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Experimental Study of Hydraulic
Sealability and Shear Bond
Strength of Cementitious Barrier
Materials
In this experimental study, two different cementitious materials, including (i) a class of
expansive cement currently used for plug and abandonment (P&A) operations and (ii) a
non-cement-based naturally occurring rock, known as geopolymer, are selected to
examine the hydraulic bond strength and shear bond strength. Clean machined steel and
rusty corroded steel were selected to represent the casing. The test samples were cured
at 90 °C considered as bottom-hole static temperature (BHST) and under elevated pressure
of 17.2 MPa for 1 week. The hydraulic sealability of the barrier materials tested up to
3.4 MPa of differential pressure. The results indicated that additives used in slurry prepa-
ration impact the hydraulic sealability of the material. Additionally, the rusty corroded steel
provided a better hydraulic sealability comparing to the clean machined steel for the same
cementitious material. The shear bond strength test was performed by running the push-out
test. According to the present test observations, no correlation was found between the shear
bond and hydraulic bond strength of different barrier materials. The geopolymer showed
the lowest shear bond strength, while it provided the highest hydraulic sealability.
[DOI: 10.1115/1.4051269]
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1 Introduction
In drilling operation and well construction, a cementitious slurry

is pumped into the wellbore and placed behind the casing. The
slurry is solidified and acts as a barrier to seal the annular space
between the casing and formation and provide zonal isolation.
The barrier material facilitates well construction and production
by preventing formation fluid migration between different strata,
holding the casing in place, and protecting it from corrosion. Con-
sequently, the cementitious barrier material must be impermeable
and be able to make a sufficient bonding to the casing to achieve
integrated hydraulic sealability [1].
Ordinary Portland cement (OPC) is the leading material for

primary cementing and plug and abandonment (P&A) operations.
The chemistry of OPC is well-documented for both operating engi-
neers and scientists, and the material is commercially available.
Various chemical additives are introduced to the cement system
to improve its performance at downhole conditions [2]. However,
OPC is found to have shortcomings after setting including,
but not limited to thermal instability, retrogression of mechanical
properties due to contamination by drilling mud, low ductility,
and shrinkage. Shrinkage of the cement bulk due to the hydration
reaction can increase the risk of micro-path formation at the
cement–casing and cement-formation interfaces. Besides, poor
mud removal, improper cement placement due to eccentricity of
casing and wellbore geometry, and gas channeling in the cement
sheath can have a detrimental effect on zonal isolation and acceler-
ate well integrity failure. Moreover, the cyclic change in pressure
and temperature over the lifespan of the well implies a lot of com-
paction and tension of the cementitious barrier materials. Such

condition requires sufficient flexible cement system with high
tensile strength to Young’s modulus and compressive strength to
Young’s modulus ratios. The OPC-based system is brittle in
nature and may show a weak performance at downhole condition
by forming radial cracks when it is subjected to an excessive load
[3–5]. Therefore, researchers and technology providers continu-
ously attempt to improve the quality of set cement and the cement-
ing operation by either new cementing techniques or introducing
alternative cementitious materials for the situations that OPC has
limitations [6,7].
In zonal isolation and well abandonment operation, shear bond

and hydraulic bond strength are two parameters, which contribute
to effective hydraulic sealability at the interface of zonal isolation
material and its adjacent medium [8]. The shear bond strength repre-
sents how strong the bonding is to prevent the movement of casing/
cement sheath in the wellbore, and it is quantified as the minimum
required force to move the casing within the cement sheath or the
cement sheath within the formation. The hydraulic bond strength
is the maximum hydraulic force induced by the formation fluid to
initiate debonding at the interface. This parameter can be deter-
mined by continues pumping fluid at the boundaries until the
leakage occurs. The shear bond strength and the hydraulic bond
strength at the interface of barrier material and casing are discussed
and reviewed in detail in Sec. 1.1. Figure 1 shows a schematic of the
wellbore, including formation, casing, and the cement sheath.

1.1 Shear Bond and Hydraulic Bond Strengths. The shear
bond strength effectively resists shear displacement and is
expressed as the minimum required force to initiate movement at
the interface of two materials, and it is an important indication of
the cement ability to support casing string in wellbore [9] mechani-
cally. On the laboratory scale, the shear bond strength between the
cementitious material and casing pipe or formation is measured by
placing the casing pipe (or a rod with few centimeters in diameter)
inside the zonal isolation material or curing the zonal isolation
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material inside the formation outcrop. Then, a loading frame applies
an axial load until debonding occurs, and the inner material starts to
slip. One of the early shear bond strength experimental studies was
performed by Evans and Carter [10]. The shear bond of different
cement systems was investigated with casing and two types of for-
mation, including sandstone and limestone. They reported the shear
bond strength between 0.07 and about 2.76 MPa. They stated that
shear bond strength depends on curing conditions, including but
not limited to curing pressure and temperature, casing surface
roughness, drilling fluid existence, and size of specimens. Kaku-
moto et al. [11] studied the effect of confining pressure on
push-out test samples. They applied effective confining pressure
of 1.5 and 3 MPa and compared the results with the ambient effec-
tive pressure of 0 MPa. The test result shows that increasing the
confining pressure around the testing specimens contributes to esca-
lated shear bond strength, depending on the pipe roughness. The
authors also showed when the samples reach a maximum load
(i.e., maximum load before debonding occurs), the applied load
can enter a fluctuation zone. They revealed that it is the effect of
stick-slip at the interface of the samples.
Lavrov et al. [12] investigated the effect of casing size on the

shear bond strength. The authors studied 37 testing samples with
pipe outer diameter (OD) of 10, 21, and 33 mm and height of
30 mm. The samples were cured at 80 °C and under elevated pres-
sure. The tests were performed at displacement control mode with a
rate of 0.5 mm/min. The test result shows the same oscillation beha-
vior for the samples caused due to the selected mode of testing.
They experimentally proved that the shear bond strength declines
by about 36% with an increase in pipe diameter for the selected
range of 10–33 mm. One of the limitations of running laboratory
experiments is downscaling the real condition to the smaller size,
particularly when the materials will go under mechanical loads.
One important observation on Lavrov et al.’s test results is the
large standard deviation from the mean values of the shear bond
strength, which might be due to the small size of the tested
samples or inconsistency in the sample preparation. They claimed
that bonding strength is not an intrinsic parameter of cement–
casing systems and should not be applied to field conditions
directly. Using finite-element simulations, they concluded that the
normal stress caused by cement shrinkage is reduced at the interface
of larger diameters, and it results in less friction resistance of casing
and cement. Thus, less push-out strength. In an earlier study con-
ducted by Lavrov et al. [13], they attempted to measure the
tensile bond strength between cement and steel using a three-point

bending test. They prepared bi-material beams with the dimension
of 60 × 5 × 5 cm—30 × 5 × 5 cm cement and 30 × 5 × 5 cm steel—
and cured the specimens for 1 month at ambient pressure and tem-
perature. The samples, however, were not able to be retrieved for
testing as all samples were broke at the interface of steel–cement.
Hence, they concluded that the push-out test represents friction
and mechanical interlock between casing and cement, rather than
providing information about adhesion between two materials [12].
In another experimental study, Khalifeh et al. [14] investigated

the bond strength of Portland cement with six different pipe mate-
rials, including steel (reference material), titanium, two different
grades of uncoated aluminum, and two different types of nano-
coated aluminum pipes. They prepared the test specimens by
curing cement around 50 mm pipes at an elevated temperature of
70 °C and atmospheric pressure for 7 days. The test results revealed
that uncoated aluminum pipes provided poor shear bond strength,
which is rooted in the detrimental reaction at the interface of the
cement–aluminum. On the other hand, the titanium pipes were
found to have stronger shear bond strength with Portland cement
by 5% greater compared with the cement–steel system. The nano-
coated aluminum pipes showed strong shear bond strength com-
pared with the uncoated aluminum pipes. Even, the strength was
13% higher than the cement–steel system. Their study highlighted
the possible chemical interaction between cement and the different
casing materials.
The characterization of bond strength of geopolymers was

studied by Zhang et al. [15] at ambient and elevated temperatures.
Their research study included 18 different combinations of meta-
kaolin and fly ash as a solid phase. They tested the shear bond
strength in the temperature range of 20–300 °C and concluded
that increasing temperature has an adverse effect on the bond
strength of geopolymers. The test results also indicated that the
chemical composition such as Si/Al ratio, SiO2/K2O ratio, and
solid/liquid ratio of alkali-activated material significantly impact
bond strength. In another study about the characterization of geopo-
lymers for oil and gas applications, Salehi et al. [16] investigated the
shear bond strength of class F fly ash geopolymers. In this study,
sodium hydroxide (NaOH) with the concentration of 8 M, 10 M,
and 12 M was used as a hardener. The experiments were performed
at 65 and 93 °C, and the results showed that for mentioned specific
fly ash-based system, there is an optimum value for the sodium
hydroxide concentration. The maximum bond strength was
achieved with 10 M NaOH. It was concluded that an increase in
the concentration up to 10 M of alkali hydroxide hardener

Fig. 1 Schematic of the wellbore including the formation, casing, and the cement sheath. The
shear and hydraulic bond strengths are illustrated at the cement–casing and cement-
formation interface.
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accelerates the polymer gel formation, which is responsible for
bond strength and compressive strength of geopolymers. Increasing
the concentration beyond 10 M for this system affects gel formation
and strength development of the slurry and resulting in weaker
bonding between the geopolymer and the casing metal. Comparing
the test results of fly ash geopolymers with the API class H Portland
cement shows slightly higher bond strength for the geopolymers.
The researchers highlighted a parameter “fracture energy” accoun-
tant for shear bond strength of considered materials. Fracture energy
is described as the ability of materials with crack to resist fracture.
In this study, this parameter was higher for the geopolymer than the
class H cement. In another study about alternative materials for
OPC in the oil and gas industry, Khalifeh et al. [17] tested the
shear bond strength of a rock-based geopolymer. They used potas-
sium silicate solution as a hardener with SiO2/K2O of 2.28 and
cured the samples at 70 °C for 7 days. The measured shear bond
strength was about 1.3 MPa, which is 3.6% less than the class G
cement tested at the same condition. The authors concluded that
the hardener modular ratio (SiO2/M2O) affects the bond strength
of geopolymers (M is an alkali metal, potassium, or sodium).
The principle of shear bond strength is needed to be thoroughly

understood. Shear bond strength at the interface of casing and
cement can be the summation of (a) friction at the interface of dif-
ferent materials, (b) mechanical interlock due to surface roughness,
(c) inward tension at the surface resulting from cement shrinkage,
and (d) bonding as a result of chemical interaction between cemen-
titious material and minerals exist at casing surface. However, the
latter is a subject of debate.
It is insufficient to have a strong bonding to achieve proper zonal

isolation; a cementitious material can have severe adhesion to the
casing material, while pathways exist at the interfaces and formation
fluid can easily penetrate through micro-channels. Hence, hydraulic
bond strength is more critical in terms of zonal isolation, and it
should be further investigated [18].
Hydraulic bond strength characterizes the interface between

casing and cement material to resist the hydraulic fluid penetration,
and it can be considered as a direct measurement of hydraulic seal-
ability and providing zonal isolation [19]. The hydraulic bond
strength is defined as minimum pressure induced by an injection
fluid to make debonding or initiating flow at cement–casing/
formation interface.
Several experimental studies investigated hydraulic bond

strength of cement–casing or cement-formation interface at both
small- and large-scale [10,14,20]. The experiments were conducted
by continuous injection of gas or liquid at the interfaces, and the
pressure development and/or the flowrate during the test were mon-
itored. Chemistry and proper placement of the cementitious barrier
material, and the pipe surface properties are critical parameters to
have integrated hydraulic sealability. The compatibility of the
casing material and the cementitious slurry is a necessity. In an
earlier experimental study conducted by Khalifeh et al. [14], incom-
patibility of aluminum pipe and the API neat class G cement was
highlighted. Steel pipes are common materials for casing the bore-
hole. For situations that alternative material is required for cement-
ing operation or a new additive is introduced to the cement slurry, it
is inevitable to test the system’s compatibility and performance.
The output results of hydraulic bond strength tests are relevant for

a qualitative comparison between the casing and cementitious mate-
rials for both academia and field engineers. The quantitative infor-
mation, however, includes the non-negligible scaling effect of the
test setup. As discussed in the literature [9,12], the small-scale
test results provide no guarantee for the exact observation in the
field-scale setup. Nonetheless, studying the hydraulic bond strength
requires thorough details about micro-path development, size, struc-
ture, and direction at the interfaces from a purely academic point of
view. Fluid flow through a degraded cement sheath was studied
through the visualization of the micro-annuli employing computa-
tional fluid dynamics (CFD) and X-ray computed tomography
(CT) [21]. Researchers used pressure- and thermal-cycling to
mimic real downhole conditions in drilling operations and

visualized the fluid flow through the micro paths with the cement
sheath and cement–casing interfaces. They concluded that the
flow in the macro annuli is a complex phenomenon as it depends
on the size and shape of the flow path and the magnitude of degra-
dation of the cement sheath.

1.2 Cementitious Materials. It is crucial to have integrated
bonding at the cement–casing or cement-formation interfaces to
achieve proper zonal isolation in the well construction. OPC expe-
riences autogenous shrinkage during solidification [22]. In the
hydration reaction, the calcium-rich cement powder consumes the
water and forms calcium–silicate–hydrate (C–S–H) groups, which
are accountable for strength development. When the reaction pro-
ceeds, the unreacted cement particles consume free water within
the cement matrix and empty the pores. This phenomenon results
in autogenous shrinkage and applies internal tensile stress in solidi-
fied cement. For situations that the cement sheath has no access to
external humidity, the autogenous shrinkage can be extensive and
cause radial cracks. Therefore, in oil and gas applications, particu-
larly when the cement slurry is placed between two casings, a
higher water to cement ratio is considered [23].
Expansive agents are one of the additives that can compensate the

shrinkage to some extent, where the expanding agent can make
crystals or generate gas bubbles during the solidification process
[24]. The effectiveness of expansive cement for oil and gas applica-
tions increases if the expansion reaction occurs at the right time—
when the shrinkage starts. Early expansion reaction would not
effectively compensate for the long-term shrinkage. While very
late expansion can cause cracks in cement structure, it is essential
to engineer the chemical reactivity of expanding agents in cement.
Geopolymers are inorganic materials that are produced by mixing

a reactive aluminosilicate species with a liquid hardener and make a
slurry with cementitious properties [17,25]. In this class of material,
the geopolymerization reaction occurs instead of hydration and
forms long-chain molecules in tetrahedral orientation, including
aluminate and silicate. The solid phase may include low calcium
fly ash, metakaolin, or naturally occurring rock. The liquid phase
is an alkali silicate solution (potassium or sodium) with an adjusted
modular ratio. The geopolymerization reaction proceeds in three
main steps: (a) the aluminosilicate structures are dissolved and the
silanol groups (Si–O–H) are created, (b) the single groups are ori-
ented and reconnected to form oligomers as the ion concentration
increases in the slurry, and finally, (c) the long-chain structure of
aluminosilicates is formed through polycondensation and by con-
necting oligomers. Although geopolymers are used in the civil
industry, the technology is still at the research stage for oil and
gas application by engineering the properties based on downhole
conditions.
In this research work, an expansive commercial cement used for

plug and abandonment operation and a rock-based geopolymer are
applied, as zonal isolation material, to study shear bond and hydrau-
lic bond strengths of the casing. This study aims to investigate the
performance of a different class of materials at similar operational
conditions of pressure and temperature and generate a data set
including the test results of neat materials. The neat API class G
cement was also selected to make the results reproducible as a non-
commercial reference. The common additives may also be different
depending on material suppliers all around the world.

2 Material Preparation and Experimental Procedures
2.1 Slurry Preparation and Mixing. For all samples, the

slurries were mixed using the raw materials, including solid and
liquid phases and additives that were delivered by the industrial
service providers. The mixing procedure was followed in accor-
dance with the provided instructions by material suppliers and
described in detail in the following. The recipes were designed
and suggested based on bottom-hole circulation temperature
(BHCT) of 65 °C and bottom-hole static temperature (BHST) of
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90 °C, and the pressure of 170 bar. This is the condition for majority
of wells in North Sea, and it is recommended by operating compa-
nies. The rheological properties and pumpability of materials at
BHCT, and mechanical properties of materials after solidification
up to 28 days of curing were tested and published [26]. All materials
used for hydraulic bond strength tests were mixed using the API
high-speed mixer Waring blender. The mixer starts to mix the
slurry for 15 s at 4000 rpm and continues mixing for 35 more
seconds at 12,000 rpm. The shear bond strength specimens
needed a higher volume of cementitious slurry; therefore, the API
high-speed mixer was not applicable due to its small capacity.
Hobart N50-60 commercial blender was used to mix the slurry
for the shear bond strength test. The mix design of each material
was upscaled and sheared for 30 min, while the mixer speed was
fixed at level 2. The mixing procedure and components for each
type of barrier material are described as follows:
Neat class G cement—The solid phase consists of only neat API

class G cement manufactured by Dyckerhoff. It was mixed with
44% by weight of cement (BOWC) de-ionized water.
Expansive cement—The solid phase was dry blended class G

cement with magnesium oxide as an expansive agent, and it was
delivered by the material supplier. Industrial chemicals were
added to the de-ionized water and formed the liquid phase. The
material supplier recommended additives were to tailor the rheolo-
gical and mechanical properties of the slurry. The additives
included in this study were retarder, fluid-loss controller, defoamer,
and cement particle dispersant. Microsilica solution with a mass
fraction of 50% in water was recommended by the cement supplier
to enhance the performance of the material.
Geopolymer—The slurry was mixed based on an in-house recom-

mendation. The solid phase that also known as precursor was dry
blended by hand mixing and shaking in a sealed bucket. The precur-
sor was an aluminosilicate-rich naturally occurring rock normalized
by active quenched blast furnace slag (BFS), an industrial waste, to
achieve normalized chemical composition. In this study, the potas-
sium silicate solution with a modular ratio of 2.49 was used as a
hardener mixed with the precursors.

2.2 Molding, Curing, and Running Test. Shear bond
strength—The shear bond strength test was performed by conduct-
ing the push-out test. The specimen consists of

(a) Inner pipe: A metal bar with a diameter of 51 mm and a
height of 120 mm, which represents casing material.

(b) Outer pipe with an inner diameter of 150 mm: The outer pipe
is functioned to hold the cementitious slurry during the
curing period and as a casing material to measure the shear
bond strength. Therefore, the shear bond strength for each
sample of barrier material was measured twice; once, at the
interface of a small bar with a diameter of 51 mm and next
time, at the interface of the outer casing with an inner dia-
meter of 150 mm.

(c) Stainless-steel bottom-cap: It has a hole with a diameter of
51.5 mm in the center to fix the metal bar. The bottom-cap
also has a circular groove to hold the outer pipe. Plastic cel-
lophane was placed on the bottom-cap to avoid any bonding
between the slurry and the cap during the curing period. The
bottom-cap was removed before running the shear bond
strength rest.

(d) Stainless-steel top-cap: It is similar to the bottom-cap, but
with two extra holes with a diameter of 20 mm, one for
filling the cell and the other one for observing the level of
liquid slurry inside the mold.

The whole system was assembled using silicon glue 1 day before
mixing the slurry. The system was cured at 90 °C, corresponding to
bottom-hole static temperature. However, the pressure for curing
shear bond strength test specimens could not be increased above
500 psi due to safety issues and limitations with the curing
chamber. After 7 days of curing, the samples were prepared

for the push-out test to measure the shear bond strength test in
short-term. The specimens were cooled down to the ambient tem-
perature in 9 h to avoid thermal shock to the system. The bottom-
and top-caps were removed slowly, and the samples were placed
on a stand for applying loading rate. The stand was designed to
only hold the cement sheath. Both the middle bar and outer pipe
are free to move during loading. Initially, the bar was pushed
until the bonding was broken. At this point, the bar started to
move within the cement sheath. In the next step, the loading rate
was applied to the outer pipe until it was debonded at the interface
with the cement sheath. A universal testing machine (Zwick/Roell
Z050) that is normally used for the compressive/tensile strength
test was used as equipment to apply load on samples. Loading
regime to push the bars and pipers may have an impact on the
results, and it also depends on the sensitivity of the equipment.
The equipment was programmed on load control mode rather
than position control, and the loading rate of 50 N/s was selected.
The reason for considering load control is presented in detail
under Sec. 4. The whole process of sample preparation is illustrated
graphically in Fig. 2.
Hydraulic bond strength—After mixing by API high-speed

Waring blender, the barrier materials were transferred to the atmo-
spheric consistometer and conditioned for 30 min at bottom-hole
circulation temperature of 65 °C. The temperature controller was
functioned to increase the temperature by 1 °C/min. After condi-
tioning, the slurry was poured inside the casing pipes. The
120 mm casing pipe has an inner diameter of 37 mm and a thickness
of 7 mm. Three holes are established at the center of the body with
an orientation of 120 deg for pump connection and fluid injection.
The pipes used for the hydraulic bond strength test were the same
in composition and material as the solid bars used for the shear
bond strength test. The samples were placed inside cylindrical auto-
claves in the oven to be cured for 7 days. The temperature for curing
was 90 °C, and a pump provided the pressure of 2500 psi in auto-
claves. Three specimens were provided per barrier material with
casing to minimize the possible errors in running the tests. After
7 days, the samples were cooled down slowly and connected to
an ISCO pump for hydraulic testing and fluid injection. De-ionized
water was used as an injection fluid. There is no common standard
to evaluate the hydraulic bond strength of barrier materials for oil
and gas applications. The pump was programmed to increase the
pressure gradually in the following steps:

(1) From atmospheric to 100 psi in 1 min and hold at 100 psi for
10 min.

(2) From 100 to 150 psi in 1 min and hold at 150 psi for 10 min.
(3) From 150 to 200 psi in 1 min and hold at 200 psi for 5 min.

The neat class G cement was the first material to test the hydraulic
bond strength. It was observed the samples start to lose their
hydraulic sealability at 200 psi. It was not applicable to increase
the differential pressure due to high fluid leak in specimens.
However, the expansive cement and geopolymer showed no
leakage and no sign of failure until 200 psi. Therefore, it was
decided to increase the differential pressure up to 500 psi in follow-
ing the steps:

(a) From 200 to 300 psi in 1 min and hold at 300 psi for 5 min.
(b) From 300 to 400 psi in 1 min and hold at 400 psi for 5 min.
(c) From 400 to 500 psi in 1 min and hold at 500 psi for 15 min.

The test stopped at 500 psi due to safety issues. Figure 3 graph-
ically shows the setup for hydraulic bond strength. To avoid drying
shrinkage, all testing samples for shear bond and hydraulic bond
strength test were kept under water after removing the oven and
running the experiments.

3 Experimental Results
3.1 Shear Bond Strength Test. The samples after 7-day

curing were placed under compression load to run the push-out
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Fig. 3 The sample preparation and test setup for the hydraulic bond strength test

Fig. 2 The sample preparation process for the shear bond strength test, including mixing, molding, curing, and
testing
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test. For every sample, the contact area of barrier material with the
inner bar and the outer pipe was estimated before loading the speci-
men. The contact area was calculated by extracting A, B, and C for
each sample as illustrated in Fig. 4.

Figure 5 shows the shear bond strength for the candidate barrier
materials with both clean and rusty steels. The bond strength for all
samples with rusty steel is increased. However, the bond strength of
neat class G cement has less increase, by about 10% for both rusty
bar and pipe steel compared with the clean steel surfaces. The
reason for this lesser increase is not known. The shear bond strength
of class G cement at the pipe interface was only 17% of the bond
strength with the bar. In another study with the same cement and
similar grade of steel bar in the middle, Khalifeh et al. [14] reported
the shear bond strength of 1.3 MPa, which is 58% lower than the
current measured strength. Following sample preparation procedure
but increasing temperature by 20 °C and curing under elevated pres-
sure of 3.4 MPa has positively impact shear bond strength.
The shear bond strength of expansive cement experienced about

100% increase when the rusty steel was considered, both at the pipe
and bar interface. The shear bond strength at the bar interface was
reached to the average value of 4.5 MPa, and at the pipe interface,
the bond strength was measured 2.5 MPa, which is 55% of the bond
strength at the bar interface.
The shear bond strength for the geopolymer was increased by

100% at both rusty bar and pipe interfaces. The shear bond strength
of the geopolymer at the pipe surface was about 50% of strength at
the bar interface for both clean and rusty boundaries.
The difference in shear bond strength of geopolymer and expan-

sive cement with neat class G cement at outer pipe can be either
related to the shrinkage of class G cement or chemical interactions
between the barrier materials and surface minerals in the interface
transition zone (ITZ). However, the chemical interaction between
rust and different cementitious materials is not yet well understood.

3.2 Hydraulic Bond Strength Test. The hydraulic bond
strength test goal was to qualitatively evaluate the hydraulic seal-
ability at the interface of the barrier material and casing systems.
The hydraulic bond strength test results for selected barrier materi-
als and clean machined steel are shown in Fig. 6. The figure
includes the flowrate (ml/min), cumulative injected fluid by the
pump during the test period (ml) and pressure (psi). The neat
class G cement–steel pipe system was considered as a reference
in this study.
The high initial flowrate refers to the fluid to fill and pressurize

the connected pipes to the samples, and it can be ignored. The

Fig. 5 Shear bond strength at the interface of solid bar and
outer pipe for API neat class G cement, expansive cement, and
geopolymer

Fig. 4 The cross section of a shear bond strength test sample. A, B, and C should be mea-
sured for each specimen.
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Fig. 6 Hydraulic bond strength test results for clean machined steel including the flowrate in
ml/min, cumulative volume of injected fluid in ml, and pressure in psi for (a) API neat class G
cement, (b) expansive cement, and (c) geopolymer
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Fig. 7 Hydraulic bond strength test results for rusty steel including the flowrate in ml/min,
cumulative volume of injected fluid in ml, and pressure in psi for (a) API neat class G
cement, (b) expansive cement, and (c) geopolymer
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small humps in the flowrate trend during the test are also referred to
the increase in differential pressure. A relatively high flowrate was
expected for the neat class G cement due to the autogenous shrink-
age. The test was only continued up to differential pressure of
200 psi due to high leakage at the interfaces between pipe and
cement and also cement matrix. Expansive cement and geopolymer
could provide sealability up to 200 psi. The logged pump flowrate
was negligibly low, compared with that of the neat class G
cement (Fig. 6). Therefore, no fluid leak was observed at the inter-
faces and material matrices when the tests were continued up to
500 psi. Both expansive cement and geopolymer systems provided
appropriate sealability comparing to the neat class G cement. The
test results for the cementitious materials and rusty corroded steel
are shown in Fig. 7. Similar to the clean steel test results, the
samples followed almost the same trend. The geopolymer showed
a minimum flowrate compared with the other systems. The hydrau-
lic sealability of the expansive cement system was also in the same
range of geopolymer.

4 Discussions
Shear bond strength—The shear bond strength of different

barrier materials was measured at the inner and outer surfaces of
the set barrier materials and steel. The shear bond strength test’s
main goal in the present work was predicting the pure shear force
that is required to make a movement at the interface of the steel
and barrier material by reducing the possible uncertainties. This is
the main reason to consider a relatively thick sheath of barrier mate-
rials (about 50 mm) for molding and sample preparation. Thinner
thicknesses could result in radial cracks due to the almost 70 °C dif-
ference between curing and testing temperatures. However, the
samples were cooled down gradually for 9 h, but the difference in
the thermal expansion coefficient of barrier materials and steel
could cause radial cracks [27].
Additionally, the outer pipe was carbon steel grade S235JRH

(roughness: 2.1, chemical composition: 2% carbon, 1.4% manga-
nese, and 0% silicon), while the inner bar was chromium-rich
grade 4140 (roughness: 2.07, chemical composition: 1.06% chro-
mium, 0.91% manganese, 0.41% carbon, and 0.3% silicon).
Suppose any possible chemical interaction affects bonding
between the barrier material and the steel pipe. In that case, the
chemical composition, and minerals at the surface of both barrier
material and metal are the key parameters. Consequently, the
effect of pipe diameter in the shear bond strength test is irrelevant
in this study. Moreover, shrinkage due to the hydration reaction
and chemistry of cement slurries is well-known. When the cement-
based slurries are placed in a circular geometry, such as specimens
that are provided for the shear bond strength test, cement shrinkage
implies inward tension to the convex interface consisting of the
interface between cement and middle bar. At the concave interface,
the interface between cement and outer pipe, it is opposite. The

interface of the cement and concave metal experiences a tension
from the pipe-cement interface heading inward [27]. Figure 8
graphically illustrates the possible shrinkage tension regime that
exists in a circular geometry. This can be an explanation for
higher shear bond strength at the bar’s interface (convex surface)
compared with the outer pipe (concave surface).
Despite the shear bond strength test result reported by the pre-

vious literature, no fluctuation was observed in results after
debonding occurred at the interface [11]. The loading mode
applied by the equipment in the push-out test is an important
parameter and may impact shear bond strength test results. The
previous studies have selected position control to apply load on
the samples. Generally, it is believed that for the compression
tests of cementitious materials to measure uniaxial compressive
strength, the control mode—position or load control—has no
effect on stress–strain curves at the linear elastic range. In contrast,
for the plastic range, the loading rate will be much lower than the
load control, or the beginning of the position control [28]. By con-
sidering the displacement control mode selected by previous
researchers for testing the samples, the fluctuation in the results
may be due to the equipment adjustments to meet the selected
testing mode. When the pipe starts to move within the cement
sheath, dynamic friction exists at the interface of both materials.
The equipment intends to meet the specified displacement rate;
hence, it suddenly stops/reduces the loading rate on the sample.
The dynamic friction coefficient changes to the static friction coef-
ficient, which is greater than the dynamic one. Consequently, a
more loading rate is required to push the pipe and reach the
defined displacement rate, and the force starts to rise again. This
oscillation behavior will repeat at entire time of the test after
debonding occurs.
Evans and Carter found a correlation between compressive

strength and shear bond strength of cement [10]. They showed a
direct relationship between compressive strength and shear bond
strength of the cement systems and stated that the supporting
ability of cement could be determined if its compressive strength
is available. The uniaxial compressive strength of the barrier mate-
rials was tested for up to 7 days of curing slurries under elevated
temperature and pressure. The results are presented in Fig. 9 [26].
However, the mentioned relation between compressive strength
and shear bond strength is only valid for the barrier materials and
inner rusty bar. Still, for the outer pipe, the compressive strength
was inversely proportional to the shear bond strength when geopo-
lymer and cement systems are compared. Therefore, the correlation
can be updated by including the different classes of barrier materials
and the position of the casing pipe (inside or outside of the barrier
material).
Hydraulic bond strength—Generally, as the curing condition is

different from the testing conditions in the laboratory, the provided
results cannot be extended to the real field application due to the

Fig. 8 Tensile loads due to cement shrinkage at outer and inner
circumference of the cement sheath

Fig. 9 Uniaxial compressive strength of barrier materials up to
7 days
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uncertainties. Therefore, it is recommended to consider the results
to make only a qualitative comparison between different casing
materials and cementitious barrier materials.
The curing condition, samples preparation, casing material, and

the casing inside diameter were the same for different cementitious
materials. Hence, any difference in hydraulic sealability can be
divided into two sections:

(1) At the casing-barrier material’s interface, either by possible
constructive reactions between the components of the set
barrier material and the casing to form a tight and integrated
sealing at the interfaces, and shrinkage compensation of the
cementitious material. The neat class G cement is expected
to experience an autogenous shrinkage due to the hydration
reaction, which applies extra tension at the interfaces. The

Fig. 10 Top: API neat class G samples started to leak both at interface and within the
bulk at 100 psi of differential pressure. Middle: Expansive cement at 500 psi of differential
pressure. Bottom: Geopolymer at 500 psi of differential pressure. Both expansive cement
and geopolymer revealed no fluid leakage within the bulk.
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Fig. 11 The injection flowrate as function of differential pressure for clean steel pipe and rusty
steel pipe for (a) API neat class G cement, (b) expansive cement, and (c) geopolymer
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role of chemical additive and expansive agent in the expan-
sive cement was brilliant in the test results. Although the geo-
polymer slurry follows a different reaction path for
solidification, similar chemical components responsible for
shrinkage compensation in expansive cement exist in geopo-
lymer slurry. The BFS used in the geopolymer precursor sig-
nificantly contributes to both shear and hydraulic bond
strengths. The slag can develop internal stresses caused by
densified microstructure. This feature can later result in
rebonding and healing performance at the interface [29].

(2) Within the matrix of the barrier material. During the hydrau-
lic bond strength test for the neat class G cement, it was
observed that the injected fluid not only leaked at the
cement–casing interface but also found its way through the
cement matrix due to higher permeability comparing to
expansive cement and geopolymer. Figure 10 clearly
shows the fluid penetration and at the API net class G’s
surface. Accordingly, the additives used in expansive
cement and the chemical composition of geopolymer
improved the hydraulic sealing capability by providing a
less permeable structure for the materials.

Except for the neat class G cement system, the results from rusty
steel pipes comparing to the clean steel pipes showed that the rusted
steel had provided a slightly better sealing capability for the same
barrier material, as presented in Fig. 11. This observation may
reveal that the rough surface at the interface can disconnect possible
macro paths or more meandrous micro paths, which take for time
for the fluid to move at the interface. A similar observation was
reported by other researchers [30]. Running CFD analysis and
X-ray CT techniques can help to understand the micro annular
path’s direction and size.

5 Conclusion
Two alternative barrier materials, including expansive cement

and geopolymer, were highlighted, and shear bond and hydraulic
bond strengths were tested. The neat API class G cement was
also selected as a noncommercial reference. The shear bond
strength of barrier materials and steel casing summarizes different
parameters such as surface geometry, chemical and mechanical
characteristics of both barrier material and casing. The mineralogy
of materials at the contact interface can influence the bonding in the
short- and long-term. Therefore, the interface transition zone of the
barrier material and metal should be studied in detail. The strong
shear bond strength may not be representative of good zonal isola-
tion individually; hence, the mechanical properties of the materials,
such as compressive and tensile strengths and modulus of flexibil-
ity, should also be included to evaluate the performance of the
whole system.
The hydraulic sealability of the zonal isolation materials with

clean and rusty steel was tested by continuously injecting water at
the barrier material-casing interface. Both expansive cement and
geopolymer showed sealing capability during the test period and
up to 0.34 MPa (500 psi) of differential pressure. The injection
flowrate can be considered as a function of possible micro
annular paths at the interfaces. The rusty steel pipes showed slightly
better hydraulic sealability, which can be due to the tortuous flow
path formation. The chemical interaction between cement and
rusty steel or clean steel at the interface transition zone remains a
question. The difference in curing condition of pressure and tem-
perature with the testing condition at room temperature and pressure
is non-negligible; thus, further studies are required to extend the
field application results.
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