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Abstract: Better controls during well drilling and cementing operation are critical to
ensure safety during construction and the entire service life of the wells. For a successful
cementing operation determine the setting of cement in place length of cement supporting
the casing and performance of the cement after hardening. At present there are no
technologies available to monitor the cementing operations without using buried sensors
that could weaken the cement sheath.

In this study, smart cement was modified with nanoparticles (iron (NanoFe) and calcium
carbonate) to have better sensing and contamination resistive properties, so that its
behavior can be monitored at various stages of construction and during the service life of
wells. A series of experiments evaluated the smart cement behavior with and without
nanoparticle in order to identify the most reliable sensing properties that can also be
relatively easily monitored. Tests were performed on the smart cement from the time of
mixing to hardened state behavior. During the initial setting the electrical resistivity
changed with time based on the amount of NanoFe used to modify smart oil well cement.
A new quantification concept has been developed to characterize cement curing based on
electrical resistivity changes in the first 24 hours of curing. When cement was modified
with 0.1 percent of conductive filer (CF), the piezoresistive behavior of the hardened
smart cement was substantially improved without affecting the rheological and setting
properties of the cement. For the smart cement the resistivity change at peak stress was
about 2000 times higher than the change in the compressive strain after 28 days of curing.
Additional of 1 percent NanoFe reduced the initial resistivity of the smart cement by 16
percent. In a 24-hour period the maximum change in the electrical resistivity (R124hr) for
the smart cement without NanoFe was 333 percent. The RI24hr for the smart cement with
NanoFe increased with the amount of NanoFe. Addition of 1 percent NanoFe increased
the compressive strength of the smart cement by 26 percent and 42 percent after 1 day
and 28 days of curing respectively. The test results showed that NanoFe decreased the
electrical resistivity of the smart cement slurries with and without NanoFe. For the smart
cement modified with NanoFe, the resistivity change at peak stress was over 2800 times
higher than the change in the compressive strain. A linear correlation was obtained
between the RI24hr and the compressive strength of the modified smart cement based on
the curing time. In this study, the effect of adding 1percent of nano CaCO3; (NCC) on the
smart cement was investigated in order to protect the smart cement against oil based mad
(OBM) contamination. Several tests were performed to monitor the changes of the smart
cement behavior with 3% OBM contamination and also how NCC can improve the
properties of the contaminated smart cement. Variation of electrical resistivity of the
smart cement with curing time was monitored from the initial time of mixing to 28 days
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of curing under water. Adding 1 percent NCC to the smart cement reduced the initial
resistivity from 1.07 Q.m to 0.85 Q.m, a 21% reduction but increased the compressive
strength by over 50%. Also addition of nano CaCO3 increased the rheological properties
of the cement. With 3% OBM contamination the viscosity of the cement slurries
increased. Results showed that contamination of smart cement with OBM reduced the
long term resistivity of the smart cement but adding NCC enhanced the electrical
resistivity of the contaminated smart cement cured under water. The compressive strength
of the smart cement contaminated with 3 percent of OBM decreased by 44% and 3%
respectively after 1 day and 28 days of curing. Addition of NCC improved the
compressive strength of the 3 percent OBM contaminated smart cement by 72% and 10%
respectively after 1 day and 28 days of curing under water. In this study the electrical
resistivity index (RI24) was used as an indicator for predict the compressive strength of
the smart cement at various curing times. The relationships between RI24 and the
compressive strength were linear for the smart cement with and without 1% NCC
modification. In order to evaluate the piezoresistive behavior of the smart cement, 0.075
percent (BOWC) of conductive filer (CF) was added to the cement to enhance the
piezoresistive behavior of the cement. Results showed that change in resistivity at
compressive failure for the smart cement was over 1000 times more than compressive
strain and addition of 1% NCC further enhanced it by about 37% after 1 day and 28%
after 28 days of curing under water. The OBM contaminated smart cement showed less
change in piezoresistivity at maximum compressive stress at failure than the smart
cement but addition of 1% of NCC enhanced the piezoresistivity of OBM contaminated
smart cement.

Also in this study, small physical oil well models were designed, built and used to
demonstrate the concept of real time monitoring of the flow of smart drilling mud and
smart cement and hardening of the cement sheath in place. Also a new method has been
developed to monitor the electrical resistivity of the materials using the two probe
method. Based on the test results it has been proven that resistivity dominates the
behavior of drilling mud and smart cement. LCR meters (measures the inductance (L),
capacitance (C) and resistance (R)) were used at 300 kHz frequency to measure the
changes in resistance. Several laboratory scale model tests have been performed using
instrumented casing with wires and thermo couples. When the drilling mud was in the
model borehole the measured resistance was the highest based on the high resistivity of
the drilling mud. Notable reduction in electrical resistance was observed with the flow of
spacer fluid and cement. Change in the resistance of hardened cement has been
continuously monitored up to about 100 days. The predicted and the measured electrical
resistances of the hardening cement sheath outside the cemented casing agreed very well.
Also the pressure testing showed the piezoresistive response of the hardened smart
cement.

1. Introduction

Successful deepwater cementing requires minimum fluid loss with drilling mud and
cement slurry unit weights compatible with the formation (Eoff et al. 2009; Griffith et al.
1997). There are number of challenges associated with installation of casings in
deepwater. The challenges include low fracture gradients resulting from young
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unconsolidated sands and shallow drilling hazards such as shallow water flows or hydrate
formations, bottom-hole temperature and pressure, rapidly varying geological formations,
fluid loss and no real-time monitoring of the operations. Recent case studies in the Gulf
of Mexico (GOM) have documented using specially formulated lightweight foamed
cement slurry to avoid cement sheath damage caused by shallow-water flow.

Two separate studies performed on oil well blowouts in the U.S. coastal area, one done
between the years of 1971 to 1991 and the other study was done during the period of
1992 to 2006, before the deepwater horizon blowout in the Gulf of Mexico in 2010. The
two studies clearly identified cement failures as the major cause for blowouts [Izod et al.
2007]. Cementing failures increased significantly during the second period of study when
18 of the 39 blowouts were due to cementing problems [Izod et al. 2007]. Also the deep-
water horizon blowout in the Gulf of Mexico in 2010, where there was eleven fatalities,
was due to cementing issues [Carter et al. 2014]. With some of the reported failures and
growing interest of environmental and economic concerns in the oil and gas industry,
integrity of the cement sheath is of major importance. At present there is no technology
available to monitor the cementing operation real time from the time of placement
through the entire service life of the borehole. Also there is no reliable method to
determine the length of the competent cement supporting the casing.

1.1 Theory and Concepts

It was very critical to identify the sensing properties for the cement and drilling mud that
can be used to monitor the performance. After years of studies and based on the current
study on oil well cements and drilling muds, electrical resistivity ([J[][Jwas selected as
the sensing property for both cements and drilling muds. This makes it unique since same
monitoring system can be used to evaluate the performance of the cement and drilling
muds. Hence two parameters (resistivity and change in resistivity) will be used to
quantify the sensing properties as follows:

R=p(L/A)=pK (D

Where, R = electrical resistance, L = Linear distance between the electrical resistance
measuring points, A= effective cross sectional area, K = Calibration parameter is
determined based on the resistance measurement method.

Normalized change in resistivity with the changing conditions can be represented as
follows:

Ap/p = AR/R (2)

In resistivity of the materials (p) to changes (composition, curing, stress, fluid loss and
temperature) has been quantified. Typical properties such as composition, curing, fluid
loss and temperature are related to the resistivity (p) (Eqn. (1)). The change in resistivity
(Ap) (Eqn. (2)) will support the monitoring of the changes in the material (cement and
drilling mud/fluid) behavior.
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Impedence Spectroscopy (IS) Model (Vipulanandan et al. 2013)
Equivalent Circuit

Identification of the most appropriate equivalent circuit to represent the electrical
properties of a material is essential to further understand its properties. In this study, an
equivalent circuit to represent the Smart Cement and Smart Drilling Mud was required
for better characterization through the analyses of the IS data. There were many
difficulties associated with choosing a correct equivalent circuit. It was necessary
somehow to make a link between the different elements in the circuit and the different
regions in the impedance data of the corresponding sample. Given the difficulties and
uncertainties, approach is to use circuits which most appropriate from the expected
behavior of the material under study.

In this study, different possible equivalent circuits were analyzed to find an appropriate
equivalent circuit to represent the smart cement and drilling mud.

Case 1: General Bulk Material — Resistance and Capacitor

In the equivalent circuit for Casel, the contacts were connected in series, and both the
contacts and the bulk material were represented using a capacitor and a resistor connected
in parallel (Fig. 1).

In the equivalent circuit for Case 1, Ry and Cy are resistance and capacitance of the bulk
material, respectively and Rc and C. are resistance and capacitance of the contacts,
respectively. Both contacts are represented with the same resistance (R¢) and capacitance
(C.) as they are identical. Total impedance of the equivalent circuit for Case 1 (Z1) can be
represented as follows:

R, (o) 2R (0) . 2a)RCZCC((7) a)Rng(O')
Z,(0)= 152~z T 152~2 15242 T 2o2~2 [
1+o'R,C, 1+ R.C; l+0’R;C, 1+ RC; 3)

where o is the angular frequency of the applied signal. When the frequency of the applied
signal was very low, ® — 0, Z; = Ry + 2R, and when it is very high, ® — oo, Z;=0.

Case 2: Special Bulk Material - Resistance Only

In Case 2, as a special case of Case 1, the capacitance of the bulk material (Cp) was
assumed to be negligible (Fig.2).

The total impedance of the equivalent circuit for Case 2 (Z2) is as follows:

2R (o) 20R’C (o)
Z,(0) =R (o) + sl YR
1+w"R;C; 1+ w'R;C; @)
When the frequency of the applied signal was very low, ® — 0, Z> = Ry + 2R¢, and when
it is very high, ® — oo, Z» = Ry (Fig. 3).
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Figure 3. Comparison of typical responses of equivalent circuits for Case 1 and Case 2

Testing of smart cement, smart spacer fluid and smart drilling mud clearly indicated that
Case 2 represented their behavior at a frequency of 300 kHz.

2. Objectives

The overall objective of this study was to investigate the effect of up to 1 percent of
NanoFe on the modified smart cement (Class H) behavior. Rheological properties,
compressive strength, and piezoresistive behavior were studied by monitoring the
electrical resistivity.

The specific objectives were as follows:

i. Investigate the effect of nanoparticle in enhancing the sensing and contamination
resistance properties of cement.
ii. Investigate the changes in the electrical resistivity during curing time of the smart
cement.
ii1.  Compressive strength and piezoresistive behavior of the nanoparticle modified
smart cement with and without oil based mud (OBM) contamination.
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3. Materials and Methods
3.1 Cement

In this study commercially available Class H oil well cement was used.

(a) Sample Preparation

The samples were prepared in accordance with API standard. For the initial mixing, a
high speed propeller-type mixer was used. Varying amounts of carbon fibers (0.075% to
0.2%) were added with the cement mix as base modification. Also various other additives
were added with respect to the desired result. Additives were added to the water in the
mixer with the mixing intervals of 20 s at 4000 rpm. Cement, water and additive were
mixed at the speed of 4000 rpm for 3 min and 35 seconds at the speed of 1200 rpm. The
water/cement ratio in all formulation in this study was varied from 0.38 to 0.44. Total of
four wires were placed in the mold with two wires on each side of the specimen (Fig. 3).
The vertical distances between any two wires were the same. Embedment depth of the
conductive wire was 1 inch. In order to have consistent result, at least three specimens
were prepared for each type of mix.

For setting time monitoring and compressive loading tests, cylinders with diameter of 2
inches and a height of 4 inches were prepared. For quick results monitoring, two-probe
method was chosen. During the initial stages of setting, conductivity and API resistivity
meters were used to determine the curing cement resistivity and using Eqn. (1) the
calibration parameter K was obtained with time.

(b) Resistivity
Different instruments were used to measure the resistivity of the cement.

(i) Conductivity Probe: Commercially available conductivity probe was used to measure
the conductivity (inverse of resistivity) of the fluids. In the case of cement, this meter was
used during the initial curing of the cement. The conductivity measuring range was from
0.1 uS/cm to 1000 mS/cm representing a resistivity of 10,000 Q.m to 0.1 Q.m

(it) Digital Resistivity Meter: This is used in the Petroleum industry to measure
resistivity. It measures resistivity in the range of 0.01 Q.m to 400 Q.m.

(iii) Two Wire Method: The LCR Meter was used to measure the resistance between any
two wires attached to the mold using AC at relatively high frequency. This configuration
is first calibrated using the same liquid (cement slurry or drilling mud) to determine the
parameter K in Eqn. (1). Typical variation of parameter K with time is shown in Fig. 4.

Testing of smart cement, smart spacer fluid and smart drilling mud clearly indicated that
Case 2 represented their behavior at a frequency of 300 kHz.
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Figure 4. Typical Calibration for the parameter K in the Two Wire Method
(c) Curing Conditions
Specimens were cured at room condition (temperature of 23+£2°C).

(d) Compression Test (ASTM C39)

The cylindrical specimen was capped and tested at a predetermined controlled
displacement rate. The dimension of the specimen was measured using a Vernier caliper.
In order to measure the strain, a commercially available extensiometer (accuracy of
0.001% strain) was used. The change in resistance was monitored using the two probe
method and the parameter in Eqn. (2) was used relate the changes in resistivity to the
applied stress.

(e) Physical Model

Laboratory models were designed and built at the University of Houston. The model was
built to monitor the slurry level (drilling mud, spacer fluid and cement) during the
installation and hardening of the cement. The observed resistance with time clearly
indicated the level of slurry and to determine the depth at which the drilling fluid and
cement was located. Several models were built separately and tested separately to
demonstrate the real-time monitoring

The model was built using a flexi glass and metal pipe as shown in the Fig. 5 to simulate
the formation and casing. The casing was instrumented with electrical wires to monitor
the resistance change. The distance between two sensors was 4 to 6 inches and there were
six levels of sensors as shown in the Fig. 5. Different combinations of the sensors were
connected to a 300 Hz LCR device to measure resistance between those sensors. The
horizontal electrical wire leads (sensors/monitors) are noted as a, b, ¢ or d. The vertical
wire leads are marked by 1 to 6. Figure 5 shows the different levels of liquid in the
simulated well.
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Figure 5. Laboratory scale oil well model and monitoring system

4. Results and Discussion

The main focus of this study was to enhance the sensing capabilities of cement slurry
from the time of mixing to solidified state. Also Class H and Class G oil well cements
were used to demonstrate the potential of making the material more piezoresistive and
sensing without significantly affecting the rheological properties. Although several
modified cement slurries were studied only the performance of selected materials are
presented. The test results form the unmodified cement was used as the baseline for
comparison. Also various types of drilling muds were modified and tested to quantify the
sensitivity of the changes.

4.1 Smart Cement
Electrical Resistivity

Based on the current study and past experience of the researchers, the change in
resistivity with time can be represented as shown in Fig. 6. Hence, several parameters can
be used in monitoring the curing (hardening process) of the cement. The parameters are
initial resistivity (po), minimum resistivity (pmin), time to reach the minimum resistivity
(tmin), resistivity after 24 hours of curing (p24), and percentage of maximum change in

resistivity (Resistivity Index) [RIz4hr=(p2:,n%m)]* 100].

The test results from various smart cement compositions are summarized in Table 1. Fig.
7 illustrates the change in electrical resistivity (p) during curing time for modified smart
cement using NanoFe. It was observed that all the curves of the different samples, with
and without nanoFe, follow a similar trend with time. After initial mixing the electrical
resistivity dropped to a minimum value (pmin), and then it gradually increased with time.
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The decrease in electrical resistivity immediately after mixing was due to dissolution of
soluble ions from the cement particles after cement was mixed with water, and the
dissolving process of the ions caused the resistivity decrease during early period. Time to
reach minimum resistivity, tmin, can be used as an index of speed of chemical reactions
and cement set times. With the formation of resistive solid hydration products which
block the conduction path, resistivity increased sharply with curing time. The following
increase in electrical resistivity was caused by the formation of large amounts of
hydration products in the cement matrix. Finally, a relatively stable increase in trend was
reached by the ions’ diffusion control of hydration process, and resistivity increased
steadily for up to 24 hours, reaching a value of p24n:. Change in electrical resistivity with
respect to minimum resistivity quantifies the formation of solid hydration products,
which leads to a decrease in porosity and, hence, the cement’s strength development.
Therefore, by tracking the change in resistivity of well cement, a clear understanding of
hydration process and strength development can be obtained, which would be valuable in
determining wait on cement (WOC) times. Variations of electrical resistivity with time
for samples with different nanoFe content are summarized in Table 2.

The initial electrical resistivity (po) of smart cement with 0 percent, 0.5 percent and 1
percent of nanoFe were 1.06 Q-m, 0.94 Q-m and 0.87 Q-m, a 11 percent and 18 percent
reduction in the electrical resistivity when NanoFe concentration increased by 0.5 percent
and 1 percent respectively as summarized in Table 1. Also the tmin Was reduced by 5
percent and 11 percent when NanoFe concentration increased by 0.5 percent and 1
percent respectively as summarized in Table 3. The minimum resistivity (pmin) of smart
cement with 0 percent, 0.5 percent and 1 percent of nanoFe were 0.9 Q-m, 0.79 Q-m and
0.65 Q-m, a 12 percent and 28 percent reduction in the electrical resistivity when NanoFe
concentration increased by 0.5 percent and 1 percent respectively as summarized in Table
3. The Resistivity index (Rlo4ns) for smart cement with 0 percent, 0.5 percent and 1
percent of nanoFe were 333 percent, 335 percent and 346 percent respectively as
summarized in Table 3. Change in Rla4n: increased with increasing the NanoFe content.
These observed trends clearly indicate the sensitivity of resistivity to the changes
occurring in the curing of cement (Table 1).

Modeling

Based on experimental results, model proposed by Mebarkia and Vipulanandan (1992)
was modified to predict the electrical resistivity of smart cement during hydration up to 7
days of curing a shown in Fig. 7. The model is defined as follows:
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Figure 6. Typical bulk resistivity development with curing time

Where pinitial 18 the initial electrical resistivity (£2-m); pmin: minimum electrical resistivity
(Q-m); tmin: time corresponding minimum electrical resistivity (pmin); » = (At + B), to; A,
B, and q are model parameters; and t: time (minutes). As summarized in Table 2, model
parameters t, and B were sensitive to the NanoFe content and curing time. But parameter
A was not influenced by the NanoFe content.

An addition of 1 percent NanoFe to the smart cement decreased the minimum resistivity
(pmin) and minimum time (tmin) by 28 percent and 11 percent, respectively, as summarized
in Table 3. Also, additions of 0.5 percent and 1 percent NanoFe to the smart cement
reduced the electrical resistivity (p24) of the smart cement by 12 percent and 28 percent,
respectively, as shown in Table 1. Change in resistivity (Resistivity Index) (Rl2snr)
increased with increasing the NanoFe content, e.g., adding 1 percent NanoFe to the smart
cement caused the Rlzan to increase by 10 percent, as summarized in Table 1.
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Figure 7. Bulk electrical resistivity development of smart cement with various amount of NanoFe:
(a) 1 day and (b) 7 days

Table 1. Summary of bulk resistivity parameters for smart cement with various NanoFe content

NanoFe :,2;};?:\/”% Pmin tmin p2ahr P7 days Rl2anr | R17 days
) | @m @m) | (min) | @m) |@m) |6 | ()
0 1.06 0.90 168 3.90 7.7 333 820
0.5 0.94 0.79 160 3.44 6.7 335 800
1 0.87 0.65 152 2.90 5.2 346 739
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Table 2. Model parameters for electrical resistivity of smart cement with various NanoFe content

NanoFe %‘nz'e“g pmin ton | to A . RMSE |
(%) (day) (Q.m) (min) (min) (1/Q.m)
0 0.90 168 | 069 |60 | -0.0001 |238 |0.034 | 099
05 1 0.79 160 | 065 |55 | -0.0001 |221 |0036 | 098
1 0.65 152 | 058 |50 |-0.0001 | 183 |0042 |007
0 0.90 168 | 218 |73 | -0.0001 | 6.60 | 0.071 0.99
05 7 0.79 160 | 070 |70 | -0.0001 | 480 |0.070 | 0.95
I 0.65 152|067 |68 |-0.0001 |294 |0025 |099

Compressive Behavior

The compressive stress—piezoresistive behavior of cement is shown in Fig. 8. The
piezoresistivity of the failure was 0.72 % and 54 % after one and 28 days curing.

(i) Nano Iron
Strength
Curing time

(1) 1 day: The average respective compressive strengths (o) of the smart cements with 0
percent, 0.5 percent, and 1 percent NanoFe added after 1 day of curing were 1585 psi,
1694 psi, and 1995 psi, representing a 7 percent and 26 percent increase due to the
addition of 0.5 percent and 1 percent NanoFe, respectively, as shown in Fig. 9.

(i1) 28 days: The average compressive strength of smart cement modified with 0 percent, 0.5
percent, and 1 percent NanoFe after 28 days of curing were 2810 psi, 3035 psi, and 4000
psi, respectively, representing an 8 percent and a 42 percent increase due to the addition
of 0.5 percent and 1 percent NanoFe, respectively, as shown in Fig. 9.

Piezoresistivity
Curing time

(1) 1 day: The addition of 0.1 percent CF to the cement with w/c ratio of 0.38 increased the
change in electrical resistivity of oil well cement at failure (‘2—’3) by 583 percent, as
o’r
summarized in Table 3. The addition of 0.5 percent and 1 percent NanoFe to the smart
cement after 1 day of curing increased the electrical resistivity at failure (‘2—‘3) by 618
o’r
percent and 700 percent, respectively, as summarized in Table 3. The piezoresistivity at
failure for 1 percent NanoFe was about 3500 times higher than the compressive strain at

failure for the 0.2 percent NanoFe material sample.

(i) 28 days: The addition of 0.1 percent CF to the cement with w/c ratio of 0.38 increased the

change in electrical resistivity of oil well cement at failure (i—p) by 400 percent, as
°o’f
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summarized in Table 3. Adding 0.5 percent and 1 percent of NanoFe to the smart cement

increased the electrical resistivity at failure (ﬂ—p) to 452 percent and 574 percent,

Po r
respectively, after 28 days of curing, as summarized in Table 5. The piezoresistivity at
failure for 1 percent NanoFe was over 2800 times higher than the compressive strain at

failure for the 0.2 percent NanoFe cement sample.
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Figure 8: Piezoresistive behavior of oil well cement with curing time

2500

1 day of Curing
= 2000 |
w
2
b
@
g 1500 |
&
o -a-
2
@ 1000 |
o
g' —o—NanoFe=0%
S —e—NanoFe=0.5%
500
-e-NanoFe=1%
0
0 100 200 300 400 500 600 700 800
Change in Resistivity (Ap/p, )(%)
4500
‘Curing Time=28 days
4000 |

3500

-b-

3000

2500 |

2000

1500

——NanoFe=0%
1000 |

Compressive Stress, 6 (psi)

—-NanoFe=0.5%

500 - -o-NanoFe=1%

0 100 200 300 400 500 600 700
Change in Resistivity (Ap/p, )(%)

Figure 9. Piezoresistive behavior of smart cement modified with NanoFe after:
(a) 1 day and (b) 28 days of curing time
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Table 3. Summary of change in electrical resistivity and strength for smart cement modified with
NanoFe content

. - Curing Time 22) (%) .
[0) (o]
Material Additive (%) (day) (pﬂjf ot (psi)
1 0.70 1537
Cement Only -
28 0.55 2509
1 583 1585
Cement (Smart Cement) 0.1% CF
28 402 2810
1 618 1694
Smart Cement 0.5% NanoFe
28 452 3035
1 700 1995
Smart Cement 1% NanoFe
28 574 4000
4500
= 4000 |
(%]
2
o 3500 |
£
t» 3000 |
c
]
5 2500 |
n
)
2 2000 |
2 M
S 1500 |
g o 1day
S 1000 |
500 | ¢ 28 days
o 1 1 1 1 1 1 1

332 334 336 338 340 342 344 346 348

Change in Electrical Resistivity, Rl ,,,,, (%)

Figure 10. Relationship between resistivity index (Rlzanr) and compressive strength of smart cement
modified with NanoFe
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Compressive Strength — Resistivity Relationship

During the entire cement hydration process both the electrical resistivity and compressive
strength of the cement increased gradually with the curing time. For cement pastes with
various NanoFe content, the change in resistivity was varied during the hardening. The
cement paste without NanoFe had the lowest electrical resistivity change (Rlznr), as
summarized in Table 2.

The relationships between (RI 24nr) and the 1 day and 28 day compressive strengths (psi)
(Fig. 10) were as follows:

=31xRl,, 8636 R?=0.98 )

%1day h

2:
T gdays = 92 Rlygny —27817 R*=0.99 (10)

(ii) Nano Calcium Carbonate (NCC)
1 day curing

(@) Smart Cement: As shown in Fig.11, after 1 day of curing, the piezoresistivity of the
smart cement was 375%. Parameters p and ¢ for the model were 0.15 and 0.57
respectively.

(b) NCC Modified Smart Cement: Adding 1% of NCC enhanced the piezoresistivity by
37% which leads to have 514% piezoresistivity after 1 day of curing. This enhancement
in piezoresistivity is due to microstructure enhancement of the smart cement. This
enhancement is well enough to reduce the effect of contamination on the piezoresistivity
behavior of the smart cement.

(c) Contaminated Smart Cement: As shown in Fig.12, contamination of the smart cement
with OBM reduced the piezoresistive behavior of the cement considerably. 3% of OBM
contamination with smart cement reduced the piezoresistivity to 231%, a 38% decrease.

(d) Contaminated NCC Modified Smart Cement: Adding 1% of NCC caused the
piezoresistivity of the contaminated cement with 3% of OBM enhanced by 38% to 319%
piezoresistivity after 1 day of curing under water. This increasing in piezoresistivity is
due to enhancement in the microstructure of the smart cement with adding 1% of NCC.

28 days curing

(a) Smart Cement: As shown in Fig.12, after 28 days of curing, the piezoresistivity of the
smart cement was 204%.

(b) NCC Modified Smart Cement: Adding 1% of NCC caused enhancement in
piezoresistivity by 28% which leads to have 260% piezoresistivity after 28 days of curing
under water. This enhancement in piezoresistivity is due to microstructure enhancement
of the smart cement.
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(c) Contaminated Smart Cement: As shown in Fig.13, 3% of OBM contamination
reduced the piezoresistivity of the smart cement to 154%, a 25% decrease.

(d) Contaminated NCC Modified Smart Cement: Adding 1% of NCC caused the
piezoresistivity of the contaminated cement with 3% of OBM enhanced by 45% to 221%
after 28 days of curing under water.

1 Day Curing NCC Modified Smart Cement
1 Day Curing Smart Cement

28 Day Curing NCC Modified Smart Cement

o e O =m

28 Days Curing Smart Cement

Compressive Strength (ksi)

Ap/p (%)

Figure 11. Piezoresistive behavior of the smart cement with and without 1% of NCC modification
after 1 and 28 days of curing

2 1 Day Curing 3% OBM Contaminated Smart
Cement

A 1 Day Curing 3% OBM Contaminated NCC
Modified Smart Cement

+ 28 Days Curing 3% OBM Contaminated NCC
Modified Smart Cement

< 28 Days Curing 3% OBM Contaminated Smart

Cement

Compressive Strength (ksi)

Ap/p (%)

Figure 12. Piezoresistivity behavior of the 3% OBM contaminated smart cement with and without
1% of NCC modification after 1 and 28 days of curing
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Model Study: Monitoring the Cement Slurry Level

The smart cement slurry rise and the vertical resistances are reported in Figure 13.
Similar pattern to water rise was observed which enabled the sensing method to detect the
level of the cement slurry.

In contrast to 1000 Q resistance of the drilling mud (water) the rage of resistance of
cement slurry was in the range of 20 to 50 Q for the time interval monitored. This
observation showed that the material can be distinguished based on the resistance value
while identifying the level of the slurry.

Curing of Cement Sheath
Resistivity of the smart cement

The Resistivity of the cement slurry with curing time of up to 100 days was determined
using the smart cement slurry samples (2 inches diameter and 4 inches height cylindrical
mold) that was used for the small model study. The resistivity increased with curing time
under the curing of room temperature and humidity (Figure 14).

Predicted (Electrical Resistance Model —-ERM) and measured resistance for hardening
cement

Using the parameters K and the resistivity-time relationship (Fig. 13), the changes in the
cement sheath resistance in the small model was predicted using the relationship in Eqn.
(1). Figures 15 through Figure 19 show the variations of the predicted resistance value
and also the actual measured values for different wire setup/combinations.

Vertical resistance
Wire setup-a

For the wire setup-a, the wire combination al-a2 showed that the predicted values were
lower than the measured values up to 14 days of curing but after that the measured
resistance values were in the range of the predicted resistance (Figure 14). This may be
because in the small model#2 the cement is hydrating under pressure and temperature and
the resistivity used (Fig. 13) to predict the resistance was cured under room condition
under no pressure.

For wire setup-a wire combination al and a4, the measured values were very close to the
predicted values (Figure 15). The wire at level a4 is very close to the surface of the small
model which showed very similar hydration to the test sample (Fig. 13). The measure
resistance values matched very well with the predicted values.
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Resistance (1)

Slurry Level

Figure 13. Variation of vertical resistance with different level of cement slurry
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Figure 14. Variation of smart cement resistivity with curing time for samples cured under room
conditions (23°C and 50% relative humidity (RH))
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Figure 15. Comparing the predicted and measured resistance for wire setup-a for wire combination
al-a2.

Pressure Test

Air pressure (Pi) was applied inside the casing to load the cement-sheath and the
electrical resistance (R, in Ohms) was measured between Level 1-2, Level 2-3, Level 3-4,
Level 4-5, were monitored while the air pressure was applied inside the casing (Figure
16).

Case 1: Initial Condition (No pressure, Pi =0)

The initial resistance was higher at the bottom (level 1-2) due to weight of the cement
sheath and was lower at the top level (level 4-5). The electrical resistance increased with
the depth and varied from 400 to 800 ohms. This is partly due to the piezoresistive
property of the smart cement, where the electrical resistance will be higher with increase
in pressure with depth.

Case 2: Pi = 60 psi

Internal pressure of 60 psi was applied and the resistance changes were measured after 26
hours. The change in resistance was normalized with initial resistance AR/R(%) is shown
in Figure 17. The resistivity change in the smart cement due to the applied pressure was
about 0.5 to 0.6%, indicating the piezoresistivity of the smart cement.

Case 3: Pi =100 psi

Pressure of 100 psi was applied and the resistance changes were measured in 26 hours
and reported in the form of AR/R (%) in Figure 17. The resistivity change in the smart
cement due to the applied pressure of 100 psi was about 2.5%, indicating the
piezoresistivity of the smart cement.
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Case 3: Pi = 140 psi

Internal pressure of 140 psi was applied and the resistance changes were measured in 26
hours and reported in the form of AR/R in Fig. 17. The resistivity change in the smart
cement due to the applied pressure was about 6.5 to 7%, indicating the piezoresitivity of
the smart cement.

Piezoresistive Modeling

The stress at every point can be separated into mean stress and deviatoric stress. The
change in the deviatoric stress due to the applied pressure (P;) along the axis of the casing
(z-axis) is represented as AS,. Using equilibrium and stress analyses, it can be shown
that AS, is directly proportional to the applied internal pressure P;. Hence the change in
deviatoric stress can be represented as follows:

AS,, = f (Pi) (5)

The variation of internal applied pressure with the resistivity of smart cement (Ap/po) is
shown in Fig. 18, and the response of the smart cement is nonlinear.

p, g model

The nonlinear p-q model was developed by Vipulanandan et al. (1990) and was used to
predict Ap,/p, variation with the applied pressure. The relationship can be represented as
follows:

APz
P; = " piq (6)

A A
q+(1-q-P)C O+ (5 2) P
z 4

The model parameters p and q were 1.2 and 3 respectively. Hence measuring the change
resistivity of the smart cement it will be possible to predict the pressure in the casing and
also the stress in the cement sheath.

2" Smart
cement o
74/ '_'\\\
el [ : i ) :|
S
2" Steel \ "" n
|_—"| casing el
(b) Plan View
‘ (a) Elevation View
\-‘______ _____,/

Figure 17. The configuration of the pressure applied in the inside the steel casing
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Figure 18. Model prediction of changes in resistivity with applied pressure for smart cement after
100 days of curing.

5. Conclusions

Based on experimental and analytical study on smart cement modified with nanoparticles
(NanoFe and nano calcium carbonate) up to 1 percent and the physical model test, the
following conclusions are advanced:

1. Resistivity was sensitive to the amount of NanoFe used to modified smart cement.
The amount of NanoFe can be detected based on the change in the initial
resistivity. An addition of 1 percent NanoFe decreased the initial electrical
resistivity (po) of smart cement by 32 percent and reduced the time to reach
minimum resistivity by 10 minutes. The maximum change in resistance within the
first 24 hours of curing increased from 307 percent to 338 percent.

2. Modifying Class H cement with NanoFe material resulted in cement with
increased viscosity and yield stress. A newly developed hyperbolic model
predicted the shear-thinning behavior of smart cement which had been modified
with NanoFe.

3. The initial resistivity of up to 1 percent of nanoFe modified smart cement
exhibited an increase by more than 32 percent. Initial electrical resistivity can be
used as a good indicator for quality control.

4. The resistivity index (Rlasmr) of the smart cement without nanoFe (i.e., lower
strength) was higher than that of the smart cement with 1 percent nanoFe (higher
strength). A linear correlation was found between resistivity index and
compressive strength at different curing ages.

5. NCC modification resulted in considerable improvement of compressive strength
and piezoresistivy of OBM contaminated smart cement both after 1 and 28 days
of curing under water.
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6. Using the laboratory model it was possible to demonstrate the real-time
monitoring of the well bore with drilling mud, space fluid and smart cement

slurry.

7. Using the concept developed in this study, it is possible to use the K parameter
and predict the changes in the resistance of drilling and hardening smart cement.

8. Using a nonlinear model the change in electrical resistivity of smart cement was
related to the applied pressure in the casing. The smart cement was very sensitive
to the applied pressure
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