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Abstract
Flexible cement systems with low shrinkage are more capable than the conventional cement systems to withstand the tensile stresses generated by fluctuation of temperature and pressure in oil and gas wells. In this work nanorubber particles (NR), stable at high temperature and in alkaline environment, were incorporated into a cement system. The impact of NR on the heat of hydration, autogenous shrinkage and tensile properties were measured at 40 , whereas the sonic compressive strength development and 3 days tensile strength were measured at 20.7 MPa and 142 . Addition of NR to the cement system resulted in reduced autogenous shrinkage, but also retarded setting time and compressive strength development. Incorporation of NR into the cement system improved the capacity to withstand tensile stresses at laboratory conditions. The results indicate promising performance at well conditions, which is supported by a measured positive impact on tensile strength at high temperature and pressure.
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1. Introduction
The process of placing cement in the annular space between the casing and the formations exposed to the wellbore is called primary cementing. The key objective of primary cementing is to achieve long-term zonal isolation, excluding fluids in one zone from another in oil and gas wells. (Nelson and Guillot, 2006) Over the well’s life-cycle, the wellbore experiences a variety of stressful scenarios depending on the operations in the well (Reddy et al., 2005; Saint-Marc et al., 2008; Williams et al., 2011). In addition to fluctuation of temperature and pressure and mechanical loads, shrinkage stresses can be detrimental to the cement sheath integrity (Bois et al., 2011; Bois et al., 2012; McCulloch et al., 2003). From the imposed stresses perspective, cement sheath typically fails in tension, and failure occurs when the tensile stress is greater than tensile strength of the cement sheath (Nelson and Guillot, 2006; Williams et al., 2011). In summary, the roots of long-term zonal isolation failure of the cement sheath are addressed as: low tensile properties and volumetric instability (Jafariesfad et al., 2017a). 
The tensile strength requirement of a cement system is affected by its Young’s modulus. By reducing Young’s modulus, the tensile strength requirement is reduced (Thiercelin et al., 1998; Williams et al., 2011). Additionally, it has been claimed that by 10 % reduction in Young’s modulus, the threshold pressure before break-through of cross flow (the flow of fluids from one zone to another) is doubled, resulting in improved resistance to cross flow (Yao and Hua, 2007). Therefore, flexible cement systems are performing much better compared to conventional cement systems under stresses developed in the cement sheath during its life (Thiercelin et al., 1998; Williams et al., 2011; Yuan et al., 2012). Addition of flexible particles to the cement system is the common method to improve its flexibility (Jansen et al., 2013; Roy-Delage and Thiercelin, 2004). Incorporation of flexible particles into the cement paste decreases the Young’s modulus; however, also the tensile strength is reduced, which is not favorable. It should be noted that in contradiction to cement paste, addition of flexible particles to mortars and concretes might result in either reduction or increase in tensile strength (Thomas et al., 2014; Ukrainczyk and Rogina, 2013; Wang et al., 2005).
The result of some recent studies on flexible particles addition to oil well cement systems is presented in Table 1. The results are difficult to compare, as the systems’ compositions and the curing conditions are different. In general, by addition of flexible particles to a cement paste, the tensile strength was reduced. Addition of potential particles resulting in Young’s modulus reduction while preserving the tensile strength would be of significant interest for oil-well cementing applications. Such a promising system would be capable of withstanding extreme loading conditions in oil and gas wells. 
Table 1: Impact of flexible particles addition on tensile strength σt, and Young’s modulus E, of oil well cement systems. (Agapiou et al., 2016; Brothers, 2005; Le Roy-Delage et al., 2000; Pavlock et al., 2012; Sun et al., 2006; Williams et al., 2011; Yao and Hua, 2007)
	Additive
	Content (% BWOC)
	Curing conditions
	σt (MPa)
	E (GPa)
	σt/E103
	% change in σt
	% change in E
	% change in σt/E
	Ref

	Latex
	0
	7 d
In water at 60 
	5.0
	14.7
	0.34
	-
	-
	-
	(Pavlock et al., 2012)

	
	9-22 
	
	4.4
	11.6
	0.38
	-12
	-21
	12
	

	Rubber
	0
	7 d at 27
	3.7
	13.8
	0.27
	-
	-
	-
	(Agapiou et al., 2016)

	
	10
	
	3.1
	10.5
	0.30
	-16
	-24
	11
	

	Rubber*
	0
	14 d at 315 
	3.3
	-
	-
	-
	-
	-
	(Brothers, 2005)

	
	20
	
	0.4
	-
	-
	-88
	-
	-
	

	Flexible and expanding particles
	0
	U**
	3.0
	9.7
	0.31
	-
	-
	-
	(Williams et al., 2011)

	
	U**
	
	1.4
	3.1
	0.45
	-53
	-68
	45
	

	Flexible particles
	0
	3 d at 20.7 MPa, 114
	9.1***
	9.0
	1.01
	-
	-
	-
	(Le Roy-Delage et al., 2000)

	
	U**
	
	8.2***
	6.2
	1.32
	-10
	-31
	31
	

	Flexible particles
	0
	3 d at 20.7 MPa, 77
	6.7***
	3.8
	1.76
	-
	-
	-
	

	
	U**
	
	4.5***
	2.9
	1.55
	-33
	-24
	-12
	

	Carboxylated nitrille rubber
	0
	2 d at 80 
	8.3***
	12.6
	0.66
	-
	-
	-
	(Yao and Hua, 2007)

	
	4
	
	6.7***
	8.4
	0.80
	-19
	-33
	21
	

	
	10
	
	5.5***
	6.0
	0.92
	-34
	-52
	39
	

	Latex 
	0
	52 
	-
	11.2
	-
	-
	-
	-
	(Sun et al., 2006)

	
	5
	
	-
	9.8
	-
	-
	-13
	-
	

	
	10
	
	-
	8.6
	-
	-
	-23
	-
	


*In calcium phosphate cement
**U: Unknown
***Flexural strength
In the polymer industry, epoxy resins are widely used. However, due to the inherent brittle nature and poor crack resistance of epoxy, addition of microrubber particles (MR) is a frequently used method to improve their performance. This results in toughness enhancement, it also causes a significant loss of tensile properties (Tripathi and Srivastava, 2007). Recent studies on developing high-performance epoxy resins, proposed application of nanorubber particles (NR), which lead to an impressive toughening effect, increased thermal resistance, and preserved tensile properties (Huang et al., 2005; Tang et al., 2013; Zhang et al., 2014). Moreover, application of NR in friction materials can substantially improve their toughness and thermal resistance compared to pure systems and systems with conventional rubber particles (Liu et al., 2006). According to the reported results for NR-epoxy systems, Jafariesfad et al. (2017a) suggested that a promising method which simultaneously improves flexibility and maintains tensile strength of a cement system might be the application of nanosized flexible particles. Potential flexible particles for oil well cementing applications are required to have high thermal stability and be stable at high pH conditions as occur in cement slurry.
This study investigates the feasibility of the use of NR in oil well cement systems. The NR selected for the study is stable at high temperature and in alkaline environment. The impact of NR addition on a cement system’s autogenous shrinkage and tensile properties were investigated. In addition, the sonic compressive strength development under high pressure and temperature conditions, the setting time and the heat of hydration under laboratory conditions were determined. The performance of the NR-cement systems was assessed in order to evaluate their applicability under well conditions.
2. Experimental procedure
2.1. Nanorubber
The NR used in this study was carboxylic acrylonitrile butadiene rubber, Narpow VP-501, with acrylonitrile content of 26 wt. % and diameter of 50-100 nm supplied by SINOPEC Beijing Research Institute. The thermal stability of the NR was measured using thermogravimetric analysis (TGA) by means of Mettler Toledo model TGA/SDTA 851e. Weight loss versus temperature was measured for a sample of 10 mg with a heating rate of 2.5 /min from ambient temperature to 500  in nitrogen atmosphere (Fig. 1). The onset of thermal decomposition, TOnset (weight loss of 5 %), took place at 335 . As shown in Fig. 1, the NR experienced very little weight loss at temperatures below 300 , indicating that it is stable under these temperature conditions. 
[image: C:\Users\narjesj\Documents\PHD\Experimental work\Data\TGA\NR-TGA-4.JPG]
Fig. 1: Thermogravimetric analysis of the NR; the onset of thermal decomposition of the NR, weight loss of 5 %, obtained at 335 .
Upon exposure to water the COOH-NR surface uptakes a large amount of water. This could be due to the dissociation of the COOH groups into COO─ and H+, which can separately be solvated by the adsorbed water molecules (Tu et al., 2012).  Additionally, investigations on the impact of particle size on water absorption capacity (WAC) revealed that the smaller the particle size, the higher the WAC  is, especially during the first hours of water exposure (Abbasy et al., 2008), thus the WAC should be determined for the NR used. WAC of the NR was determined using the test method used by Abbasy et al. (2008). WAC was measured in deionized water and synthetic pore solution (2.07 g/l CaSO4.2H2O, 12.50 g/l Na2SO4, and 2.92 g/l NaOH in deionized water). 50 g of the carrier fluid was mixed with 2 g of the NR and stirred for 30 min at the highest rate of stirrer. Then, the suspension was subjected to vacuum filtration for approximately 1 h. The percentage of absorbed water by the NR was determined from Eq. 1:

where WAC expressed as a percent;  is the initial weight of the NR in g; and  is the final weight of the NR in g after vacuum filtration.
WAC of the NR in deionized water and synthetic pore solution after 30 min was measured to be 65 % and 35 %, respectively.   
2.2.  NR-cement system preparation
The cement systems used in this study were prepared from API Class G oil well cement, silica flour SSA-1 (sf) and selected additives (supplied by Halliburton) as well as deionized water. sf was in the form of minus 200-mesh (<74 µm) powder and used to maintain low permeability and high compressive strength of the cement systems under high temperature conditions. Addition of silica flour to cement system is recommended where static temperature exceeds 110  (Nelson and Guillot, 2006). The chemical composition of cement and the cement systems’ compositions are tabulated in Tables 2 and 3.
Table 2: The chemical composition of API Class G oil well cement (provided by Halliburton)
	Compositions 
(wt. %) 
	SiO2 
	Al2O3 
	Fe2O3 
	CaO 
	MgO 
	SO3 
	P2O5 
	K2O 
	Na2O 
	LOI* 
	Density (g/cm3) 

	Cement 
	21.67 
	4.11 
	5.24 
	64.32 
	0.65 
	2.77 
	0.08 
	0.65 
	0.13 
	1.48 
	3.15 


*Loss on ignition
Table 3: The cement systems’ composition and test conditions
	Sample
	Test conditions
	w/(c+sf)*
	Mix content for 100 g of cement

	
	
	
	sf
	Mix water
	Free water**
	Bentonite

	Defoamer 

	Dispersant

	Retarder

	NR

	NR-0
	40, atmospheric pressure
	0.441
	-
	44.2
	44.1
	0.5
	0.1
	3.0
	-
	-

	NR-2
	
	0.443
	-
	45.1
	44.3
	0.5
	0.1
	3.0
	-
	2.0

	NR-4
	
	0.445
	-
	46.0
	44.5
	0.5
	0.1
	3.0
	-
	4.0

	NR-8
	
	0.448
	-
	47.7
	44.8
	0.5
	0.1
	3.0
	-
	8.0

	NR-0-HT
	142 , 20.7 MPa (API Schedule 9 Sg)
	0.443
	35
	59.6
	59.8
	0.5
	0.1
	1.5
	2.0
	-

	NR-2-HT
	
	0.444
	35
	60.5
	60.0
	0.5
	0.1
	1.5
	2.0
	2.0

	NR-4-HT
	
	0.446
	35
	61.4
	60.2
	0.5
	0.1
	1.5
	2.0
	4.0

	NR-8-HT
	
	0.448
	35
	63.1
	60.5
	0.5
	0.1
	1.5
	2.0
	8.0


*w: water, c: cement, sf: silica flour 
**Free water=Mix water-(absorbed water by NR and bentonite)+(water available in dispersant and retarder solution)
All cement slurries, batch size of 600 ml, were prepared according to API RP 10-B (API-RP-10B-2, 2012) using OFITE constant speed blender, especially designed for oil well cement paste preparation. For the systems containing NR, cold water was used to diminish the temperature rising due to the NR dispersion process in water. Bentonite was mixed with water and left to prehydrate for 30 min before adding the cement (Nelson and Guillot, 2006). In fresh water, bentonite swells to approximately 10 times its original volume. First, bentonite, 0.5 % by weight of cement (BWOC), was mixed with water at 4000 rpm for 15 s, followed by 15 s at 12000 rpm, then left 20 min for prehydration. Afterwards, the NR was added and mixed for 15 s at 4000 rpm, followed by 5 min mixing at 12000 rpm. As the suspension contained lots of air bubbles, defoamer (NF 6), 0.1 % BWOC, was added to the suspension. Then, the suspension was again mixed for 1 min at 12000 rpm. Subsequently, retarder (HR 25) and dispersant (CFR 8L) were added to the suspension, which was mixed for 15 s. Subsequently, preblended cement and silica flour was added to the suspension during 15 s while mixing at 4000 rpm, followed by 35 s mixing at 12000 rpm. The prepared cement slurry was preconditioned at a stirring rate of 150 rpm for 20 min before any testing. The same procedure, excluding preconditioning, was used for preparing samples in isothermal calorimetry test using a 700-watt Philips blender, HR1372 model. The batch size was 100 ml.
The dispersion of NR in the cement paste was inspected in samples collected after the flattened Brazilian test (see section 2.6). A scanning electron microscope (SEM, Hitachi S5500) with an accelerating voltage of 30 kV was used to observe the dispersion of NR in samples. No agglomeration of NR was detected in the samples based on the SEM images (magnification range: 20-50k).
2.3.  Free-fluid (bleeding) measurement 
For determination of the free-fluid content (bleeding), 250 ml of preconditioned paste was placed in a conical flask, sealed and left in a place without any vibration for 2 h to measure the free-fluid content (bleeding). After 2 h, the volume of developed supernatant fluid was measured by an accuracy of ±0.2 ml and it was recorded as milliliters free-fluid (ISO10426-1, 2009). The measured free-fluid was converted to a percentage of the initial paste volume.
2.4.  Isothermal calorimetry
The impact of NR addition on heat of hydration of the cement systems during the first 60 h of hydration was studied using a TAM Air isothermal calorimeter at 40. After preparing each cement system, a sample of about 6 g was placed in a glass ampoule sealed and immediately inserted into the equipment (approximately 10 min after adding water). The normalization of the heat flow was done based on the mass of the sample. 
2.5.  Autogenous (bulk) shrinkage measurement
In order to measure the autogenous strain, the standard ASTM C 1698-09 (ASTM-C1698-09, 2014) was followed. This is a modified version of the technique proposed by Jensen and Hansen (1995). The preconditioned slurry was poured in watertight corrugated polyethylene molds with a diameter of 30 mm and a length of approximately 420 mm. The specimen was sealed and placed in a dilatometer kept in an oven at 40 . The dilatometer was equipped with electronic linear displacement transducers and automatic data-logging; the measuring accuracy was ±5 μm/m (Sant et al., 2006). The measurements were performed at intervals of 15 min and started at about 50±10 min after adding water. The autogenous shrinkage strains were zeroed at time-zero t0, defined as the time when stresses develop inside the cement system (Meddah and Tagnit-Hamou, 2011). t0 representative of setting time, was obtained from the curve of rate of autogenous shrinkage strain versus time, for more details see (Jafariesfad et al., 2017b; Meddah and Tagnit-Hamou, 2011).
2.6.  Tensile properties measurement
The flattened Brazilian test (Fig. 2a) was used for determination of Young’s modulus E, and tensile strength σt, by information gained from different sections of a complete load-displacement test record (Wang et al., 2004; Wang and Xing, 1999). σt was determined from Eq. 2 (Wang et al., 2004):
σt = 2Pmax K(α)/πdh                                                       (2)
where Pmax is the maximum load during testing, d the diameter, h the thickness, and K is the coefficient which is a function of loading angle. The loading angle was selected: 2α=30°, and K(15°)=0.9205 (Wang et al., 2004). Initially, when the specimen is loaded, it has a non-linear behavior caused by compression of available porosity and micro-cracking of the specimen. Then follows a period of linear ascending, the load reaches its maximum when a crack initiates. For a valid test, the crack should initiate from the central region and propagate essentially in the vertical direction. This subsequent fracture process is characterized by fluctuation of the load; the ascending load does not surpass the previous maximum load (Wang and Wu, 2004). The crack shape and the load-displacement curve of a valid test are shown in Figs. 2b and 2c, respectively.
Young’s modulus was determined from the slope of the linear section before the maximum load from Eq. 3 (Wang et al., 2004):

where P is the resultant of the distributed load,  the compression displacement, h the thickness, α is the half loading angel, and  the Poisson’s ratio is taken as 0.2 in the calculations (Teodoriu et al., 2012). 
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Fig. 2: (a) loading method, flattened Brazilian disc specimen (Chen et al., 2014); (b) valid crack style, crack initiation at the center; (c) valid load-displacement record for testing flattened Brazilian disc specimen.
For each of the cement systems the prepared cement slurry was transferred to 8 cylindrical molds, with 50 mm in diameter and 35 mm in thickness, sealed and cured for the desired time in an oven at a constant temperature of 40 . After curing, the samples were taken out of the oven and machined to flattened disc specimen (thickness of 25 mm, diameter of 50 mm and loading angle of 2α=30°) and tested within the same day. According to the specimen dimensions, the loading rate was 1×10-3 mm/s for all samples (Keles and Tutluoglu, 2011). The valid tests were selected according to load-displacement curve and the crack style to fulfill the validity criteria (see earlier description). The presented values for σt and E are the mean value of the valid test results, minimum 4. 
The original Brazilian test method was used to measure the tensile strength of the NR-cement systems cured according to API Schedule 9 Sg with a temperature gradient of 2.4 /100 m. The cement slurry was poured into cylindrical molds with a diameter of 50 mm and thickness of 120 mm, sealed and cured under pressure of 20.7 MPa and temperature of 142 . After curing, each sample was cut into 3 specimens with a thickness of 25 mm. The maximum applied load was converted to tensile strength by applying the specimen dimensions and Eq. 2 with K(0°)=1 (Wang et al., 2004).
2.7.  Sonic compressive strength and setting time determination
A Chandler ultrasonic cement analyzer (UCA), providing high pressure/high temperature conditions, was used to measure the sonic compressive strength development of the slurries. UCA identifies the onset of strength buildup in the cement system, initial setting time at compressive strength of 0.34 MPa (50 psi) and final setting at 3.4 MPa (500 psi). The UCA generates a continuous profile of compressive strength as a function of time by measuring the transit time of an acoustic signal. Transit times are converted to compressive strength by means of correlations chosen from a library of available correlations based on the specific gravity of the cement system. In order to measure the sonic compressive strength, Chandler 5270 Data Acquisition and Control System version 2.0.152 was used. The NR-cement systems were cured according to API Schedule 9 Sg with a temperature gradient of 2.4 /100 m. The experiment was conducted at 20.7 MPa and 142 .
3. Result and discussion
3.1. Free-fluid
The amount of free-fluid (bleeding) was measured to characterize the stability of the cement slurry. Addition of the NR decreased the free-fluid content, see Table 4.  
Table 4: Free-fluid content, initial w/c, and actual w/c corrected for free-fluid of NR-cement systems
	Sample
	NR-0
	NR-2
	NR-4
	NR-8

	Free-fluid (vol. %)
	2.2
	1.3
	1.2
	0.8

	Free-fluid (g/100 g c)
	1.7
	1.1
	1.0
	0.7

	Initial w/c (Table 3)
	0.441
	0.443
	0.445
	0.448

	Actual w/c (corrected for free-fluid)
	0.424
	0.432
	0.435
	0.441



The reduced free fluid resulted in a slightly higher w/c (maximum 0.01) in the NR-cement systems compared to the reference system. In addition, the initial w/c differed (maximum 0.007). The initial and actual w/c (corrected for free-fluid) are presented in Table 4; the maximum difference in actual w/c is 0.017. 
3.2. Setting time and hydration development
The setting time for the NR-cement systems cured at 40  were determined from the rate of autogenous shrinkage strain curves. According to Meddah and Tagnit-Hamou (2011)  the peak time (“time-zero”, t0) as indicated in Fig 3 is comparable to the setting time (Meddah and Tagnit-Hamou, 2011). Addition of NR to the cement system caused retardation of setting time (Fig. 4) and hydration development (Fig 5). The higher the NR content was, the higher the degree of retardation. Similar trends were observed for samples tested at 20.7 MPa and 142  (see Section 3.4). The initial and final setting times at well conditions are listed in Table 6. 
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Fig. 3: Evolution of rate of autogenous shrinkage strain for NR-cement systems cured at 40  and atmospheric pressure. Time-zero t0, is indicated for all systems. 
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Fig. 4: The time-zero t0, as a function of NR content for NR-cement systems cured at 40  and atmospheric pressure.
It has been reported that incorporation of MR into cement system also resulted in setting time retardation. For oil well cement system containing 5.5 % MR the initial setting time increased approximately 45 % (Yao and Hua, 2007). From Fig. 4, the increase in the setting time for a system containing 5.5 % NR is estimated to approximately 50 %, which is in the same range reported for MR-cement system.
The following two mechanisms have been suggested as explanations for the observed retardation of cement hydration: 
1) Physical retardation due to NR hindering the water access (Kong et al., 2015b; Kong et al., 2016; Su et al., 1991; Van Gemert et al., 2005); 
2) Chemical retardation due to complexation of Ca2+ ions with carboxyl groups (Baueregger et al., 2015; Kong et al., 2015b; Kong et al., 2016);
Due to COOH groups on the NR surface, NR has strong complexation interaction with Ca2+ ions in the pore solution of the hydrating cement system. COOH groups are chemically bound onto the NR surface. These groups ionize in the high pH environment of the fresh cement paste and this results in adhesion of cement paste to existing substrates. Ca2+ ions which are released in the pore solution of cement paste develop an electrostatic interaction with COO─, see Fig. 6. (Short, 2007) 
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Fig. 5: Impact of NR addition on the heat of hydration of NR-cement systems at 40  and atmospheric pressure.
[image: ]

Fig. 6: Ionized carboxyl groups interacted with calcium ions in solution and bonding to a cement grain, based on (Short, 2007).
3.3. Autogenous (bulk) shrinkage 
Fig. 7 illustrates the impact of NR addition on the development of autogenous shrinkage at 40 . Fig. 7a presents the autogenous shrinkage versus time from the point cement was added to the water (t), and Fig. 7b presents the autogenous shrinkage versus time referenced to the system’s time-zero (t-t0). Addition of 2 % NR did not affect the shrinkage strain. At 3 days of curing, NR-4 and NR-8 resulted in approximately 30 % and 50 % reduction in autogenous shrinkage strain compared to NR-0, respectively. At 12 days of curing, NR-4 and NR-8 displayed approximately 30-35 % reduction in autogenous shrinkage. 
The observed reduction in shrinkage might partly be due to release of water initially adsorbed by the NR. The water adsorbed in NR is a source of internal curing water, proportional to NR content. This homogenously distributed internal curing water might reduce shrinkage stresses (Geiker et al., 2004). In Table 5, the amounts of internal curing water in NR-2, NR-4 and NR-8 relative to the reference system are listed. It can be seen that the internal curing water from the NR compares to compensation of approximately 10-40 % of the chemical shrinkage of the NR-cement systems, considering a total chemical shrinkage of 6.5 ml/100 g cement (Lura et al., 2003). Addition of NR to the cement system decreased the free-fluid content (bleeding),  leading to slightly higher w/c in the NR-cement systems compared to the reference system (listed in Table 4, maximum 0.44 vs. 0.42). Only a limited part of the reduction in shrinkage can be explained due to slightly higher w/c in NR-4 and NR-8 compared to NR-0 (Kong et al., 2015a; Zhang et al., 2003).
Table 5: Internal curing water from NR, and percent compensated chemical shrinkage in NR-cement systems relative to the reference system.
	Sample
	Internal curing water from NR (g /100 g c)
	Compensated chemical shrinkage*(%)

	NR-0
	-
	-

	NR-2
	0.7
	10

	NR-4
	1.4
	20

	NR-8
	2.8
	40


*Considering a total chemical shrinkage of 6.5 ml/100 g c (Lura et al., 2003).
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Fig. 7: Autogenous shrinkage strain of NR-cement systems cured at 40  and atmospheric pressure, (a) versus time (t) and, (b) versus time referenced to time-zero (t-t0). Repeated test result is presented for NR-0 and NR-8 (open symbols).
3.4. Mechanical properties development
Fig. 8 shows the sonic strength development of the samples cured at 20.7 MPa and 142 . Addition of NR to the cement system caused retardation in both the setting time and sonic strength development; higher the NR content caused higher increase in the setting time and reduced the rate of strength development, see Table 6. The systems containing NR presented slower strength development. Initially, the strength development of NR-2-HT was below reference system, but after about 3 days of curing it surpassed the reference system. 
Table 6: Initial setting, final setting, sonic compressive strength, and tensile strength of NR-cement systems cured under pressure of 20.7 MPa and temperature of 142 .
	Sample
	Initial setting (h)
	Final setting (h)
	Sonic strength (MPa)
	Tensile strength (MPa)

	
	
	
	1 d
	3 d
	5 d
	3 d

	NR-0-HT
	4.4
	5.2
	14.2
	17.7
	16.6
	6.8±1.6

	NR-2-HT
	5.2
	6.8
	12.0
	17.8
	17.6
	-

	NR-4-HT
	5.3
	6.9
	9.7
	14.7
	-
	7.2±1.7

	NR-8-HT
	6.2
	8.5
	8.4
	13.3
	13.8
	5.8±0.6
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Fig. 8: Sonic compressive strength development of the NR-cement systems estimated by UCA, cured at 20.7 MPa and 142 .
The results of 3-day and 28-day Brazilian test for the specimens cured at 40  are shown in Fig. 9. An increase of NR content in the cement system caused increased displacement at Pmax and decreased Pmax (Fig. 9a). Fig. 9b illustrates the influence of NR content on 3-day and 28-day tensile strength. In the presence of NR, the tensile strength reduction is more significant at 3 days of curing, which might be due to retardation of cement system hydration. From 3 to 28 days the systems containing NR presented more noticeable increase in tensile strength compared to the reference system. The increase in tensile strength of NR-0, NR-2, NR-4 and NR-8 systems from 3 days to 28 days was approximately 5, 25, 60 and 50 %, respectively. At 28 days of curing at 40 , addition of 2, 4 and 8 % NR resulted in about 10, 5 and 15 % reduction in tensile strength compared to the reference system. 
As expected, at higher NR content, the Young’s modulus reduced more compared to the reference system, see Fig. 9c. At 3 days of curing, incorporation of 2, 4 and 8 % NR into the cement system resulted in approximately 25, 30 and 45 % reduction in Young’s modulus, respectively. Addition of 2, 4 and 8 % NR to the cement system cured for 28 days resulted in approximately 25, 25 and 45 % reduction in Young’s modulus, respectively. The tensile strength requirement of cement system to withstand stresses is a function of its Young’s modulus. Reduction in cement Young’s modulus results in decreased tensile strength requirement (Thiercelin et al., 1998; Williams et al., 2011).
The ratio of tensile strength to Young’s modulus σt/E, of the cement system has been proposed for comparison between different systems to determine which system performs better under tensile stresses (Nelson and Guillot, 2006; Williams et al., 2011). A higher ratio achieved in a system with lower E and/or higher σt, is beneficial for elevated stress environments. For samples cured for 3 days, the reduction in E was not enough to compensate the noticeable reduction in σt. NR-2 and NR-8 had almost the same value of σt/E as NR-0, but σt/E was reduced for NR-4 compared to NR-0. At 28 days of curing NR caused improved σt/E, indicating better performance under tension.
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Fig. 9: (a) Load-displacement curves for NR-cement systems cured for 28 days from Brazilian test of flattened specimens, (b) the tensile strength σt, (c) Young’s modulus E, and (d) σt/E of cement systems as a function of NR content for samples cured for 3 and 28 days at 40  and atmospheric pressure.
Tensile strength of NR-cement systems cured for 3 days at 20.7 MPa and 142  are listed in Table 6. NR-4-HT presented a slight increase in tensile strength compared to NR-0-HT. However, addition of 8 % NR to the cement system resulted in approximately 15 % reduction in tensile strength.
4. Assessment of the applicability of NR for improvement of cement system performance 
The cement sheath requirement in terms of cement properties depends strongly on the loading that is expected during the life of the well and on the formation’s mechanical properties (Shenold and Teodoriu, 2016; Thiercelin et al., 1998). Thiercelin et al. (1998) carried out a finite element analysis to predict the tensile strength requirement of cement system placed next to soft to hard formations and under different loadings. Jafariesfad et al. (2017a) illustrated the normalized tensile strength requirement vs.  normalized Young’s modulus for the extreme loading conditions analyzed in (Thiercelin et al., 1998). The curve of tensile strength requirement versus its Young’s modulus of cement system is according to data from (Thiercelin et al., 1998) based on the below loading conditions:
1) Temperature increase of 93  (200 ) and formation’s Young’s modulus of 2 GPa,
2) Pressure increase of 34 MPa (4900 psi) and formation’s Young’s modulus of 17 GPa,
3) Pressure decrease of 28 MPa (4000 psi) and formation’s Young’s modulus of 17 GPa.
In Fig. 10, tensile strength requirement for these three loading types are plotted. In order to evaluate the impact of NR on cement system performance under extreme loadings, the results for the investigated NR-cement systems cured at 40  are shown in Fig. 10. The reference system is below the tensile strength requirement to survive under temperature increase of 93 . The systems containing NR are above the requirement curves due to a combination of reduced Young’s modulus and negligible impact on tensile strength. It needs to be addressed that NR-0, NR-2, NR-4 and NR-8 are cured for 28 days at 40  and atmospheric pressure. For a more realistic evaluation, the NR-cement systems should be cured at well conditions. The tensile strength of the cement systems cured at 20.7 MPa and 142  are presented in Table 6 and indicated in Fig. 10. Based on the requirement curves, the Young’s modulus for NR-4-HT and NR-8-HT should be below 5.7 and 4.6 MPa to lie in the green area.
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Fig. 10: Tensile strength requirement vs. Young’s modulus of cement systems for different loading types. The requirement curves are for: 1) Temperature increase: 93 (200), EFormation=2 GPa; 2) Pressure increase: 34 MPa (4900 psi), EFormation=17 GPa; 3) Pressure decrease: 28 MPa (4000 psi), EFormation=17 GPa. After (Jafariesfad et al., 2017a; Thiercelin et al., 1998). The data points present NR-cement systems cured at 40  and atmospheric pressure for 28 days; the black dash lines show the tensile strength of NR-cement systems cured at 20.7 MPa and 142 .
Thiercelin et al. (1998) assumed volume stability in their model for prediction of tensile strength requirement of cement system. However, bulk shrinkage can result in significant damage to the cement sheath even before the well experiences additional stress from temperature and/or pressure fluctuation (McCulloch et al., 2003). Therefore, reduction in shrinkage of cement system can result in improved resistance to stresses, and thus reduced risk of cement system failure (Jafariesfad et al., 2017a). As discussed, in the NR-cement systems in addition to improved flexibility, the autogenous shrinkage (at 40 ) was reduced 30-35 %, indicating improved performance under imposed stresses during well’s life. 
From the systems available in Table 1, the system containing carboxylated nitrile rubber particles (Yao and Hua, 2007) is the most comparable system with the NR/cement system. Addition of 4 % NR to the cement system cured for 28 d at 40  and 3 d at 142 and 20.7 MPa, resulted in approximately 5 % reduction and 5 % increase in tensile strength, respectively. For system containing 4 % microsized carboxylated nitrile rubber (Yao and Hua, 2007), the tensile strength reduced approximately 20 %. This comparison shows improved performance of the investigated NR-cement system compared to the MR-cement systems reported in (Yao and Hua, 2007). However, in order to ensure that NR-cement system performs better than MR-cement system, these systems, with similar composition, should be cured at the same conditions and tested with the same methods. 
Based on the impact of NR addition on the tensile strength, Young’s modulus, cement hydration and sonic compressive strength, application of 2-4 % NR in oil well cement systems seems promising.
5. Conclusion
The impact of temperature stable nanorubber particles (NR, up to 8 % by mass of cement) on tensile properties, sonic compressive strength development, bulk shrinkage and hydration development of Class G oil well cement systems was investigated. 
· At 28 days of curing at 40 , σt/E improved with increasing NR content. At 3 days the flexibility was improved, but no impact on σt/E was observed. This might be explained by the observed retardation of cement hydration. Comparison of the results to requirements under extreme loading conditions indicates promising performance of the NR-cement systems.
· At well conditions (20.7 MPa and 142 ), measurement of tensile strength showed limited impact of NR. Assuming increased flexibility, this indicates a positive impact of NR on the performance of the cement system under tension. 
· Incorporation of NR into the cement system resulted in reduced autogenous shrinkage at 40. The mitigation of autogenous shrinkage might partly be explained by internal curing water released from the NR during hydration.
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