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Abstract. One of the main problems during oil well completion and cementing operation is fluid migration
through cement bulk or behind the cemented casing. Slurry composition and characteristic have been focused
and improved in last decades to mitigate gas migration and, recently, aspects such as using nanotechnology
have been investigated to amend the conditions. In this research, two moderate base slurries with 95 and
120 Pound per Cubic Feet (PCF) densities containing different percentages of nanosilica have been examined
using a perfect test package. The results of Fluid Migration Analyzer (FMA) demonstrated that using correct
percentage of nanosilica particles modified rheological behavior of the slurries and decreased fluid migration
volume. Moreover, adding nanoparticles did not have any negative effects on any conventional parameters.
However, static gel strength analyzer showed significant transient time reduction which is an important key
in cement setting profile. Triaxial test results together with Mohr circles analyzing presented considerable
progress in cement stability and compressive strength.

Nomenclature

CS Compressive Strength
FLC Fluid Loss Controller
FMA Fluid Migration Analyzer
PCF Pound per Cubic Feet
PV Plastic Viscosity
SGSA Static Gel Strength Analyzer
UCA Ultrasonic Cement Analyzer
YP Yield Point
H Dial reading at viscometer (rotational speed)

1 Introduction

Oil and gas industry and drilling a well are costly industries.
There are various vital reasons for cementing operation
such as supporting and holding the casing, isolate the
formation, in which fluid migration through cement slurry,
as one of the most dangerous and complicated challenges
faces drilling industry has been occurred. This phenomenon
has become a global problem with its disastrous effects.
Immediate, short term and long term are the three types

of gas migration based on the lifecycle of the well. There
are different strategies to prevent gas migration, each type
of migration has special strategies. In this research the
short-term gas migration has been studied. This type of
migration which is usually referred to as post-placement
migration, is observed between the final step of the primary
cementing job (usually highlighted by the plug landing) and
the cement setting step. However, the procedure which
triggers the migration is assumed to be the annular pressure
decay [1, 2]. Thousands of research and millions of dollars
spent on understanding the mechanics of fluid (especially
gas) migration and developing solutions, it leads to a wide
range of different strategies that describe different aspects
of gas migration phenomena [3]. Experimental investiga-
tion and case studies to provide practical advice [4–7],
technical solution development [8–13], application of differ-
ent cement additives in cement slurry [14–17] and predic-
tion technique for cement quality [18–20] are number of
strategies studied by researchers. All the approaches and
strategies utilized to minimize the gas migration risks
primarily rely on targeting one or multiple gas migration
conditions, including the control of annular pressure
decline, reduction of gas entry space, and ultimately mini-
mizing the migration path. Nanotechnology has the ability
to offer effective changes in several areas of oil and gas
industry such as exploration, drilling, cementation, produc-
tion, etc. Use of nanotechnology in the cement slurry can* Corresponding author: soroushzarinabadi@iauahvaz.ac.ir
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also achieve solutions to some of the problems pertaining to
oil well cementation [21]. Cementing engineering is one of
the most applicable considerations in drilling industry
where it faces harsh and severe environments with difficul-
ties in temperature and pressure controls [22]. This research
is focusing on fantastic remedies for cementing characteris-
tics with great attention on its inherent properties with
great capacities of nanotechnology. It should be mentioned
that right after first observation of gas migration issue in oil
wells, especially in five recent decays, hundreds studies
have been carried out for evaluation and cure this problem
[23]. All aspects of gas migration have been discussed in
literature. Al-Buraik et al. explained about history and
experimental aspects of gas migration [7]. Some recommen-
dations and guidelines were represented by Dean and
Brennen [24]. Ahmed et al. evaluated effects of using chem-
ical additives on gas migration [25]. Wilkins and Free
demonstrated valuable techniques for gas migration predic-
tion on oil and gas wells [20]. Abbas et al. generally pointed
out that annular gas migration after placement of cement,
has been identified as one of most considerable subjects in
the oil and gas industry for many years [26]. Although King
and King illustrated that annular gas migration issues were
initially recognized in the mid-1960 during cementing oper-
ations of gas wells [27]. Another way for optimization of gas
migration is using the expanding cements for better bond-
ing of cement in the contact area of cement-casing and
cement-formation. A paper that comprehensively addressed
this issue was published by Griffin et al. [28]. In that paper,
a special system of expanded cement is proposed that pro-
vides an ideal condition for cement bonding [28]. In another
great research, fundamental factors were evaluated and
studied for their effects on cementing that summarized
as heat, pressure, slurry weight, particle size, and finally
volume fraction of constituents [29]. In 2003, Goboncan
and Dillenbeck discussed about cement-shrinkage and pro-
posed that in theoretical side of view shrinkage happened
with two states of overall shrinkage and porosity in cement
matrix [30]. Also, Mata and Calubayan presented that
usage of low density cements based on the hollow glass
spheres, can weaken probability of gas migration in weak
formations [31]. In 2016, Al-Yami and Al-Humaidi could
greatly reduce the amount of gas migration behind the
casing with the invention of a cement mixture containing
silica particles and hematite [32]. Also, in 2015 they could
solve a lot of problems faced with drilling of deep wells by
designing special cement that performed well at high pres-
sures and temperatures [33]. In 2007, Pour and Moghadasi
pointed out that inappropriate control of fluid flow in the
South Pars field in Iran has caused the problems of gas
migration [34]. As it is approved after injection of the
cement slurry to the bottom of the well, it goes up into
the gap between the casing and rock formation which shines
requirements for especial attention to the isolation of the
zone [35]. In this paper, the focus is on the G class cement.
Also, cementing behind the casings has several goals, one of
the most important is separation of different layers with dif-
ferent pressures and fluids [36–39]. In this engineering
branch, setting thickening time (cement slurry becomes
solid cement) depends on variety of factors and conditions

such as slurry compressive strength, rheological properties,
fluid loss and so on. On the other hand, penetration and
transfer of fluid from the cement results in the mixing of
different layers of fluids and increased probability of erup-
tion [40]. A proposed slurry for a cement operation has
several properties that all of them have to be recorded
and analyzed before the operation.

In 1977 an upgraded method was offered that during
cementing of high pressure zones, the maximum possible
value of controller additives should be used to minimize
the gas leakage [27]. In 2015, Chinh et al. divulged most
oil and gas fields around the world that have reported indi-
cations of gas migration in the annulus [40]. Al-Ramadan
et al. defined gas migration as the propagation of gas
through and around a cemented annulus which leads to
the development of a flow path through the annular cement
into the surface [41]. In 2017, Lackey et al. reviewed the
effect of surface deflection on the integrity of the well and
the rate of gas migration. They found that depth of the well
was very influential and could greatly control the amount of
gas migration [35]. In 2017, Guo et al. conducted a com-
bined laboratory and modeling study to detect the occur-
rence of gas or mass migration in wells. In the first
attempts, they examined these phenomena in different
dimensions of circular space and then employed CFD by
modeling and studying these phenomena [42]. They offered
an experimental research that clarified the most influential
and effective approach for introducing a special cement to
prevent gas migration.

Although, engineers use some basic data to design
cement slurry, but important slurry characteristics that
should be investigated for gas migration include density,
pre and post heating rheology, deposition and mixing and
homogeneity, fluid loss, free water, setting profile, compres-
sive strength, permeability, dewatering, process of increas-
ing resistance of gels and so on. Slurry that does not meet
the required specifications for any of these features cannot
withstand the gas leakage [43].

Application of nanotechnology can improve cement
elasticity, strength, self-cleaning, electrical conductivity,
etc. [44]. Santra et al. demonstrated effects of nanomaterials
on early cement slurry gelation, compressive strength ratio,
viscosity enhancement and early stage compressive strength
[45]. Ershadi et al. pointed out those nanomaterials have
reduced cement slurry thickening time [46]. Also, Fakoya
and Shah discussed application of nanosilica in oil industry
and cementing operation. It was illustrated that nanosilica
could reduce drag in porous media, has been effective in
water invasion in shale, and has been applicable in fluids
rheology control [47]. Thakkar et al. [21] have demonstrated
application of nanosilica as an alternative for conventional
cement additives like calcium chloride and silica. From this
point of view, consumption of nanosilica was so smaller
than the others, and has been multi-functional. Due to
using nanosilica, decreasing in thickening time, increasing
in compressive strength and decreasing in fluid loss have
been reported. In addition, they have reported (2019)
decreasing the Wait On Cement (WOC) time and, there-
fore, reduction of the overall capital cost of a well due to
using of nanosilica [21]. The nanofluid is a fluid species in
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which nanoparticles are dissolved in an approximate
diameter of 10 nm in liquid. The presence of these particles
causes the cement pattern to completely change and the
way the molecules and layers are located. Therefore, in case
of correct selection of this material, it can be obtained at
very favorable conditions at a very low cost compared to
other methods [43].

In the field of gas migration, a set of methods in different
phases should be used. The focus of this study is on the
design of cement slurry, which is perhaps the most impor-
tant and most influential stage in the fight against gas influ-
ences. The proper design of cement slurry means optimizing
slurry formulation. This optimization means selection with
the precision of the additives, along with precision in the
short and long term performance of the cement. Formula-
tion evaluations are carried out with sufficient attention
to the issue of gas migration, in which effective factors are
identified and studied. In this context, a step-by-step pro-
gram has been developed to design optimum gas-slurry
cement slurry. Although the main roots of fluid migration
were discussed in this research and the effects of nanosilica
on cement slurry have been investigated, this problem needs
more attention and further attempts to mitigate whole
problem.

According to research of Nelson and Guillot, paths
and reduction of hydrostatic pressure in annular space are
two main reasons of gas migration in which gas can invade
in cemented annular space [36]. Cooke et al. had explained
that cement slurry loses the ability to transfer hydro-
static pressure to the formation prior to complete hydration
[5]. It means slurry pressure actually decreases after
replacement.

If the cement does not have enough resistance to the gas
pressure, the formation gases under pressure attack the
hydrated cement and create gaseous channels. The fluid
attack may not be stopped until the cement has sufficient
adhesion strength. Li et al. confirmed that the gas does
not penetrate into the cement matrix as long as the slurry
pore pressure remains above the formation gas pressure [48].

Optimizing the Particle Size Distribution (PSD) can
improve slurry performance with respect to gas migration.
By optimizing the PSD, the solid particles can aggregate
well. Therefore, a slurry with varying particle size has a
higher density than a finite particle size slurry.

As shown in Figure 1, nanosilica particles could fill the
voids between the cementitious grains, and hence create a
filling effect [49]. They also fill the remainder of the cavities
in hydrated and non-hydrated [50]. After the addition of
nanosilica to the cement, nucleation sites are provided for
cement hydration. Nanosilica particles affect the cement
slurry in different ways. They affect thickening time, com-
pressive strength, porosity and permeability within the
cement [51].

The results of the experiment showed that nanosilica
can improve the structure and reduce the permeability of
the hardened concrete [52]. Reducing the permeability in
concrete by adding nanosilica was reported by Li et al.
[48]. Gaitero showed that nanosilica particles fill the
cavities of the CSH-gel structure and act as the nucleus
to firmly attach to the CSH-gel particles [53, 54]. According

to Ershadi et al., Adding 1% nanosilica to the slurry
reduced the porosity and permeability by 33 and 99%,
respectively [46].

2 Experimental

2.1 Material and method

Nanosilica (SiO2 with 99% purity and 50–60 nm in diame-
ter) made by “Nanoshell” Company (USA), G-class cement
(API standards, from Delijan Company, Iran), water,
dispersants, fluid loss controls, retarders, gas migration
additive, antifoam, and extender were employed. Most of
cement additives have trade name. For example, extender
D-124 is a material composed of hollow spheres of alumi-
nosillicate with a specific gravity lower than water. The
particle size, similar to silica flour, enables blending the
material with cement to form a slurry with density as low
as 9.0 Lb./Gal. Two main slurries with densities of
90 PCF and 120 PCF were used. Slurries with 95 PCF
weight were shown as condition 1 and slurries with
120 PCF weight were shown with condition 2. Table 1
summarizes all corresponding data.

2.2 Experiments procedure and apparatus

The process of testing is started with an initial designing of
slurry formula and all tests were performed according to the
proposed programs as depicted in the above table. The
considered slurry was used in a “7 inch” liner where gas
migration had been reported after its setting.

For conducting experiments in this project, required
apparatus are listed as: SGSA, UCA, FMA, mixer, mud
scale, statistic filter press, pressure and atmospheric consis-
tometer and finally triaxial strength measurement appara-
tus. The process of carrying out experiments was begun
with a slurry designed with initial formulation. As it has
been illustrated that due to instant gelation and rapid
setting, more than 1% of nanosilica cannot be used, it
was decided to test percentages such as 0.55, 0.33, 0.22,
and 0.11. In this case, the apparent outcomes were more
appropriate and additional and custom tests were planned.
By deepening the experiments, it was gradually determined
that the optimal percentage of nanosilica as an effective
additive for reducing fluid migration was achieved.

2.3 Diagnostic tests

The two slurries which are formulated and prepared based
on the above aforementioned details should be tested and
evaluated for their performance during cementing. So, in
the case of the rheology test, they were prepared and
weighted to be sure about their densities and compositions.
Thereafter, rheology tests were performed for the two types
of slurries and then PV and YP were calculated based on
the following formulas:

PlasticViscosity PVð Þ ¼ ðh300 � h100Þ � 1:5; ð1Þ

YieldPoint YPð Þ ¼ h300 � PV: ð2Þ
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Free water in slurry cement is defined as the water which
exists more than needed for the hydration of cement and
additives. In this test, the slurry is poured into a 250-mL
cylinder and kept immobile for 2 h after that, the amount
of water collected at the top of the slurry is measured. Since
fluid loss clarifies water or fluid content that is separated
from the slurry during 30 min of residence time at pressure
of 100 psi and ambient temperature, understudy cement
slurries were processed based on the API standard for eval-
uation of their fluid content. As Kleef and Vliet defined,
thickening time is the pump able time of cement or the time
it takes to begin thickening [55]. As thickening time
increases with decreasing in temperature, Soltanian and
Mortazavi revealed that by using of nanosilica, cement
slurry thickening time has been reduced [56]. Cement com-
pressive strength is the capacity of cement to withstand
loads tending to reduce size. Testing the strength of stan-
dard cement cubes only provides information about cured
strength. To accurately and effectively schedule a cement-
ing job with a minimum WOC time, you need to deter-
mine how slurry develops strength over time during

curing. The cement slurry was poured into Ultrasonic
Cement Analyzer (UCA) for non-destructive test in 24 h.
In a nondestructive test, sonic speed is measured through
the cement as it sets. This value is then converted into com-
pressive strength. The UCA cell is equipped with a heating
jacket, temperature controller, pressure system, cooling
system, and transducers and rated at 204 �C/400 �F and
30 000 psi. The system measured the strength development
by measuring the speed of the ultrasonic signals being sent
through the cement while it sets up. The speed of the
signals was calculated and correlated to a compressive
strength in psi. Setiati has explained that adding nanosilica
to cement slurry results in increasing of compressive
strength and density, and improving mechanical properties,
especially at low temperature [57]. It has been observed that
with increasing weight percent of nanosilica, the compres-
sive strength of the cement increases. However, if the
proportion of nanosilica in the cement slurry exceeds some
certain amount, there can be a decrease in the compressive
strength of cement. In addition, as the last part of the
attempt, in order to evaluate the performance of the cement

Fig. 1. Cement matrix compressibility.

Table 1. Understudy slurry cement properties and compositions.

Slurry composition

Condition Density
(PCF)

Cement
G (gr)

D-124
extender

(gr)

FLC
(gr)

Anti-
gas-mig
(gr)

Nanosilica
percentage

TA-47
anti-
foam
(gr)

O-R 5
retarder
(gr)

O-CFR4
dispersant

(gr)

Water
(mL)

1 A 95 418 42 0.83 0 0 0.63 1.25 0.41 438
1 B 95 418 42 0.83 0 0.1 0.63 1.25 0.41 435
1 C 95 418 42 0.83 0 02 0.63 1.25 0.41 430
1 D 95 418 42 0.83 0 0.3 0.63 1.25 0.41 425
1 E 95 418 42 0.83 0 0.5 0.63 1.25 0.41 420
2 A 120 802 0 0 81 0 0.63 0 0.80 269
2 B 120 802 0 0 81 0.1 0.63 0 0.80 265
2 C 120 802 0 0 81 0.2 0.63 0 0.80 260
2 D 120 802 0 0 81 0.3 0.63 0 0.80 257
2 E 120 802 0 0 81 0.5 0.63 0 0.80 255
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slurry in the problem of gas migration, it is necessary to
measure the gel strength development profile. For this
purpose, the Static Gel Strength Analyzers (SGSA) device
is used. Static gel strength of well cement can be measured
with a Static Gel Strength Measurement (SGSM) device.
The SGSM attaches to a standard Ultrasonic Cement
Analyzer (UCA). It uses a vanned bob to condition the
cement slurry inside the UCA cell. During the test, the bob
intermittently rotates and measures the resistance from the
slurry. At the end of the test, the software provides a com-
plete picture of the gel strength development of the cement
slurry over time. As in theUCA test, the slurry is poured into
the cell and after 24 h, the result is reported as graphs.

3 Results and discussion

All preliminary and rheological results including plastic
viscosity, yield point, thickening time and free water con-
tent at specified times are shown in Table 2.

3.1 Condition 1: slurries with 90 PCF density

3.1.1 UCA results

UCA experiments were used for evaluation of sample
slurries compressive strength and their time duration is
about 24 h. Figure 2 showed UCA test results for sample
1-A (without adding nanoparticles), in which green color
indicated 967 psi as the strength value that was more
important.

Figure 3 showed UCA results for sample 1-D with
95 PCF density and 0.3% nanosilica content. Its graph
was similar to sample 1-A in which green color indicated
2464 psi as compressive strength.

Table 3 summarized UCA results for condition 1.
According to these results, compressive strength followed
an increasing pattern by increasing nanosilica content for
95 PCF slurries.

3.1.2 FMA analysis

Cement fluid migration analyzer realistically simulates well
parameters including temperature, hydrostatic head pres-
sure, fluid formation pressure, and the pressure gradients
which drive invasive fluid flows. The FMA test cell itself
is similar to an API HTHP fluid loss cell. A hollow hydrau-
lic piston at the top of the cell is pressurized to simulate the
effect of the hydrostatic pressure on the cement. Filtrate
from the cement slurry can be collected from the bottom
and the top of the cell through screens or rock core. The test
cell can be rotated to simulate actual wellbore angles.

Figure 4 showed the results of the analysis of gas migra-
tion. According to this figure, the duration of test was
between 4 and 5 h. Gas migration amount was about
6 mL based on this chart.

Table 4 summarized FMA results for condition 1.
According to these results, fluid migration amounts
followed a decreasing pattern by increasing nanosilica con-
tent from zero to 0.3% for 95 PCF slurries. So for slurries
with 95 PCF density, sample 1-D with 0.3 & nanosilica
showed the best result.

3.1.3 Triaxial test and the results of Mohr circles

Triaxial test is used to evaluate and measure the strength of
cement in a well that is pressured from the three direc-
tions and is analyzed by the Mohr circle. Stress strain rela-
tionships in rocks examined the elastic behavior of rocks,
which was largely reversible. By rock failure, it was meant
the formation of faults and fracture planes, crushing, and

Table 2. Samples condition and properties.

Slurry properties

Condition Mixing
time
(sec)

Weight
(PCF)

API fluid
loss (CC)

Compressive
strength at
24 h (psi)

Rheology Thickening
time at

145 �F (min)

Free
water
(CC)

P = 1000 psi P = 3000 psi 80 �F 145 �F
T = 145 �F T = 160 �F PV YP PV YP

1 A 55 95 134 967 44.5 4 34 2 6 BC at
350 min

0

1 B 45 95 65 1297 63 6.8 42 6.5 260 0
1 C 55 95 48 1572 80 8.5 52 18.25 285 0
1 D 45 95 32 2464 84 8.5 55 21 298 0
1 E 45 95 29 1832 93 36 61 22 302 0
2 A 50 120 74 2842 18 33 87.5 24 274 0
2 B 55 120 53 3386 21 28 81 19 292 0
2 C 45 120 47 3277 20 25 73 16.5 276 0
2 D 45 120 38 N/A N/A N/A N/A N/A N/A N/A
2 E 45 120 36 N/A N/A N/A N/A N/A N/A N/A
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Fig. 2. UCA result for 95 PCF sample without adding nanoparticles (condition 1-A).

Fig. 3. UCA result for 95 PCF with 0.3% nanoparticles (condition 1-D).

Table 3. Compressive strength comparison for condition 1.

Sample Density (PCF) NS% CS (psi)

1-A 95 0 967
1-B 95 0.1 1297
1-C 95 0.2 1572
1-D 95 0.3 2464
1-E 95 0.5 1832
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relative motion of individual mineral grains and cements.
Mohr circle and a linear failure envelope are the most com-
monmethods used to plot stresses and indicate strength lim-
its. This technique predicts failure when stresses surpass
both the intrinsic strength of a rock and internal friction.
Considering the results, condition (1-D) showed lower
amount for gas migration. So, it was planned to investigate
its strength by triaxial test. Table 5 and Figure 5 show the
conditions and results.

Figure 5 showed the deformation rate based on the pres-
sure on the sample, which is known as stress on the strain,
and shows 42 MPa. In this test, pressure was applied from
the three directions to the sample and examines the defor-
mation of the sample, and ultimately by Mohr circle, this
deformation is analyzed.

As explained before, the Mohr circles are indicators for
studying the UCA and Triaxial charts, and based on this
index, the correct conclusion based on the results of the

Fig. 4. Gas migration results for 95 PCF with 0.3% nanoparticles (condition 1-D).

Table 4. Effect of NS on fluid migration at 95 PCF slurries.

Condition Density (PCF) NS% Migration (mL)

1-A 95 0 76
1-B 95 0.1 60
1-C 95 0.2 28
1-D 95 0.3 6
1-E 95 0.5 17

Table 5. Triaxial test data and Mohr circle results for condition 1 (95 PCF).

Test parameters 1-A 1-B 1-C 1-D 1-E

Standard ASTM D2664 ASTM D2664 ASTM D2664 ASTM D2664 ASTM D2664
Peak stress (MPa) 28 31 36 42 37
Diameter (mm) 38.30 38.33 38.60 38.30 38.33
Height (mm) 79.79 78.11 91.64 78.30 79.33
Loading rate (MPa/s) 0.08 0.08 0.08 0.08 0.08
C (MPa) 5.5 3.8 6 8 5.5
U 20 25 28 25 28
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circle could be drawn. Figure 6 showed Mohr circle drawing
for sample 1-D

Table 6 summarized triaxial and Mohr circle data and
results for condition 1 with 95 PCF density. As can be seen
from Table 6 and the failure stress diagrams (Fig. 5), the
maximum tolerable stress for cement by adding nanosilica
has reached from 28 to 42 MPa, which is a sign of the

positive effect of nanosilica addition. The sample with
higher peak stress is more suitable. Therefore, the slurry
with 95 PCF density became better by adding 0.3%
nanosilica. So, program (condition 1-D), (0.3% Nano) had
the best result. Condition (1-D) showed less gas migration
amount and higher peak stress.

3.2 Condition 2: slurries with 120 PCF density

Laboratory process started via preparation of samples and
carried out preliminary experiments for slurry (2-A). The
same tests were performed for samples 2-B and 2-C. But
in samples 2-D and 2-E early gelation occurred and it was
impossible to complete the test procedure.

3.2.1 UCA results

Mono-axis test is used to measure the compressive strength
of cement in one direction and the stresses that cement can
tolerate. According to Figure 7, slurry sample with weight
of 120 PCF without addition of nanoparticles, indicated
2842 psi for compressive strength.

Table 7 summarized UCA results for condition 2.
Besed on these results, nanosilica had positive effect on
increasing compressive strength, and according to Figure 8,
sample 2-B with 0.1% nanosilica showed the best result.

3.2.2 FMA analysis

FMA test was used to measure gas migration and, based on
this test, the amount of gas influx can be checked. FMA test
for sample 2-A showed 17 mL as fluid migration amount.
Figure 9 illustrates zero as FMA result for sample 2-B.

Table 8 summarized FMA results for condition 2.
According to these results, fluid migration amounts at
sample 2-B with 0.1% nanosilica content showed the ideal
result.

Comparison of Tables 4 and 8 shows that the rate of
fluid migration was at 120 PCF less than the rate of migra-
tion at 95 PCF, the reason for this could be the presence of
Anti-gas migration additive in the composition of 120 PCF
slurries.

3.2.3 Triaxial test and the results of Mohr circles

Figure 10 illustrates behavior for sample 2-B in triaxial test.
According to Figures 10 and 11 sample 2-B showed

54 MPa as peak stress value.

Fig. 5. Behavior of strain (sensor) for condition (1-D).

Fig. 6. Mohr circle graph for condition (1-D) based on triaxial
test.

Table 6. Triaxial test data and Mohr circle results for condition 1 (95 PCF).

Test parameters 1-A 1-B 1-C 1-D 1-E

Standard ASTM D2664 ASTM D2664 ASTM D2664 ASTM D2664 ASTM D2664
Peak stress (MPa) 28 31 36 42 37
Diameter (mm) 38.30 38.33 38.60 38.30 38.33
Height (mm) 79.79 78.11 91.64 78.30 79.33
Loading rate (MPa/s) 0.08 0.08 0.08 0.08 0.08
C (MPa) 5.5 3.8 6 8 5.5
U 20 25 28 25 28
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Fig. 7. UCA graph for condition (2-A) with density of 120 PCF and without nanoparticles.

Fig. 8. UCA graph for condition (2-B) with density of 120 PCF and 0.1% nanoparticles.

Table 7. Effect of NS on compressive strength at 120 PCF slurries.

Condition Density (PCF) NS% CS (psi)

2-A 120 0 2842
2-B 120 0.1 3386
2-C 120 0.2 3277
2-D 120 0.3 N/A
2-E 120 0.5 N/A
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Similar to Figures 10 and 11, all data and results are
summarized in Table 9. Results showed increasing in peak
stress from 38 to 54 MPa through adding nanosilica.
Program (2-B) represented the best condition.

4 Transient time measurement

Through testing a Static Gel Strength (SGS) value equal to
500 lbf/100 ft2 for gelled cement was found to be resistant
against fluid invasion. The time it takes the SGS to reach
500 lbf/100 ft2 from 100 lbf/100 ft2 is called the transition
time.

Results of the SGSA tests are presented in Figures 12
through 14. Regarding the diagrams and data for all
cement slurries, there is a slight decrease in transient time
via adding nanosilica.

Fig. 9. FMA results for condition (2-B).

Table 8. Effect of NS on fluid migration at 120 PCF
slurries.

Condition Density (PCF) NS% Migration (mL)

2-A 120 0 41
2-B 120 0.1 0
2-C 120 0.2 21
2-D 120 0.3 N/A
2-E 120 0.5 N/A

Fig. 10. Stress–strain behavior for condition (2-B).

Fig. 11. Mohr circles graph for condition (2-B) based on
triaxial test.
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Table 9. Triaxial test data and Mohr circle results for condition 2 (120 PCF).

Test parameters 2-A 2-B 2-C 2-D 2-E

Standard ASTM D2664 ASTM D2664 ASTM D2664 ASTM D2664 ASTM D2664
Peak stress (MPa) 38 54 47 N/A N/A
Diameter (mm) 38.30 38.33 38.10 N/A N/A
Height (mm) 79.10 90.30 78.60 N/A N/A
Loading rate (MPa/s) 0.08 0.08 0.08 N/A N/A
C (MPa) 6 8 0.8 N/A N/A
U 20 23 33 N/A N/A

Fig. 12. SGSA graph for sample 1-A.

Table 10. Summary of SGSA test values for both densities

Test no. Density PCF NS% Time at 100 psi HH:MM Time at 500 psi HH:MM Transient time MM

1-A 95 0 02:05 05:55 230
1-B 95 0.1 02:30 05:15 165
1-C 95 0.2 03:15 04:45 90
1-D 95 0.3 03:25 04:30 65
1-E 95 0.5 03:05 05:00 115
2-A 120 0 02:55 05:05 130
2-B 120 0.1 03:40 04:15 35
2-C 120 0.2 03:30 04:40 70
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In Table 10, the values for the strength of 500 psi and
100 are extracted from related figures like Figures 12–14
as SGSA diagrams and the transition time is the differ-
ence between these two values. It can be seen that in the

1-B program that contains 0.3% of nanosilica compared
to the 1-A program which is nanosilica-free, the transient
time is significantly reduced. Reducing the transient time
means reducing the opportunity for gas to enter the pores

Fig. 13. SGSA graph for sample 1-D.

Fig. 14. SGSA graph for sample 2-B.
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in the cement block. It could be due to improvement in
cement hydration stage by adding nanosilica as explained
in introduction. Also, Transient time in second condition
have shorter domain due to presence of Anti-gas migration
additive in their composition.

5 Conclusion

Oil well cements can be categorized as light, moderate and
heavy weight cements. Different attempts and processes
are required for enhancement of their physical and chemical
properties. Conventional behavior such as gel strength,
compressive strength, and complementary properties of
cement slurry like transient time and resistance against fluid
migration, were improved via adding optimum percentage
of nanosilica. According to the experiments, the followings
are concluded:

� Nanosilica does not have significant effect on free
water, fluid loss, and thickening time.

� Effect of nanosilica on light weight cement is more
considerable rather than of moderate cement.

� By increasing of cement weight, optimum Nano per-
centage was decreased from 0.3% to 0.1%.

� Nanosilica increased compressive strength of cement
slurry.

� Nanosilica decreased fluid migration in cement slurry,
especially in optimum percentage of nanoparticles.

� Nanosilica improved compressive strength of cement,
Mohr circles validated it.

� It is expected that researchers investigate other
Nanoparticles like Nano hematite on different weights
of cement slurry, also on different formulas of slurry
composition.
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