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CEMENT TESTING

TECHNICAL FIELD

[0002] This disclosure relates to measuring mechanical properties.

BACKGROUND

[0003] Some well bores, for example some o1l and gas wells, are lined with a
casing. The cemented casing stabilizes the sides of the well bore, prevents fluids (liquids or
gases) in the well bore from entering the surrounding earth formations, and/or prevents tluids
from zones other than the producing zones from entering the well bore.

[0004] [n a typical cementing operation, cement 1s introduced down the well bore
and into an annular space between the casing and the surrounding earth. The cement secures
the casing in the well bore, and prevents fluids from flowing vertically in the annulus
between the casing and the surrounding earth.

[00035] Different cement formulations are designed for a variety of well bore
conditions, which may be above or below ambient temperature and/or above ambient
pressure. In designing a cement formulation, a number of potential mixtures may be

evaluated to determine their mechanical properties under various conditions.

SUMMARY
[0006] Using the devices and methods described, the volumetric
shrinkage/expansion resulting from cement hydration can be directly and continuously
correlated to the Initial Stress State of curing-cement under simulated wellbore conditions of
pressure and temperature. This parameter will define the initial distance the material is from
failure or the stress state of the material prior to additional loading. This turns out to be a key
parameter when employing long term cement-sheath modeling based on the initial state of

stress added to the stress
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variations that the material will be subjected to owing {o the long term requirements
dictated by well operations during the cconomme lite of the well, Even though
mechanical properties of cement are, up o some extent, known betfore matenal
placement m the well, it 1s important to note that there 1s no advantage to knowing the
total capacity of a material without prior determination of 1S inttial siress of state as
the erroneous determunation of this parameter can lead to mceorrect conceptions on
whether or not a material will withsiand a specific set of loadings. The test coli is
designed in such a way that both radial and axial shrinkage/expansion are
contmuously momiored while cement hydraies.

(00071 In one aspect, methods for testing a sample of a fluid maxture that
hardens into a solid mcelude: placing the sample of the thuid muxture nto a fest
chamber; applving a pressure to the sample i the test chamber that i1s ditferent than
ambient amr pressure around the test chamber; taking the samples 1o the test chamber
to the dostre temperature setiing; monstor axial dimensions and radial dimensions of
the sample over time; and identifying an mitiation of gelling and hardening of the
sample by a start of changes to the radial dimensions of the sample.

[000%] In one aspect, methods for festing a sample of a fluid muxture that
hardens infto a sohid melude: placing the sample of the thuid muxture nto a fest
chamber; and identitying a stress state of a sample of the cement at/after an mmitiation
of gelling and hardening of the sampile.

00091 In one aspect, methods for assessing a cement include: wdenfitving a
stress state of a sample of the coment at an initiation of gelling and hardening of the
sample; using the identified siress state of the sample of the cement as an initial stress
state parameior mput into a computer well model; and performung well life modelng
of the of the cement using the compuicer well model.

(30101 Embodiments of these methods can include one or more of the
following features.

10011 In some embodunents, methods also include determming an mitial
stress state of the sampic by calculating a siress state of the sampic at the identitied
mitiation of geliing of the sample.

100121 In some embodiments, methods also imclude controlling a temperature
of the test chamber.

30131 In some embodiments, the test chamber comprises an annular portion.

b2
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10014} In some embodiments, methods also mnclude developing a calibrated
stress-straim relationship {or the test chamber by pressurizing the test chamber i the
absence of a sample and recording pressure and stram.

3013 In some embodiments, methods also mclude applymg condifions in the
test chamber atter the sample cures to stmmulate well operation events,

{30161 In some embodiments, methods also mclude applying a tirst pressure
to bottom surtaces of the sample and a dificrent second pressure to top surfaces of the
sample.

00171 In some embodimnents, methods also mchide measuring strain at
multipie locations distributed axially along the test chamber. In some cases, methods
also mclude assessing heterogeneity of gelling and hardening of the sampie based on
differences in the strain measured at the multiple locations distributed axially along
the test chamber.

[0018] In some cmbodiments, methods also melude performing shear and/or
hydraulic bond testing on the sample in the {est chamber.

100191 In some embodiments, methods also mchude wdentibyimg the mifiation
of gelling and bhardenmg of the sample by a start of changes to the radial dimensions
of the sampic.

(3020] In some embodiments, methods also mnclude applying a pressure {0 the
sarpple m the test chamber that s ditterent than arbicnt air pressure around the test
chaniber.

[0021] In some embodiments, methods also mnclude monitoring axaal
dimensions and radial dimensions of the sample over time.

100221 In some embodiments, methods also include applymg condifions n the
test chamber atter the sample cures to simulate well operation events.

{30231 In some embodiments, pertorming well lite modeling comprises
sitnulating at least one of cementing, pressure festing, swabbing, hvdraulic fracturing,
and production.

1 0024] In some embodiments, methods also inchude simulating application of
stresses to a virtual cement sheath 1 the computer well model estimate a distance to
fatlure tor the coment under ditferent conditions.

|{(025] The described methods and systems can provide one or more of the

following advaniages.

Lol
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00261 Both chemical shrinkage and bulk shrinkage of cements are influenced
by temperature and pressure conditions. These methods and systems can be used to
determune stress changes expenenced by cement due to hydration
shrinkage/expansion while coment cures under the downhole conditions (e.g., below
or above atmospheric temperatures and above atmosphernic pressures). In particular,
these methods and systerns can provide a calculation of the mitial stress state a coment
sheath will experience in specitic downhole applications. This parameter is critical
when modeling long term events that occur during the lite of a well.

100271 This technique measures a stress change that a cement will expernience
and can divectly address the concerns about determining the mifial stress state of
cement. The nitial stress state of sotf coment calculated using these methods and
systens is anticipated to be more accurate than prior methods that mvestigate
chenucal shrinkage or bulk shrmnkage but not both. In particular, these methods and
systems avoud the complicated and controversial analysis necessary o derve an mitial
stress state of the set coment that can be usced for siress analysis from other
approaches.

100281 The development of analytical models to stmulate material behavior
under certain condifions apphics knowledge of various parameters such as geometry,
fatlure criteria, loadmg history, constitutive law {relation between physical parameters
that allow for matenal characterization), and the mitial siress of state. Besides
determining the mitial state of stress of hvdrating cement, the device and method
described hercin can also be employed to deternune various physical parameters that
comprise constitutive law that emulate the behavior of cement. Other parameters
cmiploved to characterize coment behavior such as shear and hydraulic bond under
different wellbore conditions can also be correlated to the shrinkage/cxpansion
Measurements.

The method apparatus described heremn also has the potential to measure
hydrostatic pressure loss expericnced by the cement durmg hydration, which 1s
dircctly related fo static gel strength; as well as widely considered a reason tor early
gas migration.

00291 The details of one or mmore emboduments are set torth mn the

accompanying drawings and the description below.
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DESCRIPTION OF DRAWINGS

100307 FIG. 1A s a schematic of a testing apparatus, FIGS, 1B-1E are,
respectively, an exploded perspective view, a exploded cross-sectional view, an
expioded side view, and an assembied side view of the testing apparatus of FIG. 1AL

(0311 FIG. 2 15 a schematic tHustrating axial compression and radial
cxpansion of a sample.

100321 FIG. 3 shows a plot of the relationship between strain and pressure
used in calibration of a testing apparatus. This will allow for correlation of hydrating
shrinkage/expansion (o the silate of stress of cement.

130331 FIG. 4 shows axial extension and radial strain over 4% hours as a
Sampe Cures.

(33341 FIG. 5 shows volume change due {o axial extension, volume change
due to radial strain, and total volume change over 48 hours as a sample cures,

100351 FIG. 6 shows volume change due to radial stram over 48 hours as a
sampie cures.

100361 FIG. 7 shows axial pressure and radial pressure over 48 hours as a
sample cures.

(30371 FIG. 8 compares the change in volume of samples as a function of ttme
for difterent curing pressures.

038 FIGS, 9A and 9B, respectively, show the mnifial stress state and the
pressure-drop {owing o hiydration} of coment samples subjected to different curing-
[HESSUres.

100391 FIG. 10 shows a plot of the relationship between axial curing-pressure
and pressure-drop/axial pressure tor ditferent curing-pressures.

(0040] FIG. 11 compares the rate of volume change over fime for difterent
applied pressures.

0041 FIG. 12A 18 a schematic of a testing apparatus, FIGS. 12B-12E are,
respectively, an exploded perspective view, an exploded cross-sectional view, an
cxploded side view, and an assembled side view of the testing apparatus of FIG, 12A.

00427 FIG. 13A 18 a schematic of a {esting apparatus, FIGS, 13B-13E are,
respectively, an exploded perspective view, an exploded cross-sectional view, an
expioded side view, and an assembied side view of the testing apparatus of FIG. 13A.

(33431 Like reference symbols in the various drawings indicate like elements.

LA
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DETAILED DESCRIPTION

100441 Cements can be used, for example, {0 seal an annular space 1 wellbore
between a well casing and the surrounding tormation. Understanding the
shrinkage/expansion properties of cements under different condifions can be
important in designing/choosing an appropriate cement for a specitic application. The
described devices and methods mncorporate a test chamber capable of divectly and
continuously measuring sample shrinkage/expansion at different pressure and
temperature conditions. Both axial shrimkage/expansion and radial
shrmkage/expansion of the sampie are continuously measured and correlated o the
mifial siress state of cement sheath under simulated wellbore condifions.

{30451 As used hercin, “coement” and “comoent composition” encompass a thid
mixture that hardens inio a solid, and may be any agent suitable {o bond casing or
other elements (¢, g. tubulars) to well bore walls or to other tubing used for downhole
applications. Some exampics of cement mclude hydraulic coment {¢. g., Portland
coment fornwuiations), non-hydraulic cement {e. g. , polvmer resin formulations), and
muxtures thereol having, tor mstance, sihica, Pozzolans, cross-linked polymers,
ceramucs, among other componernts. As used herem, “curing” refers to the reactions
through which coment hardens from a fhuid mixture mio g solid. In sonie mstances,
the devices and methods discussed herem can be used to measure mechanical
properties at temperatures and pressures that sumulate downhole conditions.

00461 FIG. 1A illustrates a testing system 100 that imcludes a test cell 110 and
a data acquisition system 2. FIGS. 1B-1E further illustrate features of the test cell
110 which mcludes a test chamber 114, a top piston 116, and a bottom piston 118, In
this description, terms of relative ornientation such as upper, lower, above, and below
are used relative to the orientation of embodiments shown in the figures being
discussed. Although such terms do not require that the tiustrated devices be oriented
as shown in the figures, the test cell 110 will typically be oriented as shown m FIG.
FA during use.

100471 As used heremn, “piston” encompasses driving mechanisms inchuding,
tor example, hydraulic pistons, power screws, and linear actuators, Thus, the piston
does not necessartly seal against the pressure vessels described below.

{3043} In testing system 100, the test chamber 114 15 a hollow metaliic
cylinder. The test chamber 114 s tormed of material which s structurally stable
cnough to contamn a sample at pressures and temperatures simulating downhole

5
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conditions (e.g., up to 16,000 psi and 600 F) are applied to the sample and which
measurably detorms as the sample shrinks/expands during curing. In one prototype,
the test chamber 114 was machmed from brass and, in another prototype, the test
chamber 114 was machined from bronze alloy. Alternatively, the test chamber 114 can
be formed using casting, laminating, or molding techniques from matertals including,
for example, steel, alloys, or corapostie fibers with a resin structure. Ports 120 (see
Figurcs 1B-1E) extend through walls of the test chamber and provide access for
sensors {(not shown} used to measure sample conditions, For example, {est chamber
114 delines a fivst port for a thermocouple used (o measure sample temperature and a
sceomnd port for a prossure sensor.

(0491 The top piston 116 1s operable to apply a load to a sampic in the test
cell 114, Testing system 100 mcludes a load frame 122 operable to generate loads
transmutied to the sample m the test cell 114, A prototype testing system was
implemented with an Instron sceries S884 load frame. Some testing systems melude
other mechanisms {(e.g., power scrows, lincar actuators, and pressure pumps) can be
used to generale loads transmitied to the sample 1o the test cell 114, The top piston
{16 defines a port 132 extending through the top piston. A side bleeding channel 133
exicnds af an angic from the port 132, A screw (not shown} 1s emploved to block the
blecding channel 133 once the cell 114 1s filled with the shurry and all the air 1s
removed.

0030] The bottom piston 118 1s fixed m place relative {o the test chamber 114
acting only as a bottom cap. However, some test cells inchude bottom pistons that are
moveable relative to the test chamber 114,

10051 During use, the temperature of thud m the test canrange from below
ambient condition temperatures to the high temperatures associated with downhole
conditions {¢. g., up to 10 degrees Fahrenheit), The pressure of the fluid in the
pressure vessel can range from atmospheric pressare (o the high pressures associated
with downhole conditions {¢. g., up to 60,000 psi). The componenis of the prossure
vessel can be made from materials which are strong (€. g., able to maintain structural
stability when subjected to high pressures), are durable {¢. g. |, resistant to corrosion
by the anticipated pressunizing fluids 1 the anticipated temperature and pressure
ranges), and can be formed with the precision necessary o mamtam substantially
pressure-tight engagement between the components under testing condilions, For
cxample, the test chamber 114, the top piston 116, and the bottom piston 118 can be

"7
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machined from stamless sicel. Allernatively, the test chamber 114, the {op piston 116,
and the bottom piston 118 can be formed using casting, lamunatmg, or molding
techniques from matenals including, for example, stecl, alloys, or composite fibers
with a resin structure.

(30521 Seals between mner walls of the test cell 114 and outer surfaces of the
pistons 116, 118 fomit {e.g., substanizally prevent or prevent) tluid flow out of the test

cil 114 between the mner walls of the test chamber 114 and outer surtaces of the
pistons 116, 118, Test cell 110 includes O-ring seals 124 attached to both the bottom
and top pistons m order to avoid Hhnd tosses. In some embodiments, testing systems
use other sealing mechamsms including, for example, matching threads, gaskets, or
metal-to-metal seals.

(531 Some testing systems 100 mnclude temperature-control mechanisms (o
sirpulate downhole tomperatures durmg testing. External or mternal heating elements
may be enploved to keep the desured temperature on the cement shurry; or the testing
apparatus could be placed in an oven for heating purposes. Exampics of exicrnal
heating elements mnclude heating coils or stamless steel heating bands and, mternal
heating coils melude, for example, mtemal elecinical resistances mside the hydraulic
ftuid. There are gpplications where the temperature below ambicnt conditions are
present i the wellbore, Cooling coils can be emploved to take the cement specimen
to the desire conditions and allow for its controlled curing. A double purpose
heating/cooling systern may be cmploved, where a bot fluid is emploved when
temperatures higher that ambient conditions are reguired; or a refnigerant 1s emploved
when temperature below ambient conditions are required.

10054 ] In some embodiments, pressure and temperature controliers are used in
such way that (g}, downhole conditions are simulated during coment transferrng,
curing and testing; and (b) these conditions are accurately mamtained or shiit
accordmg to the downhole conditions. For mstance, cement slurry and testing
apparatus can be preheated durimg miximg. The festing apparatus can be heated in a
sequence that stmulaies the temperature conditions that a cement system would
encountered from mixing, placement, and curing during the cementing a wellbore
casing sirmg. In addifion, the test apparatus can simulate other well operation cvents
that the cement system may be exposed 1o mncluding, for exampie, pressure testing,
steam injection, fracturing, and hydrocarbon production. As anticipated, tesis
performed using a prototype testing apparatus have contumed that changes in the

&
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curing temperature and pressure change the properties or mechanical response of the
cernent sample,

100537 Testing systems can include sensors t0 measure parameters used {o
calculate propertics of samples being tested. For exampie, testing system 100 inchudes
sensors o measure the axial and radial deformation of samples being tested. The
Sensors are m communication with the data acquisition system 112, In lesting system
100, a strain gauge 126 monitors the radial deformation of the sample due o the
cement shirry volume change. Sensors associated with the mechanism applying a load
to the top piston 116 {¢.g., load {rame 122) monstor axial deformation of the sample
and apphied load. Some testing systems include other monitoring mechamsm
mcluding, for example, linear variabie displacoment transducers {LVIYTS),
extensometers, lasers, DVRTS, or fiber optic strain gauges, can be used in addilion to
or in place of the stramn gauges to measure relevant parameters, Pressure and
fomperature sensors can be mehuded (o measure pressures and temperatures present
during testing, Pressure, temperature, and strain sensors ¢an be used as feedback to
control the test process. For example, pressure sensors can control the pump {o
pressure up or down dependent upon a controlled setf pomt. Likewise, the piston
ioadimg the test specimen can be actuated in g direction dependimng on the detiection or
strain measurements experienced by the sample,

036] In the prototype, a 120 ohms strain gauge connected with a high speed
NI-USB-9192 data acquisition card 128 momitored radial detormation of the sample
due o the cemeoent shurry volume change. Bluchill® software for Instron load frame
continuously recorded the axial displacement of samples and the applied load on the
top piston during festing. The stram gauge and the Instron load frame communicated
data to a desktop computer 130 with Bluehitll® and LabVIEW software mstalied.

(33571 For a test chamber 114 that 15 a thick walled cylinder, the relationship
between hoop stran of the outer surface and the strain m the mner surface 1s given by
the Lame’s solution for thaick-wall cyhinder as

“9,a [(a® +b°) —v{a® — b}]

<a.b Za*
where £4 , 1s strain in the mner surtace of the test chamber 114, g4 5, 1s strain 1n the
ouler surface of the test chamber 114, a 1s the inner radius of the test chamber 114
(see Figure 2A), b 1s the outer radius of the test chamber 114 (see Figure 2A}, and v 1s
the Poisson ratio for the material used to form the test chamber 114, Given the known

9
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dimensions of the test chamber a, b and the Poisson ratio, it 18 possibie to calculate
the stram i the inner surface of the test chamber 114 { g5 ,) based on the strain in the
outer surtace of the test chamber 114 (&5 5 ) as measured using the strain gauge 126.

| 0058] Beiore use, the test system 100 1s calibrated to develop the correlation
between pressure apphied to a sample and stram m the inner surfaces of the test
chamber 114, The test chamber 114 1¢ lilled with water and pressure 18 applied to the
water using the ioad frame 122, The applied pressure and strain in the outer surfaces
of the test chamber 114 are measured and strain in the mner surfaces of the test
chamber 114 1s calculated based on the measured stram 1o the ouler surtace of the test
chamber 114 using the cquation above. Figure 3 presents the data obtamned when the
profotype tost cell 11{ was calibrated using this approach. For the prototype est cell
110, the regression analysis performed using an Excel spreadshect indicated that

P=44725467¢e4, + 161
where P s pressure (psi) and represents the stress on the sample. This equation can be
used to convert strain measured on outer surfaces of the test chamber 114 to the stress
state of the sample due to hydrating shrinkage/expansion. The relationship, which is
spectiic to cach mdividual test cell 11, can be used o deternune downhole siresses
on a cement saraple,

100591 Prior to testing a sample, a user assembies the test chamber 114 and the
bottom piston 118, the chamber 1s filled to a desired level with a slurry of cement
bemg tested. Once the chamber 18 tilled, the top piston 116 18 placed i the {est
chamber 114 while port 133 18 used as a bleeding port for air removal. This 1s
followed by positioning a special design screw (not shown) i port 132 1o scal the test
cell T1{h After the test cell 11015 placed 1o the loading device (e.g., load trame 122},
the user operafes the testing system 100 {0 bring the slurry to conditions that sumnulate
downhole temperature and pressure. For example, the load frame 122 can be used to
apply pressure to the shurry via the top piston 116, As shown in Figure 2B, the sample
changes shape both radially and axially durmng testing. The test systemn 100 records
the displacement of fop piston 116 and the radial dumnensions of the vessel while
controlimmg the pressure applied to the top pision 116, The relationship developed
during the cell calibration of pressure versus strain can be used (o determine the stress
change n the coment during testing. It has been observed that shrinkage/expansion

accurring while the coment 1s still g liquid only resulls in the movement of the piston

1(
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because the cell 1s still under constant pressure. In contrast, shrinkage/expansion that
accurs once the cement stards to gel and/or harden resulis i both movement of the
pistont 116 and radial changes m the cell dimensions. The radial change m the cell
dimensions result due to cement hydration which is reflected in a change of the
pressure the cement applics to the cell. This i1s directly related to the stress that the
cement experiences. The stress measured by testing cell 13{ can then be used as mput
in well modeling. These models essentially create a virtual wellbore and simulate
several events that occur during the life of the well. For example, a virtual wellbore is
consirucied by the software and then progresses through the hife of the well simulating
cvents such as cementing, pressure festing, swabbing fluids out, hydraulic fracturing
and produciion. Stresses are applicd {o the cement sheath and analysis cstimates the
cement’s remaining capacity tor fatlure. In order to determine this distance to {ature
due to the dillerent events, the mihal siate of stress of the cement sheath 13 3 key
model mput.

| 00661 A prototype testing system 100 was mmplemented using a brass test
chamber 114 that provided an adequate ratio of resistance and tlexability to generate
anticipated radial detormations. The top 116 and bottom pistons 18 were made of
stainless steel-316. The top piston 114 had bleeding port 133 for air removal and a
port 132 for positioning of special design screw {(not shown} for sealing the test cell
100,

100611 The prototype fosting systern was used o test propertics of coments
under various condifions. Initial experiments were conducted on a 10.4 th/gal shurry
over 4% hours. The load tframe 112 applied pressure at a load rate of 2,000 Ib-f/min
until a constant load of 25,450 Ibi (4,967 psi) was achicved.

(30621 Figure 4 shows the extension {axial displacement) and the strain (radial
displacement} curves with respect (o timme. During the first 12 to 15 munutes of the
test, the strain and axual displacement rapidiy mncreased during the pressurization
stage. The merease in stram durmg 3-8 hrs might have been a result of heat of
hydration considering that the strain gages were not temperature compensated. From
8.5 1o about 18 hours, there was a rapid decrease for both radial strain and axial
displacement which 18 in agreement with the period where heat of hydration kicks .
The rate of change of radial strain and axial displacement slowed down atier 18 hrs,

however, these propertics kept decreasing owing to hydration.

il
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00631 Figures § and 6 illustrate the total shrinkage volume and the shrinkage
volume due to the axial and radial displacement. Figure 7 shows the change m stress
over time. A total shrimkage volume of 3.38% was observed after 48 hours. Most
{(97%} of the total shrinkage was due to the axial displacement, which corresponds o
be 3.28%. Conversely, the radial displacement accounted tor 0.1% of volume
shrinkage, what would seem {0 be an msignuficant amount of the total vohume
shrinkage. It 1s important to note that the radial shrinkage, a minutc percentage of the
total volumetric shrinkage, resulted in a pressure drop equivalent to ~200{) psi {see,
e.g., Figure 7).

100641 The prototype testing system 100 demonstrated the capabiiity o
measure stress changes experienced by the coment due to hydration
shrinkage/expansion. In addition to providing accurate volume shrinkage results, this
method of testing also provides the capability of identitving the precise ime at which
shrinkage measurement should coramence considering its effect on the stress stafe of
cement,

[0065] FIG. & compares the change m volume of samples as a function of ime
tor difterent curing pressures. As expected, the increase 1 curmg pressure resulied n
an mcrement of volumetric shrinkage, FIG. 8. The trends are generally sinular to
those discussed above with respect to Figure 5. FIGS, 9A and 9B, respectively, show
the miluence of curing pressure on the stress state of coment. Figure 9B reveals that
imcreasmg the curmg pressure results i greater pressure drop owing {o coment
hydration. Morcover, FIG. 10 illustrates a linear correlation among pressure drop duc
to hydration and curing pressure, which 18 indicative of potential prediction stress
state of coment at certan ages.

{3066 FiG. 11 compares the rate of volume change over time for different
applied pressures. Owing to the acceleration efiect of the mcreased pressure causing
carly static gel strength (SG5) and strength development, 1t was expected that higher
curing pressures would reduce the time at which the maxomum shrinkage rate takes
place. It 18 important to notice that the shape of this plot resembiles that of heat of
hydration, which further confirms the evolulion of volumetric shrinkage 1s hydration
dependent, as well as the stress state.

{30671 The prototype cell demonstraied the ability to provide accurate results
in determining the mitial stress state of cement due {o cement shrinkage/expansion.
However, some embodiments of testing systern 100 mclude modifications that can

i2
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provide even more precise results and/or more realistically simulate the environment
tor cement at downhole conditions.

O06RY F1G. 12A 15 a schematic of a test cell 210, FIGS, 12B-12E are,
respectively, an exploded perspective view, an exploded cross-sectional view, an
exploded side view, and an assembled side view of the test cell 210 of FIG. 12A. The
test cell 210 15 substantially sinular to the test cell 110 discussed above but mcludes
additional sensors, g temperature control system, a modificd bottom piston with a
pressure port for application of fluid pressure (for pore pressure simulation), and
different size-screens that also enable the application of pore pressure to the sample.

10069] The test cell 210 includes 3 strain gauges distributed along the tost
chamber 214, The hardening of a coment slurry 1s not homogenous but rather starts at
the bottom of the sample and procecds upward. Use of multiple stram gauges is
anticipated to provide more accurate radial displacement measurements as well as
provide msight mto the heterogeneity of the hardening process.

0078 The test cell 210 also meludes temperature control system with three
thermocouples 227 placed to measure temperature at the outer surtace of test chamber
214, at the oufer surtace of the cement sample, and within the coment sample. This
allows for heat of hydration monitormg,. The temperature control system operates by a
Furotherm controlier to achieve downhole temperature conditions based on data from
the thermocouples 227, The thermocouples can also be used (o monitor the
temperature changes of the saraple as the coment slutry cures.

100711 The test cell 210 mnciudes an end cap 218 rather than a bottom piston.
Vartous mesh size screens 219 are disposed adjacent the end cap 218, A 320-mesh
size screen allows for pore pressure simulation by allowing water o flow through the
porosity of the samples and avoid the sampie flowmg towards the pore pressure fluid
source. Additionally, a 60-mesh size screen 15 employed o provide stability to the
320-mesh screen. Fluid communication with a port 221 1¢ dethined extending through
the end cap 218, This contiguration enables the application of fiuid pressure to the
comient sampie. Either water or oil can be employed for this purpose. Furthermore, an
additional pressure transducer can be included to determine the cement pore pressure.
A hydraulic pump can be employed as the pore pressure source.

00721 FI1G. 13A 15 a schomatic of g testing apparatus. FIGS. 13B-13E are,
respectively, an exploded perspective view, a exploded cross-sectional view, an
exploded side view, and an assembled side view of the testing apparatus of F1G, 13A.

13
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As discussed above, downhole applications for cements include filling the annular space
between a well casing and the surrounding formation. Testing system 300 is substantially
similar to testing system 200 but has a two-cylinder test cell 310 to simulate the annular
systems such as pipe-in-open hole and pipe-in-pipe downhole environments. The test cell 310
includes a hollow top piston 316 sized to fit in the annulus between the test chamber 214 and
an inner pipe 314. Three strain gauges 126 are disposed on the inner surface ot inner pipe
314. This modified shrinkage/expansion test cell enables simulation of the downhole cement
environment including the formation (represented by the external pipe or the top piston),
downhole temperature and hydrostatic pressure (controlled by the heat-temperature control
system and the top piston, respectively), exposure to external fluids (simulated by the various
size mesh screens and application of pore pressure); and the casing

(represented by the internal pipe). Furthermore, the weight of tluids above the cement sheath
can also be simulated by the load applied to the top piston. The data recorded by inner and
outer strain gages can be employed to determine the absolute radial deformation of the
cement sample.

[0073] Shear and hydraulic bond testing can also be performed with this piece of
equipment. Correlating these two parameters to cement hydration will result in a key piece of
information to evaluate gas migration considering its direct relationship to hydraulic bond.
Furthermore, hydrostatic pressure loss correlation to cement hydration and to the transition
period are also achievable with this device and directly related to SGS and therefore to gas
migration.

10074] A number of embodiments have been described. Nevertheless, it will be
understood that various modifications may be made.

[0075] For example, in some embodiments, some cement test cells 110 includes a
modified piston 116 that defines a channel that can be used to controUably vent gases as

interior spaces of the cement test cell 110 during with a pressurized cement slurry. U.S.

Patent Number 5,869,750 and U.S. Patent Publication Number 2011/0094295 discuss
methods and equipment that can be used in preparing and testing a slurry of a cement sample
without exposure to ambient pressure conditions.

[0076] [n another example, some testing systems 100 incorporate a control
pressure mechanism. For example, the control pressure mechanism can be provided using the

Instron load frame employed in the prototype system. The control pressure

14
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mechanism can also be provided using an added syringe mjection pump. The syringe
pump approach requires modifying the {op piston and adding a top end cap. The
madified testing system can be used to develop a relationship between the axial
pressure, the pressure applied to the coement by the cylindrical cell, and the stramn
changes resulted from the volumetric shrinkage.

0771 Accordingly, other embodiments are within the scope of the tollowing

claims.
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CLAIMS:

l. A method for testing a sample of a fluid mixture that hardens into a solid, the method
comprising:

placing the sample of the fluid mixture into a test chamber that provides a ratio of
resistance and tlexibility to generate a radial deformation of the sample;

applying a pressure to the sample in the test chamber that 1s different than ambient air
pressure around the test chamber;

monitoring axial dimensions and radial dimensions of the sample during the
application of pressure

identifying an initiation of gelling and hardening of the sample based on a start of
changes to the radial dimensions of the sample independent of a start of changes to the axial

dimensions of the sample.

2. The method of claim 1, further comprising determining an initial stress state of the
sample by calculating a stress state of the sample at or after the identified initiation of gelling

of the sample.

3. The method of claim 1, further comprising controlling a temperature of the test
chamber.

4. The method of claim 1, wherein the test chamber comprises an annular portion.

5. The method of claim 1, further comprising developing a calibrated stress-strain

relationship for the test chamber by pressurizing the test chamber in the absence of a sample

and recording pressure and strain.

6. The method of claim 1, further comprising applying conditions in the test chamber

after the sample cures to simulate well operation events.

7. The method of claim 1, further comprising applying a first pressure to bottom surfaces

of the sample and a different second pressure to top surfaces of the sample.

16
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8. The method of claim 1, further comprising measuring strain at multiple locations

distributed axially along the test chamber.

9. The method of claim 8, further comprising assessing heterogeneity of gelling and
hardening of the sample based on differences in the strain measured at the multiple locations

distributed axially along the test chamber.

10.  The method of claim 1, further comprising performing shear and/or hydraulic bond

testing on the sample in the test chamber.

1. The method of claim 2, wherein the initial stress state defines a distance that the
sample is from failure or a stress state of the sample prior to an applied load after the

identified initiation of gelling of the sample.

12. A method for testing a sample of a fluid mixture that hardens into a solid, the method
comprising:

placing the sample of the tluid mixture into a test chamber that provides a ratio of
resistance and flexibility to generate a radial deformation of the sample;

monitoring an axial dimension and a radial dimension of the sample during an
application of pressure to the sample; and

identifying an initial stress state of the sample of the cement at or after an initiation of
gelling and hardening of the sample based on a change to the radial dimension of the sample

independent of a change to the axial dimenston of the sample.

13.  The method of claim 12, further comprising applying a pressure to the sample in the

test chamber that is different than ambient air pressure around the test chamber.

14.  The method of claim 12, further comprising monitoring axial dimensions and radial

dimensions of the sample over a particular time duration.

[5.  The method of claim 12, further comprising developing a calibrated stress-strain

relationship for the test chamber by pressurizing the test chamber in the absence of a sample

and recording pressure and strain.

17
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16.  The method of claim 12, further comprising applying a first pressure to bottom

surfaces of the sample and a different second pressure to top surfaces of the sample.

17.  The method of claim 12, further comprising applying conditions in the test chamber

after the sample cures to simulate well operation events.

18. A method for assessing a cement, the method comprising:

monitoring an axial dimension and a radial dimension of a sample of the cement
during an application of pressure to the sample in a test chamber;

identifying a stress state of a sample of the cement at an initiation of gelling and
hardening of the sample based on a change to the radial dimension independent of a change
to the axial dimension;

using the identified stress state of the sample of the cement as an initial stress state
parameter input into a computer well model; and

performing well life modeling of the cement using the computer well model.

19.  The method of claim 18, wherein performing well life modeling comprises simulating

at least one of cementing, pressure testing, swabbing, hydraulic fracturing, and production.

20.  The method of claim 18, further comprising simulating application of stresses to a
virtual cement sheath in the computer well model to estimate a distance to failure for the

cement under different conditions.
21. The method of claim 12, wherein the initial stress state defines a distance that the

sample is from failure or a stress state of the sample prior to an applied load after the

identified initiation of gelling of the sample.

18
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