furthermore, the results in Figure 10 took the same trend as those presented in Figures 8 and 9.  The 
results in Figure 10 illustrate the outcome of the TT investigated under the experimental condition of 
temperature at 250

0
F, and pressure at 2500 psi, at the consistency of Bearden at 30 Bc, 70 Bc, and 100 

Bc. At these points, the TT was observed to decrease at the rate of about -2.62, -2.82, and -1.98 
minutes; whereas, as reported in the previous results (Figures 8 to 9); also in Figure 10, the ferrous ion 
concentration in mix-water increases at the rate 0.93 mg/L, and the ferrous cement density decreases 
at the rate of -0.48 ppg.  On the other hand, in this figure the model with the highest coefficient of 
determination, R-squared (R

2
 = 0.9554) specifies that, the TT of ferrous cement slurry is better 

measured at 70 Bc.  It was also observed from these results that at this simulated condition, the 
accelerating rates of the measured TT at 30 Bc, 70 Bc, and 100 Bc were the second fastest; when 
compared with the results of the other experimental conditions. 
 

 
Figure 10: The TT results at temperature (250

0
F); pressure (2,500 psi). 
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Still, the TT results in Figure 11 took the same decreasing trend, as those presented in Figures 8, 9 and 
10.  The results in this figure illustrates that, each of the TT at 30 Bc, 70 Bc, and 100 Bc, decreases at 
the rate approximated as -2.78, -3.06, and -2.12 minutes, respectively; whereas, as usual the ferrous 
ion concentration in mix-water increases at the rate 0.93 mg/L, and the ferrous cement density 
decreases at the rate of -0.48 ppg.  Also, in this figure, the model with the highest coefficient of 
determination, R-squared (R

2
 = 0.955) agrees that, the TT of ferrous cement slurry is better measured 

at 70 Bc.  It was also observed from these results that at this simulated condition, the accelerating rates 
of the measured TT at 30 Bc, 70 Bc, and 100 Bc were the least fast; when equated with the results of 
the other experimental conditions. 
 

 
Figure 11: TT results at temperature (200

0
F); pressure (2,500 psi). 

 
Generally, in terms of the simulated HPHT environments, the results explained that, when the same 
cement slurries were replicated, and exposed to a more hash HPHT environment, the TT of cement 
slurry accelerates more, and were best noticed at 70 Bc, which conforms with the studies of Dargaud 
and Boukhelifa (2006); Broni-Bediako et al. (2015) that, 70Bc is considered, to indicate the maximum 
consistency for the slurry, to still be in a non-Newtonian pumpable state.  Furthermore, the results 
have demonstrated that, high concentration of ferrous ion in the mix-water resulted in lower density of 
the cement slurry.  The results also disclosed that, high concentration of ferrous ion in the mix-water 
resulted in accelerated TT.  This characteristic is also exhibited by the accelerating additive called 
calcium chloride (Crook et al., 2006; Azar and Samuel, 2007).  Also, this set-fast behaviour of high 
ferrous ion concentration towards cement slurry suggests that ferrous ion induces the exothermic 
reaction of C3A, and C3S during cement hydration (Shahrudin et al., 1993; Bourgoyne et al., 1986).  
These premises as well, opines that mix-water with high concentration of ferrous ion are only suitable 
for cementing surface casings, and shallow oil-wells.  Consequently, either high concentration of a 
retarder should be applied during the formulation of the ferrous cement slurry (Broni-Bediako et al., 
2015), or the mix-water should be made potable (Yousuo et al., 2019), to prolong or retard the TT of 
the cement slurry for a deep HPHT oil-well.  Therefore, this study’s results conform to the findings of 
Bett (2010), which opined that, as the density of cement slurry decreases; the TT of the cement slurry 
accelerates.  Furthermore, the collaborating synergistic effects of high pressure and high temperature 
on the ferrous cement slurry at high concentration resulted in accelerated TT.  This also agrees with 
the study of Mofunlewi et al. (2019), which concluded that, at increasing high-pressure of any given 
high-temperature the TT of cement slurry accelerates.  Though, this investigation did not consider the 
effects of ferrous ion concentration in mix-water towards TT.  On the other hand, in this paper, 
despite some of the TT recorded at the consistency of 70 Bc fell below the API required minimum TT 
of 90 minutes for Class G cement slurry (API Specification 10A, 1995), but accurate at 100 Bc; the 
outcome of the models’ R

2
 values discloses that, there is a strong linear relationship between the 

response surface of TT and the predictors of ferrous ion concentration, cement density, temperature, 
and pressure at the consistency of 70 Bc.  The technicality of this, has been reported by many studies; 
although those studies did not include the impact of ferrous ion concentration in mix-water on TT 
(Dargaud and Boukhelifa, 2006; Broni-Bediako et al., 2015; Mofunlewi et al., 2019). 
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4.0. Conclusions 
 
This study concludes, that the weight-lightless exhibited by the ferrous cement slurry, is as a result of 
the continuous increase of ferrous ion concentration in mix-water, which was caused by the induced 
oxidation of Fe

2+
 into turbid.  Also, the results demonstrated that, high concentration of ferrous ion in 

mix-water and the collaborating synergistic effect of high pressure and high temperature reduce or 
accelerate the thickening time of ferrous cement slurry, and also makes cement slurry, to set faster.  
Furthermore, this set-fast behaviour of high ferrous ion concentration towards cement slurry suggests 
that ferrous ion induces the exothermic reaction of C3A during cement hydration.  Finally, the overall 
results of the study opine that, mix-water with high concentration of ferrous ion are only suitable for 
cementing surface casings, and shallow oil-wells. 
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