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Abstract: Cement-steel interfacial strength is an important measure for estimating the robustness and
hydraulic sealing ability of wells. In this paper, laboratory experiments were performed in which
small steel pipes (10 mm in diameter) were cemented in place within a Portland cement slurry under
application of constant electrical potential difference between the pipes. The objective was to
investigate whether there might be an observable difference between push-out strengths obtained
with the pipes of different polarity (anode vs. cathode vs. reference nonpolarized pipe). The duration
of the potential application and the magnitude of the potential difference were varied between the
tests. The experiments demonstrated that at the higher potential difference (4 V), the duration of
potential application had a noticeable effect on interfacial bonding. Application of 4 V for 24 h
resulted in loss of bonding at cement-cathode interface, which could be attributed to massive water
transportation to the cathode region by small radii cations. At the lower applied potential difference
(1 V), there is an improvement in push-out strength at anode at short duration of potential application.
This could be due to pore filling by precipitation of expansive minerals in pores and cement particles
migration toward anode. The effect of potential on push-out strength in a hardened cement suggests
that low potential difference applied for a short period of time might improve cement-steel interfacial
strength.
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1. Introduction

One of the primary concerns in well construction in oil, gas, CO, storage and geothermal
industries is well integrity: wells should not leak. For all these purposes, wells are constructed by
drilling through sections of the subsurface and cementing in place steel pipes in the hole at
predetermined intervals before drilling deeper. This results in wells obtaining a “telescopic” structure
of cemented steel pipes of progressively smaller diameters with depth. The annular cement sheaths in
these wells, which reside in the spaces between pipes, or between the drilled rock and pipes, should
ensure both mechanical stability of the well and hydraulic sealing. Cement is a material chosen for
well construction purposes because of its availability, price, robustness and similarity to surrounding
geomaterials [1].

During the well life, annular cement is subject to thermal and mechanical loads as formation
fluids are pumped out of the well or different fluids are injected into the well [2]. These stress
variations may lead to failure in the annular cement in a number of ways [3]. In particular, tensile
radial stresses acting at the interface between cement and casing may induce microannulus, i.e. a thin
discontinuity (separation) between the cement and the casing [4,5]. Within the paradigm currently
prevailing in the industry, tensile failure and formation of microannulus are counteracted by the
bonding between cement and steel. Bonding strength is defined as the amount of tensile normal
stress that needs to be applied at the interface in order to separate cement from steel.

Tensile strength of the interface is most interesting when the bonding strength is to be evaluated.
Due to technical reasons, however, shear strength of the interface is most commonly measured in
laboratory tests. Push-out test is used to measure the shear strength in the laboratory [1,6-9]. In this
test, a steel pipe having the diameter on the order of 1 cm is cemented in bulk cement. After cement
has hardened, an increasing axial displacement is applied to the pipe with a constant displacement
rate. The axial load is monitored. The peak load achieved in the test, before the pipe slides out,
divided by the cement-steel contact area, yields the push-out strength. This parameter is commonly
accepted as a measure of cement-steel bonding strength.

The concept of bonding strength was recently challenged when it was found that this parameter
depends on the pipe diameter in push-out tests: it decreases with the latter [10]. When the interface
between steel and cement is flat (i.e., has infinite radius of curvature), the adhesive “bonding strength”
may be as low as zero [11]. The non-zero push-out strength measured in laboratory experiments
might be due e.g. to frictional resistance that develops at the interface because of non-zero normal
stress that, in turn, might be due to cement shrinkage (as cement shrinks onto the pipe). Larger pipe
diameter results in smaller normal stresses and, thus, in smaller frictional resistance, just as obtained
in the experiments [10]. In downhole conditions, the bonding strength can be further reduced by
impurities at the interface (e.g., leftover mud or spacer fluid that has not been properly removed
before pumping cement, or influx of fluid from surrounding rock formations).

Low or zero magnitudes of the steel-cement bonding strength motivates continuous search for
cement additives and casing coating materials that could improve the bonding quality. A radically
different approach was recently proposed, namely to improve the bonding by applying electric
potential to the well pipe, thereby inducing electrophoresis in cement [12]. Cement slurries contain
charged solid particles [13,14]. Experiments indicate that placing two electrodes in a Portland G
cement slurry and applying potential difference between them results in a clump of cement
accumulating at the positive electrode, while the negative electrode is effectively kept clean. A
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reference electrode with no potential in the same slurry showed intermediate levels of cement slurry
bonding [12]. In addition to the visually observed clumping of cement slurry at the positive electrode,
microscopic properties of the transition zone between cement and steel are also different at the
positive and negative electrodes [15].

These results may be due to several effects, including electrophoresis: when electric field is
applied to the slurry, charged particles start moving towards the electrode of the opposite polarity [16].
The phenomenon of electrophoresis was discovered at the beginning of 1800s and has found several
industrial applications over the past two centuries. Electrokinetic-based techniques have been applied
in concrete industry. They have also been considered for application in well construction. These
techniques can be used to modify microstructure of cement-based systems and enhance their
performance in the long term [17].

Preliminary experiments with electrophoresis were reported in [12]. The tests in these
experiments were terminated before cement could set. Therefore, push-out strength was not
measured. It was only visually observed that a clump of cement was attached to the positive
electrode when the electrode was extracted from the slurry after 18 minutes of exposure to the
electric field (18 V was applied between the electrodes). If electrophoresis is to be used in wells to
improve cement-steel bonding, the bonding strength of the hardened cement needs to be quantified
for both electrodes. Furthermore, the concept, if successful, needs to be tested for different cement
compositions, potential magnitudes, types of current (AC vs. DC, different shapes of the AC signal,
etc.), temperatures, and pressures. The objective of the current study was to investigate the effect of
potential applied to cemented steel pipes on the push-out strength after cement has hardened.

A remark is due, at this point, on the feasibility of using potential on casing to improve the
cement-casing bonding in wells. Even though the practical aspects of potential application to a
tubing in the well might seem challenging, this task can be accomplished in at least two ways, as
demonstrated in previous studies. As one option, potential could be applied directly to the tubing.
This has been recently done in Iceland, where potential applied to casing strings in two neighbouring
wells was used to map the conductive fracture network between the wells placed in a geothermal
reservoir [18]. In another study [19,20], it was proposed to apply (negative) electric potential to drill
bits during well drilling in order to repel clay particles and to improve lubrication. However, even
though applying potential to the drillpipe or casing appears to be technically feasible, leakage
currents may be an issue for the “electric casing” concept in our case. These currents might prevent a
uniform effect on the cement-steel contact along the entire casing string, which can be many hundred
meters long. As a second option, therefore, electric potential can be created on the pipe by using an
electrostatic coating. As an example, electro-negative surface coating has been applied to drill bits in
order to repel clay particles and thus reduce bit balling [21]. This was achieved by applying a
nitriding process to the steel surface. A similar approach might be envisioned for the current
proposed “electric casing”. The surface potential could be more uniform and more controlled in this
case compared to a direct application of potential.

It should be noted at this point that the objective of the study reported herein was not to develop
a practical method of applying potential on casing but to investigate the fundamental question of
whether such potential can indeed improve the bonding strength between steel and cement.
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2. Materials and methods

Two series of experiments were performed. In the first series (17 experiments), the potential
difference between anode and cathode was 4 V. In the second series (15 experiments), the potential
difference between anode and cathode was 1 V. In each experiment, three stainless steel pipes were
placed in a bucket with Portland G cement slurry (Figure 1). The same slurry composition (w/c = 0.44)
and cement preparation method were used in all the experiments. Pipes were placed in cement in
such way that they went through the whole cement body. Potential was applied between two of these
electrodes, while the third electrode had zero applied potential and thus served as a reference
electrode in push-out strength measurements. A special setup was developed in order to ensure
that the pipes remained parallel during cement hardening (Figure 2). All pipes had the same diameter,
10 mm in order to avoid the size-dependency reported in [10]. A source of constant electric potential
Keysight Technologies B2901A Precision Source/Measure Unit was used to apply potential between
the pipes (Figure 2) and to measure the variation in current over time during the potential application.
The potential difference applied between the pipes (4 V or 1 V) was held constant during
the duration of potential application. The duration of potential application was 1 min, 5 min, 10 min,
60 min, or 24 h. The subsequent curing time was 3 d in all experiments. Even if this curing time is
shorter than that applied in real well situations (typically 7 d), it was kept constant in all experiments
that are compared in our study, and our work can thus give a reliable indication of the bonding effect
of a given voltage-time treatment. Potential was always applied continuously and always at the very
beginning of the curing time, 10 min after mixing cement powder with water. Experiments were
conducted at ambient temperature (around 23 °C) and atmospheric pressure.

Figure 1. Cement sample with inserted electrodes, top view. The reference pipe is closest
to the viewer.

V .

Figure 2. Setup used to apply potential difference between cemented steel pipes.
Potential source is on the left, cement sample with inserted steel pipes on the right.
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After cement had hardened, a push-out test with constant displacement rate was performed on
each of the three electrodes. Setup for the applied push-out test is shown in Figure 3. The order of
testing of the three pipes was varied randomly between the tests in order to ensure that no systematic
error be introduced by the order of testing'. Push-out tests were performed on an MTS load frame
with the maximum loading capacity of 10 kN. The displacement rate during push-out test
was 0.2 mm/min in all tests; after the peak load was reached, the displacement rate was increased
to 2 mm/min and was maintained constant at that level.

Hardened cement in
a supporting sleeve

Supportir‘g table

—

—— P G

Figure 3. Setup for a push-out test performed on a cemented electrode.

From the peak load obtained in a push-out test, the push-out strength was evaluated for each
electrode in each test, by dividing the peak load by the measured area of the cement-steel contact.

3. Results
3.1. Potential difference 4 V

The results obtained with 4 V DC are shown in Table 1 and Figures 4-6. It follows from Table 1
that push-out strength at the positive electrode, S, was higher than push-out strength at the negative
electrode, S., in about half of the tests (9 tests out of 17). This is not what we had expected before we
carried out the testing campaign. This apparent lack of strength enhancement at the positive electrode
is, most likely, due to corrosion. This is indirectly confirmed by comparing the values of S; and S. to
the push-out strength measured at the reference electrode (no potential), Sp. We have S. < Sy in 13
tests out of 17 (this is as expected), but S; < S in 16 tests out of 17. Significant corrosion at the
positive electrode was also confirmed by visual observation (Figure 7). Note also that in the four

"It should be noted that the distance between the cemented pipes was deemed sufficient to avoid interference
between the pipes during the push-out tests, cf. Figure 1.
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tests performed with potential application during 24 h (tests 6467 in Table 1), the strength at the
negative electrode (cathode) was measured to be zero: the pipe could be easily removed from the
cement by hand. This could be due to the following reasons:

e Hydrogen production at that electrode since the applied potential difference of 4 V was above the
electrolysis threshold of water that is 1.23 V

e Water film formation at the electrode surface due to transportation of high amount of water to
cathode region under the applied electric field [22,23].

The main mechanism seems to be water transportation as the bonding at the other electrode
(anode) was not that much affected by gas formation at its surface. The effect of gas production and
water displacement at cathode region is clearly seen in Figure 7 (the void area around the farmost
electrode in the image).

Table 1. Results obtained with 4 V DC. Curing time 3 d in all tests.

Specimen ID  Electrode polarity Potential application duration Push-out strength (MPa)
50 positive 1 min 0.87
negative 1 min 2.01
reference 1 min 2.01
51 positive 1 min 2.10
negative 1 min 1.15
reference 1 min 1.78
52 positive 1 min 1.26
negative 1 min 1.24
reference 1 min 1.83
53 positive 5 min 0.64
negative 5 min 1.87
reference 5 min 1.67
55 positive 5 min 0.24
negative 5 min 1.02
reference 5 min 1.55
56 positive 10 min 0.34
negative 10 min 0.98
reference 10 min 0.90
57 positive 10 min 0.44
negative 10 min 1.49
reference 10 min 1.70
58 positive 10 min 2.33
negative 10 min 0.68
reference 10 min 2.37
59 positive 10 min 0.33
negative 10 min 1.64
reference 10 min 1.29
60 positive 60 min 0.43
negative 60 min 0.26
reference 60 min 1.17
61 positive 60 min 0.37
negative 60 min 0.17
reference 60 min 1.46

Continued on next page
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Specimen ID  Electrode polarity Potential application duration  Push-out strength (MPa)
62 positive 60 min 0.24
negative 60 min 0.45
reference 60 min 1.00
63 positive 60 min 0.38
negative 60 min 0.63
reference 60 min 1.66
64 positive 24 h 1.23
negative 24 h 0.00
reference 24 h 1.28
65 positive 24 h 0.81
negative 24 h 0.00
reference 24 h 1.51
66 positive 24 h 1.34
negative 24 h 0.00
reference 24 h 1.72
67 positive 24 h 1.12
negative 24 h 0.00
reference 24 h 1.50
3
S+/S_
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2
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05 T
X
0
1 10 100
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Figure 4. Push-out strength ratios at anode (S+) and cathode (S.) under potential of 4 V,
at different potential application durations. Dashed horizontal line indicates no difference
between the two electrodes. Above the dashed line, push-out strength at anode is higher
than at cathode, and vice versa. Crosses indicate mean values for each duration. Error
bars indicate standard deviation. Based on the data from Table 3. Data for 24 h is not
shown due to division by zero (zero strength at cathode).
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Figure 5. Push-out strength ratios at anode (S+) and reference pipe (Sy) under potential of
4 V, at different potential application durations. Dashed horizontal line indicates no
difference between the two pipes. Above the dashed line, push-out strength at anode is
higher than at the reference, and vice versa. Crosses indicate mean values for each
duration. Error bars indicate standard deviation. Based on the data from Table 3.
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Figure 6. Push-out strength ratios at cathode (S.) and reference pipe (Sy) under potential
of 4 V, at different potential application durations. Dashed horizontal line indicates no
difference between the two pipes. Above the dashed line, push-out strength at cathode is
higher than at the reference, and vice versa. Crosses indicate mean values for each
duration. Error bars indicate standard deviation. Based on the data from Table 3.
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Figure 7. Corrosion at the positive electrode after 24 h of electric field application (4 V).
3.2. Potential difference 1 V

In order to eliminate the artifacts caused by water electrolysis, another series of experiments
were conducted, this time with the potential difference of 1 V. The rest of the settings were identical
to those used in experiments with 4 V. The results obtained with 1 V are shown in Table 2 and
Figures 8-10.

It follows from Table 2 that push-out strength at the positive electrode, S;, was higher than
push-out strength at the negative electrode, S., in only 50% of the tests (7 tests out of 15; Figure 8).
This is consistent with the results obtained with 4 V and is, again, contrary to what was expected
before the testing campaign.

There is, however, a remarkable difference between the results obtained with 4 V and 1 V—in
the latter case, and at potential application durations 1 min and 5 min, push-out strength values at the
positive electrode were always higher than at the reference electrode. This is illustrated in Table 3
which displays ratios of push-out strength values obtained at anode (S;), cathode (S.), and reference
electrode (Sp), and in Figure 9, where the ratio between the two push out strength values is shown as
a function of potential application duration. The strengthening effect of positive potential is most
pronounced at the potential application duration of 1 min and is ca. 10-20% in those tests (tests No.
68, 69 and 70 in Table 2). Curiously, the push-out strength at cathode in those tests is also improved
(compared to the reference pipe; Figure 10). In tests No. 68 and 69, the push-out strength at the
cathode is even higher than at the anode.

AIMS Materials Science Volume 8, Issue 3, 373-389.
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Table 2. Results obtained with 1 V DC. Curing time 3 d in all tests.

Specimen ID Electrode polarity ~ Potential application duration Push-out strength (MPa)

68 positive 1 min 0.92
negative 1 min 1.21
reference I min 0.78
69 positive 1 min 0.64
negative 1 min 0.72
reference 1 min 0.57
70 positive 1 min 1.12
negative 1 min 1.02
reference 1 min 0.95
71 positive 5 min 0.60
negative 5 min 0.61
reference 5 min 0.54
72 positive 5 min 0.95
negative 5 min 0.84
reference 5 min 0.92
73 positive 5 min 1.45
negative 5 min 1.18
reference 5 min 1.36
74 positive 10 min 1.05
negative 10 min 0.85
reference 10 min 0.89
75 positive 10 min 1.29
negative 10 min 0.77
reference 10 min 1.31
76 positive 10 min 1.50
negative 10 min 1.16
reference 10 min 1.30
77 positive 60 min 0.93
negative 60 min 1.11
reference 60 min 1.10
78 positive 60 min 0.77
negative 60 min 0.28
reference 60 min 0.78
79 positive 60 min 0.61
negative 60 min 0.64
reference 60 min 0.91
80 positive 24 h 0.44
negative 24 h 0.67
reference 24 h 0.52
81 positive 24 h 0.71
negative 24 h 1.15
reference 24 h 0.98
82 positive 24 h 1.33
negative 24 h 1.50
reference 24 h 1.56
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Figure 8. Push-out strength ratios at anode (S;) and cathode (S.) under potential of 1 V,
at different potential application durations. Dashed horizontal line indicates no difference
between the two electrodes. Above the dashed line, push-out strength at anode is higher
than at cathode, and vice versa. Crosses indicate mean values for each duration. Error
bars indicate standard deviation. Based on the data from Table 3.
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Figure 9. Push-out strength ratios at anode (S+) and reference pipe (Sy) under potential of
1 V, at different potential application durations. Dashed horizontal line indicates no
difference between the two pipes. Above the dashed line, push-out strength at anode is
higher than at the reference, and vice versa. Crosses indicate mean values for each
duration. Error bars indicate standard deviation. Based on the data from Table 3.
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Figure 10. Push-out strength ratios at cathode (S.) and reference pipe (Sy) under potential
of 1 V, at different potential application durations. Dashed horizontal line indicates no
difference between the two pipes. Above the dashed line, push-out strength at cathode is
higher than at the reference, and vice versa. Crosses indicate mean values for each
duration. Error bars indicate standard deviation. Based on the data from Table 3.

Table 3. Push-out strength ratios at anode (S+), cathode (S.), and reference electrode (Sy)

obtained with 1 V DC. Curing time 3 d in all tests.

Potential application duration (min) S/S; S/Sy NVAY
1 1.32 1.55 1.18
1 1.13 1.26 1.12
1 0.91 1.07 1.18
5 1.02 1.13 1.11
5 0.88 0.91 1.03
5 0.81 0.87 1.07
10 0.81 0.96 1.18
10 0.60 0.59 0.98
10 0.77 0.89 1.15
60 1.19 1.01 0.85
60 0.36 0.36 0.99
60 1.05 0.70 0.67
1440 (24 h) 1.52 1.29 0.85
1440 (24 h) 1.62 1.17 0.72
1440 (24 h) 1.13 0.96 0.85

3.3. Current variation

Figure 11 presents two examples of the current variation with time during application of 1 V
and 4 V. The steady-state current measured at 4 V is far above its value at 1 V. Under potential
of 4 V and 1 V, the steady state currents were 70 mA and 0.01 mA, respectively.

AIMS Materials Science

Volume 8, Issue 3, 373-389.



385

140

a 0.5 b
120 4 e ANVDG
. e 1vDC ——— 1vDC
0.4
100 -}
= |
< —
E 809\ Z o3
= Vot R A gn P NN SN N S
c 1=
o
£ 60 £
3 3 02+
40
0.1
20
0 ‘ : . 00 M . Syt
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time (s) Time (s)

Figure 11. Current variation with time during application of 1 V and 4 V. The current
measured at 1 V (a) seems approximately zero compared to the current measured at 4 V.
However, the current variation at 1 V (b) has a similar trend as that of the current at 4 V.

4. Discussion

The results of the experiments suggest that, when the applied potential is higher than the
electrolysis potential of water (1.23 V), there is no consistent effect of either negative or positive
potential compared to the reference electrode (zero potential). When the applied potential is below
the electrolysis potential, and the potential application duration is short (1 min in our experiments), it
significantly improves the push-out strength at both negative and positive electrode, namely by 10%
to 50 %. The fact that this improvement occurs both at anode and cathode suggests that the
mechanism behind this improvement is not only electrophoresis, as previously assumed [12].

There are several electrokinetic processes that take place at the cement-steel interface under the
application of electric field. When an electric field is applied to an aqueous cement mixture, three
migration mechanisms are in play [17]:

e Cement particles migration due to electrophoresis
e Ionic species movement due to electromigration
e Water migration due to electroosmosis

In the pore solution of fresh cement paste, ions such as OH, SO4*, Na*, K', and Ca*' are
present. Under an electric field, anions are repelled from the cathode and thus migrate in the
direction of anode. Similarly, cations migrate to the cathode region [24]. The rate of ion migration
depends on the applied electric field and the mobility of the ions, which is influenced by their charge,
hydrodynamic diameter and the solution viscosity [25]. The mobility of the ions in the solution is
expected to increase in the order Na™ < Ca*™ < K™ < SO4> < OH [25,26]. Additionally, water
molecules are transported to the electrodes as the ions migrating toward the electrode with the
opposite sign [27]. This affects the water/cement ratio at the vicinity of the electrodes, which can
significantly affect the cement-electrode interfacial bonding properties.

Under potential of 1 V (except for 1 V/24 h) and 4 V, the bonding strength at cathode decreases
with increasing duration of potential application. Cement samples treated under 4 V for 24 h
presented loss of bonding at cathode. This could be mainly due to high amount of water transported
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toward cathode with cations such as K" and Na", which have a high capacity in water carriage due to
their small ionic radii [24]. Additionally, accumulation of alkali ions in the cathode region provokes
formation of alkali hydroxides which can initiate softening of cement paste by increasing the
solubility of cement silicate hydrates [24]. In addition, the alkaline conditions in the vicinity of the
negative electrode may promote precipitation of portlandite, which may improve the push-out
strength at the negative electrode.

Moreover, at 4 V, water electrolysis happens, which results in the formation of gas bubbles in
the vicinity of electrodes. This can also be an extra source of bonding strength reduction, especially
at the cathode where twice as large volume of gas is released as at anode. It has been previously
shown that the main consequence of the gas evolution at the metal/concrete interface is the formation
of pores due to the trapping of bubbles during hardening process which contributes to reduction of
the contact area between metal and concrete and leads to adhesion retardation [28]. Application
of 1 V for 24 h did not show a severe effect on bonding at cathode as observed for samples treated
at 4 V. The bonding was slightly better at cathode compared to bonding at anode and reference
electrode. This might be due to much lower electromigration force acting on ions under application
of 1 V in comparison to 4 V. Thus, the transportation of ions and water under 1 V is far less than
their transportation under 4 V. The measured steady-state currents under application of 1 V and 4 V
were 0.01 mA and 70 mA respectively (Figure 11). However, the observed results for samples
treated at 1 V for shorter duration suggest that they follow a trend similar to samples treated at 4 V.
Therefore, further investigation is required to explain the observed result for sample treated at 1 V
for 24 h.

At the positive electrode, it is difficult to find a consistent behaviour due to several opposing
processes occurring at the anode-cement interface. Generally, the corrosion products at the electrode
surface, especially at high voltages, could be detrimental to the bonding strength. However, at 1 V,
slight formation of rust at anode surface may lead to increased push-out strength due to increased
friction. Another process which may support enhancement of bonding is migration of negatively
charged cement particles toward anode. This could be beneficial for particle compaction at the
cement-anode interface resulting in better bonding. However, the mobility of cement particles is
much lower than the mobility of common ions present in the pore solution. Thus, at 1 V, the
migration rate of ions is more pronounced than that of cement particles, but at higher voltages
cement particles accumulation at anode surface is obvious alongside the ions migration. Another
process which could be increasing or decreasing the bonding quality at cement-anode interface is
migration of sulphate ions to the anode region. The increased concentration of sulphate ions may
lead to the formation of larger amounts of sulphate-containing phases such as gypsum and ettringite.
On one hand, this may enhance expansive capabilities of cement which mitigates cement shrinkage,
and also can result in tighter cement structure due to precipitation of expansive minerals in empty
pores [29,30]. On the other hand, in case of applying high voltages, excessive formation of expansive
phases occurs alongside consumption of calcium hydroxide, and massive formation of crystals can
reduce the interfacial bonding [31]. Additionally, excessive expansion can destroy the microstructure
of hardened cement by formation of cracks.

Student t-tests were performed on the data obtained with 1 V potential applied for 1 min. The t-
tests have shown that, when all of the data is included, there is no significant difference between the
strength values at anode and reference electrode. Neither is there a significant difference in strength
between the cathode and the reference electrode for the overall dataset. In each experiment, however,
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the strength at the anode is higher than that at the reference electrode, and the strength at the cathode
is higher than that at the reference electrode. The explanation for the outcome of the t-tests is that
there is a large spread (scatter) between the strength values obtained at the anode (and, respectively,
cathode) in different tests. This spread is so large that it exceeds the difference between each pair of
electrodes in individual tests. It should be stressed, however, that in each individual test there is a
consistent effect of the electric potential on push-out strength.

5. Conclusions

The experiments have confirmed that electric potential applied during cement hardening can be
used to increase the push-out strength of steel pipes in Portland cement. Two necessary conditions
must be met for this to work: the potential must be below the water electrolysis threshold, and the
duration of potential application must be sufficiently short. It is still to be further investigated
whether the effect persists at realistic conditions in industrial applications, with complex cement
compositions and diverse environmental conditions.

The fact that both positive and negative low potential improve the strength suggests that AC
could be used instead of DC. Further experiments should aim to investigate the effect of AC on
adhesion and push-out strength. The challenge is how to separate contributions from the complex
electrophoretic and electrochemical processes occurring at cement/steel interfaces to push-out
strength changes. Further research should also address this topic.
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