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Abstract: An oil well in Darquain region of Khuzestan province in Tran was selected
as a case study and contemporary changes in pressure and temperature according
to real inside borehole conditions of this well have been simulated in curing the
class G cement samples in the laboratory. The mentioned cement usually used for
cementing the annulus between casing and rock formation n the o1l well early age
tensile strength of the samples were measured via Brazilian tension test in order to
perform more precisely predicting tensile cracking of cement sheath. It 13 worth to
mention that in this study no special additives used in cement slurry mixture in
order to evaluate only the effects of environmental conditions in curing the cement
samples. Results of laboratory tests showed that with the rise of the pressure and
temperature up to 150°F and 1500 psi, ear] age tensile strength is growing slightly
while after that it experiences a decreasing treatment.

Key words: Tensile strength, borehole pressure, borehole temperature, class G
cement slurry

INTRODUCTION

Casing and cementing, among over all of the operations in the drilling procedure of an
oil or gas well, specially cementing, are unquestionably the most critical and im portant works.
The lifetime of the well, the quantity and quality of producing and the duration of portion are
highly demanded to the proportion of success of these services. In the casing process, the
borehole is layered with a specific steel tube and subsequently in cementing procedure; the
annulus between the casing and the adjacent parapet rock formation is filled by specific
cement slurry. Cement slurries which fill the outer side of the rims will be set by the time,
usually after a few hours or a few days and the produced cement stone embraces back tubes
like a strong sheath and join them to the formation. Oil well cementing 1s the process of
mixing slurry of cement and water in an appropriated propertions and pumping it down
through steel casing of critical pomts in the annulus around the casing or in the open hole
below the casing string. Cementing is one of the most important and the most expensive
procedures of drilling.

All of the important job of this cement sheath can be summarized into protection and
prevention (Asadi, 1983). In addition to isolating of oil, gas and water producing zones, (1)
cement also aids in protecting the casing from corrosion, (2) preventing blowouts by quickly
forming a seal, (3) protecting the casing from shock loads in drilling deeper and (4) sealing
off lost circulation or thief zones (Smith, 1990).
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Reddy et al. (2005) mentioned in their research that there is a three stage manner for
mtroduction of a well which can economically and in a risk free manner produce the required
hydrocarbons. First stage is engineering analysis; second stage is to design and test cement
slurry which can be able to cooperate with the evaluated properties of the cement sheath in
the first stage. Third stage is to correctly and effectively replacing the cement shurry and to
surveillance over the cement sheath during the lifetime of the well which 1s in order to
achieving the effective zonal isolation.

Effect of Additives on Class G Cement Mechanical Properties

Ravi et al. (2007) studied the effects of cyclic loads on the mechamical properties and
integrity of the cement layer inside the oil or gas borehole through performing specific tests
which he has designed for that reason. Furthermore, he has investigated the effects of well
operation on cement sheath of different mechanical properties and discussed the results. Tn
his work, the lower-density cement systems were considered and were showed how the
density was lowered by incorporating conventional additives such as pozzolanic beads
(cenospheres), hollow glass beads, gas bubbles, water-binding additives, silica fume and fly
ash. All cement slurry formulations had a density of 12 lbm gal™ and were prepared
according to API procedures and were cured under a pressure of 3000 psi for 72 h at 190°F,
with the exception of cement system 1, which has cured in a water bath at 190°F for 72 h. The
specunens prepared for tensile strength testing have dog-bone style. Ravi introduced six
cement compounds in his study. Cement system 1 consisted of base slumy which was
prepared from cement and water. Cement system 2 included primarily cement and water with
sodium silicate. Cement system 3 comprised of cement, class F, fly ash, lime and bentonite.
Cement system 4 consisted primarily of cement, fumed silica and glass beads of specific
gravity 0.6. Cement system 5 involved primarily in cement ultrafine-particle-size cement and
cenospheres, which were precrushed at a pressure of 6000 psi. Cement system 6 consisted
of cement, class F fly ash, silica fume and bentonite. Resulted mechanical properties of these
systems are shown in Table 1.

Tt is observed that cement system 4 has over all the most tensile and compressive
strength. Heinold ef al. (2002) mvestigated about several relatively common cement
additives. The additives they used included organic materials as well as non-organic
matenials. They added these materials to o1l well cement with water contents averaging from
50 to 66% By Weight of Cement (BWOC).

They used monogrammed API class G cement in their research. To study the effect
which various cement additives have on mechanical properties of set cement, seven
cementing additives usually implemented in oil and gas well cementing were considered for
evaluation at 100 and 200°F which were as followed: polyvinyl alcohol (PVA), Silica Fume
(8F), metakaclin (HRM), wollastonite, styrene butadiene latex, hydroxyethyl cellulose (HEC)
and sodium metasilicate (SMS).

Table 1: Mechanical properties of cement slurry formulations (Ravi et @f., 2007)

Compressive strength Compressive
load vs. displacement  Tensile strength crush

Cement analysis strength test

systerns  Poison’s ratio Young’s modulus (psi)

1 0.151 8.08E+03 1017 190 1190

2 0.084 04.000+8.20E 337 50 320

3 0.139 3.28E+05 1008 80 1030

4 0.207 1.12E+06 5155 350 4160

5 0.220 1.07E+06 4136 380 2710

6 0.194 4.64E+05 1772 90 1210
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Fig. 1: HPHT cuting chamber

A0 mixtwes were mixed o 15.0 ppg codaring only one individual additive per test. All
labexr slutries were mixed at 16.0 ppg in order to generate stable cemert shary, Initial testing
had shown that by vsing a 15.0 ppg system, significant settling happened and no stakilizer
additive were implemented A1l sharties were mixedat room temperature in rather one of the
following orders.

v Fresh water + defoamer + diy blended cemert
v Freshwater + defoamer +latex + cemernt

Fot meazaring the mechard cal properties of the set cement, all sharies were treated wader
sittdate d dowt-hole envdrorumentin a gandard HPHT owing chamber (Fig 17, For 72 heach
specitn e was exposed to a cotustart presse of 3000 pal and temperatir es of 100 and 200°F,
respectively, All specimens for flexwal, tensile and compressive strength test were owed
sitnultate ously, with moldsin a vertical oriertation in the same curing chamber throughoat
the testing process. Tensile strength testing was performed vsing brigquette mold specimens
commorly teferred to as dogbones (Fig. 2). With a gradual itcrease in exerted force, the
upprer half of the fixtare is pulling the cement sample slowly wprards, wedil mechard cal failuee
of the specimen ocows. &t the end of their study, the researchers concluded that not all
additives, whet used separatelyin Porfland cem ent, conteitnate to develop flexural and tensile
strenigth properties of tigher density cement system s Furthermore, additives known to
improve flexural and tensile strength properties in low to medium density systems may not
be as beneficial in higher density systems. And cuwrrertly avalable testing methods using
3TN equapament is not adecuate and moay influenice overall testing results.

Common Tension Tesis of Class G Cement

& research was conducted over the basic tests of the tension of concrete which is
commordy used for oil and gas well cementing (Heinold ef al, 2003). These testing
methodologies are Splitting Tensile Strength (3T3) and Urdaxial Tensile Strength (T3
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Fig 2: Briquette molds (dog bones) (Heinold ef &, 20027

Heinold of @l (2002) mentioned that iff there are sufficiently induced stresses to cause a
mechanical failure of the set cement, falure will likely be of atensile natwre. They also said
in the study that even though the American Petrcleum Institate (APD established
recommetided methods for the testing of oil and gas well cemernt compressive strengths, no
sitnilar standards ourrently exist for the testing of the tensile strength of oil and gas well
cements. Heinold o & (2003) atmoutwced, it becomes very difficult for design engineers to
utilize induced stress data to determine if a given cemernt system possesses sufficiert tensile
sirength to resist the tensile forces They uwsed monogrammed APD class G cement,
cotntner cial Lightw ed ght cemernt and a mineral fiber additive, al otz with a defoamer in their
reseatch The mineral fiber implem ented for thiz study is a white calcihwn-silicate powder. This
additive can typically be used over a wide temperdwe range from 32 to 400°F in
concertrations ranging from 10 to 50% By Weight of Cement (BWOC. The defoam er uzed
for thiz itrrestigati on was a siliconrbased emud sion. The following for cemernt sty systems
were chosen for the evaluati on process:

152 ppgolass G+0.02 gal k™' defoamer

152 ppgclass 3+20% BWOC fiberH1.02 gal sk defoam ar
135 ppg TLWHLDZ gal sk~ defoamer

v 135 ppg TLWHI0% BWADT fiber+H1 02 gal sk~ defoamer

&0 sharries were mivedwith fresh water and were cured for 48 hin an atm ospheric water
bath a 130 to 120°F, respectively. They chose a water bath over a Highe Pressure, High-
Temper e (HPHT) caring chamber, since, eatlier work indicated that the de-presawization
atd also the cooling down of sach a chamber might have profound effects on the overall
resdts of such a study. Findly, after obtaining resilts, they could oot confirm the
assumption that a 3T3 test provides similar resdts to a direct T3 test. B, they could
cotfirm that with increasing the sample size areduction in3TS ocows. And, they found that
the ratios betr eenn dire ct UTS and indivect STS m easurements appear to remain relatively un-
affected by the curing temperatire of the specimens.
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Cemriert static  tensile behawior under down-hole conditions was looked ower
(Dillerbeck ef al, 20057, To simulate cement tensile behawior data that is more reflective of
actud  dowrrhole performoance, Dillenbeck of &l (20050 developed an antomated,
microprocessor controlled testing equipment that oures and mechard cally tests the cement
unnder pretended down-hole conditions. Onee slurry is posiioned in the testing device and
the temperabiwe and presswe is raised to reproduce downhole ouing conditions the
sattiples tever get back to ambient conditions again undil the end of testing The
microptocessor cotdy ols atd storm ated data accpisition wndt al so allow for the determination
of tenisile stress-strain relationships, prior to testing the sample to ultithate (thechand cal)
failure it tension.

Boukhalifa and James (2008) studied ways for determiring cement tensile behavior in
aniother attempt. The parpose of thedr work was to provide a well-defined set of methods to
measiwe the mechanical param eters of cwred cement systetms for imgnat into a cement stress
analysis model. For tensile test measuremernts the researcher s saggested the Brazilian test
inwhich a sample with alength-to- dameter ratio of 0.5 is required Samples are first cored
atid then the ends are ot perpendioalar to the cylinder length by use of a rotating saw.
Throughos the preparation process the samples must be kept saturated with water to avoid
ctacking related to dying shrinkage. The press that was used for the work presented herein
is a conputer-cortrolled electromechanical press. They provided the experimertal methods
and data andysis approaches to finish the key cement behavior parameters [V oung’s
moduus, Poison’s ratio, TCE and tensile strength for impndt indo cement sheath stress
analysis applications in their study. They concluded that estim ation of the tensile strength
as 10% of the UCE (Urdaxial Compressive Strength) is a conservative caleulate of the tensile
strength. The Brazidlian measw em ents yields tensile strength walues 50 to 75% higher than
the nie of-thnanb method Therefore, if Brazilian test results are not avalable, use of the rule-
of-thnunb will provide an added safety factor. & sample of a bad and a good falure in
Brazilian test ate shownin Fig 3 andd4, respectively.

|
7 1

Fig 3:Bad failure in a Brazilisn test Boukhalifa and James (2002)

Fig. 4: Good failiwe in a Brazilian test that has subsecquently generated a second crack
B oukhalifa and James (2008
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Earlier works are perfectly shown the importance of cement design and operation in an
oil well. H owever, in none of them the contemporary effects of changing both pressure and
temperature borehole environment on the net class G cement slurry were attended. Therefore,
in the p resent study, this contemporary effect is assessed Since, in an actual oil well, with
Increasmg of the depth, both pressure and temperature are increasing, the simultaneously
assessment of these to factors gives a more precise and reliable analysis of cement tensile
cracking behavior in an oil or gas well.

MATERIALS AND METHODS

Down-hole Pressure and Temperature Conditions

In order to simulate actual down-hole pressure and temperature conditions needs for
curing the cement specimens, real qualifications of a well in Darkhouein field in Khouzestan
province, 40 km North of Abadan city, along the West coast of Karoun river, is assessed.
Fmal depth of this well 13 5400 m and its bottom-hole temperature and pressure are 310°F and
16979 pounds per square inches (psi).

Since, the cement slurry from the time 1t 1s synthesized and pumped into the well till the
time that it gains its final static pressure is under the progressive rise of temperature, both
Bottom-Hole Static Temperature (BHST) and Bottom-Hole Circulating Temperature (BHCT)
have effects over the design of the cement. Circulating temperature encountered when the
slurry pumps into the well and the static temperature is formation temperature which the
slurry faces it after the circulating movement stopped for a time period. In this study, only
the BHCT is considered because the total time period of curing being assessed 1s the 48 h
In order to design and evaluate long term stability or the amount of expansion of the
compressive strength of the cement slurry, static temperature should be taking into account
(Shahri, 2005). This temperature 1s important in the case of deep wells and especially where
the difference of temperature between the top and the bottom of the cement column might
be very much.

The profile of the changes in the pressure and temperature, which 1s shown in Fig. 5,
was determined based on the qualifications of the mentioned well. Tt is worth to mention that
this data gathering and processing has been done in 2009. According to limitation of device
serviceability, five mdividual points has been selected from this profile to assign in the
simulation procedure. The temperatures of these points are 22, 49, 65, 82 and 104°C and the
contemporary pressures are as atmospheric pressure, 1000, 1500, 2000 and 3000 psi,
respectively. Because of the limitations of the measurement device which couldn’t resist the
pressures more than 3000 psi, we were obliged to choose points in a range of pressure

1807 & Tepmerature (C)
160 1 —=- Pressure (Mpe)
140 1
120 4
100 4
80 1
60 -
40 -
204

0 T T T T T T T T T T
e % ’o%{r%’a-)a Jd;'a%/a % %%a%%%wq")‘%‘%
Vertical depth (m)

Temperature pressure

Fig. 5: The changes of pressure and temperature in the bottom-hole of the case study well
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Fig. 6: The schematic changes in the bottom-hole pressure

between the atmospheric pressure to 3000 psi. So, in this study we can evaluate the tensile
strength of oilfield cement from top of the o1l well case study to the depth of approximately
equal to 1550 m below the ground surface.

The schematic changes of the bottom-hole pressure as a fimction of the depth of the
well 13 shows in Fig. 6.

Equation 1 can directly calculate the quantity of the down-hole hydrostatic pressure
(Asadi, 1983):

B, = 0.607x ¥,,, x TVD (1)

Specimens, n the laboratory, are under hydrostatic pressure which 1s being calculated
with the Eq. 1.

P« =Down-hole hydrostatic pressure (Pa)
Yo = Mud density (kg m™)
TVD = Total vertical depth (m)

Design of the Cement Slurry

Design of the slurry usually consists of formulation of the cement additives in order to
reach a desirable density, fluid loss control, theology at the time of pumping, appropriate
transition time and enough strength at the time of setting. The slwry used in this study was
API class G cement, additives and water. According to the API there are 8 different classes
of well cement which are: A, B, C, D, E, F, G and H class which every of them 1s used in a
specific pressure and temperature (APT Recommended Practice 10B, 1997). Class G and H
cements are known as basic cement because; no additives, except calcium-sulfate or water
or both should be added to the clinker at the time the clinker is being made. Major phases of
class G cement clhinker are made of 50% tricalcium-silicate (C,S), 30% dicalcium-silicate (C,3),
5% tricalcium-aluminate (C;A) and 12% tetracalcium-aluminferrite (C,AF). So with adding the
additives like appropriate accelerators we can change the transition time of slurry and so
expand their area of usage and use them 1n a wider range of depth, pressure and temperature
(Asadi, 1983; Nelson, 1999).
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Table 2: Cement systems used in the tested shuries
Condition

Test No. Pressure (psi)  Temperature (°F)  Slurry weight (pcf)  Volume (cc) Composition

1 atm Environment (73) 115 300 cmt G.unt+CaCly
2 1000 1.20E+02 115 800 cmt. Gaun+CaCly
3 1500 1.50E+02 115 800 cmt G.unt+CaCly
4 2000 1.80E+02 115 800 cmt. Garnrtsilicaflour+D-013
5 3000 220 115 800 cmt. G.untsilicaflour+D-013

Table 3: Percentage of the materials used in the tested slurries

Test No. Material Amount Unit
cmt. G.un 976 g
1 CaCl, 9.76 (1% bwoc) g
Water 4.88E+02 cc
cmt.G.un 9.69E+02 g
2 and 3 CaCl, 19.38 (2% bwoc) g
Water 485 cc
cmt. G.un 746 g
4 and 5 Silica flour 261 (35% bwoc) g
D-013 2.23 (0.3 bwoc) g
Water 465 cC

cmt.G.un: Class G cement of the UAE, CaCly: Calcium-choloride, D-013: Retarder, BWOC: By weight of cement

The only additives used in this system were calcium-choloride as an accelerator for the
transition time of the cement slurry in environmental pressures and temperatures, D-013 as
a retarder for the transition time of the cement slurry in high pressures and temperatures and
also silica-flour (Asadi, 1983).

According to the aim of this study, we used additives which had the least effect on
cement tensile strength and at the same time be capable of producing rheological properties
and transition time in a relatively appropriate condition and close to the conditions of slurries
used in executives. Cement systems and the percentage of the materials used for providing
of the tested cement shurry are illustrated in Table 2 and 3.

In all systems, water cement ratio was assumed 0.5 and cement slurry specific weight
was considered 1.84 g cm ™ which was in the range of neat cement slurry densities (neat
cement slurry densities are between 1.79 and 1.92 g cm™). Slurries in a lower and higher
range of densities in compare with neat slurries are lightweight and heavyweight slurries,
respectively.

Measuring Cement Tensile Strength

For measuring cement tensile strength, as it mentioned in literatures, we can use direct
tensile test method or Brazilian indirect tensile test method and in our research the second
method 13 used. First the specimens were cured in a curing chamber, under mentioned
pressure and temperature and then were tested with a hydraulic press. For each condition of
environmental curing, at least three correct tests have been conducted in order to preserve
the statistical rules in averaging calculation Using this device, firstly the specimens should
be placed 1n it in a horizontal position (side face) and the compressive force (P) should be
applied diagonally on them monotonously. When cement tensile strength is reached, the
specimens will chop into two halves. Tt is proved in elasticity theory that the cement tensile
strength 13 (Timoshenko, 1930, 1941 ):

f, = 2p+ (TIx diameterxlength) (2)

ot
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Curing chamber is used to make samples from cement slurries. This device is consisted
of water-filled empty spaces and is capable of curing the slurries under the given pressure
and temperature which must be given to device. A hydraulic press and cells of curing
chamber are shown in Fig. 7 to 11 and a curing chamber has been shown earlier in Fig. 1.

Fig. 10: A bonnet of the cell of a curing chamber
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Fig 11: Hydraulic press

RESULTS

Test No.1: 22" C Temp erature, Atmospheric Pressure

This test has been done under atmospheric pressure and envirormmental temperatire
(73°F or 22°C7) and water bath is used instead of curing chamber. Dwingtest procedoare, one
of the specimens has been broken while emitting of the sample and the obtained byrdradic
pressures from the other three temaring savples were: 1000, 1200 and 1400 pai. Then by use
of Eg. 1, tensile strength of the samples, were evaluated as follow: 136, 163 and 190 pa,
regpectively. At the end, an average tensile strength of 163 pal has reached

Test Mo, 2: 49°C Temperature, 1000 psi Pressure

Second test has been done at the pressure of 1000 pat and the temperatare of 120°F or
49°C and one of the samples has broken in this test improperly, bt the compressive force
for the remaiting 3 sample has been deternined as follow: 1200, 1300 and 1600 pai. Calewl ated
tensile strength for the above tests was 163, 178 and 217 pai, tespectively. The average
tensile strergth was obtained as 185 pai.

Test No. 3: 66°C Temperature, 1500 psi Pressure

Third test has been performed at the pressuwe of 1300 pei and the temperatare of 150°F
ot 66°C. The compressive pressare for 4 sanples hasbeen determined as follow: 2000, 2000,
2000 and 1600 s, The tensile drength for the above forees was calowlated 272, 272, 272 and
217 pai, tespectively. The average tensile strength was obtained 258 pal

Test Mo. 4: 82°C Temperature, 2000 psi Pressure

Forth test has heen done at the presswe of 2000 psi and the tempersture of 120°F or
22°C andthe compressive force for 4 samples has been determined as follow: 1200, 1200, 1200
and 1500 pai. Tensile strength for the abowve forces was caleulated as 163, 163, 163 and
204 pai, respectively. The average tensile strength was obtained 214 pai

Test Mo, 5: 104°C Temperaiure, 2000 psiPressure

Fifth test has been done at the pressare of 3000 pal and the tem peratiwe of 220°F or
104°C and agan one of the samples has been broken Bt the compressive force for the
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remaining 3 sample was determined as follow: 1200, 1200 and 1000 psi. Tensile strength for
these samples was calculated 163, 163 and 136 psi, respectively. The average tensile strength
was obtained 154 psi.

Tt is worth to mention that to get more reliable results, we obtained the tensile strength
in another way in which we determined an average compressive force for each test and then
we evaluated the tensile strength from that average force. We observed that both results
were the same.

DISCUSSION

As it is noted in the abstract of this study, in this work we are going to evaluate the
actually environmental effects mside the oil well case study on the tensile strength of the
cement class G pumped in the annulus without any special additives. After determining the
tensile strength of the specimens according to the way reported in section 2 and 3, we
derived an wmportant curve which has been shown m Fig. 12. Two horizontal rows in the
bottom of the diagram are indicating contemporary pressure and temperature curing
condition and the vertical column showing the quantity of obtained tensile strength of
cement in pounds per square inch. As it is obvious from the results, from first to third test,
the quantity of the tensile strength of cement is rising, but in the fourth and fifth test which
has been done in the pressure of 2000 and 3000 psi and the temperature of 82 and 104°C
respectively, the quantity of the tensile strength is falling.

It can be observed that under effect of combination of temperature and pressure up to
point 65°C and 1500 psi, the tensile strength of class G cement is improved but after that this
combined effect can lead to decrease in mentioned mechamical property. Loss of tensile
strength is observed can be interpreted as follows:

Class G cement has tricalcium silicate (Ca33) and dicalcium silicate (Ca23) component
mn his chemical texture. When 1t 1s mixed with water, both components hydrate to form
calcium silicate hydrate (Ca-S-H) gel. The Ca-S-H gel can provide good tensile strength for
the cement up to some limit of circumferential temperature and pressure. However, it can be
estimated that after 65°C and 1500 psi combined condition, the Ca-5-H gel starts under
metamorphosis condition forming a phase called alpha dicalcium silicate hydrate (a-Ca2SH),
which reduces tensile strength and of set cement.

300
250 1
200 1
150

100

Tensile strength (psi)

50 1

0 T T T T
T{°C): 22°C 49°C 65°C 82°C 104°C
P (psi): atm 1006 1500 2000 3000

Fig. 12: The effect of the pressure and temperature on tensile strength
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Tt is important to note that as it was said in the beginning stages of this study and it was
shown to some extent in aforementioned literature reviews, in earlier works, the combined
effect of borehole temperature and pressure on net class G cement tensile strength was not
examined. So, this work may be umque m this area and due to this, the obtamed results can
not be compared with the data placed in the literatures. Getting back to Fig. 12, the results
indicate that from top to depth of 1500 m of the il well case study, the environmental effects
(borehole’s temperature and pressure) would wnprove the early age tensile strength of the
class G cement but after that with increasing the depth of the well, these effects would aim
in degradation of mentioned strength. So, we need to incorporate the effective special
additives in cement shurry mixture at lower depths (below 1500 m) to avoid the danger of
tensile cracking of cement sheath.
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