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ABSTRACT 

As the geothermal industry continues to drill wells at higher temperatures to increase energy production, including recent activities 

to develop supercritical geothermal systems, the potential for casing structural and serviceability failures related to thermally-induced 

plastic deformation and cyclic thermal loading increases. Accordingly, selection of casing materials and connection designs suitable 

for the extreme temperature variations expected throughout the life of geothermal well is critical for maintaining well integrity and 

optimizing project economics. 

Current well design practices employed in the thermal enhanced oil recovery (EOR) operations of Western Canada, where operating 

temperatures can reach up to 350°C, have been suggested as a basis for the evaluation of geothermal well designs. Specifically, by 

combining established thermal casing connection evaluation approaches using Finite Element Analysis (FEA) developed for thermal 

well applications with recently developed connection sealability criteria, an integrated analytical approach can be developed for 

casing connection evaluation in such high-temperature applications. This proposed approach provides a cost-effective means for 

screening suitable casing connection designs with adequate structural integrity and sealability under high-temperature geothermal 

operating conditions.  

This paper provides a review of existing protocols with procedures for FEA evaluation and full-scale experimental testing to evaluate 

casing connections. An analytical sealability criterion suitable for premium casing connections subjected to geothermal operating 

conditions is introduced, and an integrated analytical evaluation approach is proposed for geothermal applications, which in many 

cases may be both cost-effective and appropriate for the level of risk. Examples of premium casing connection designs subjected to 

cyclic thermal load conditions and curvature loading are analyzed and presented in this paper to demonstrate the use of the proposed 

integrated approach. 

1. INTRODUCTION 

As the global demand for energy continues to increase and countries pursue alternatives to reduce their carbon emissions, geothermal 

energy is increasingly being considered to provide cost-effective, reliable and sustainable base-load power [Glassley 2010]. For 

conventional hydrothermal geothermal resources (i.e. at low to moderate temperatures below 230°C), conventional well designs are 

often used to produce the fluids to surface. However, exploitation of high- and ultra-high temperature geothermal resources requires 

drilling deeper wells to access suitable reservoirs and/or the use of developing technologies, such as Enhanced Geothermal Systems 

(EGS). Supercritical Geothermal Systems (SGS), defined by Reinsch et al. (2017) as "very high-temperature geothermal systems that 

are located at depths near or below the brittle–ductile transition zone in the crust where the reservoir fluid is assumed to be in the 

supercritical state" with a temperature in excess of 374°C and pressure greater than 22.1 MPa (221 bar), have also been the subject 

of increased research.  

Challenges related to drilling deep geothermal wells include high drilling costs and resource uncertainty. Tester and Lukawski (2016) 

indicated that the challenges for drilling deep wells "are manageable and acceptable when considering the large potential long-term 

benefits of deploying such systems." In terms of well construction costs, Lukawski (2014) noted that hydrothermal wells drilled 

between 1 km and 4 km deep were typically more expensive compared to oil and gas wells, and that 2 km and 3 km deep geothermal 

wells were on average 40% and 23% more expensive than hydrocarbon wells, respectively.   

As for well integrity risk in geothermal exploration, there have been several failures observed in deep geothermal wells. Chiotis and 

Vrellis (1995) reported the casing parting and buckling due to thermally-induced stress in the Greek wells. Southon (2005) found that 

of 577 standard hole, single-string wells in South East Asia, 2.6% experienced parted casing failures. Zahacy (2018) provided a 

review of geothermal well failure data to show that loss of casing containment accounted for a significant portion of geothermal well 

failures in Iceland, with factors similar to those in thermal EOR applications. The thermally-induced loading in geothermal operations 

is similar to that experience in thermal EOR wells, and as noted for thermal wells, cyclic thermal loading with high peak temperatures 

and temperature variations in excess of 180°C may cause both the casing string and connections to deform plastically, potentially 

leading to failure [Xie 2006].  

Ensuring the structural integrity and serviceability of casing string and casing connection is an important task in designing geothermal 

wells, especially for deep, high-temperature geothermal wells. There are three general classes or types of connections used in oilfield 

casing tubulars: American Petroleum Institute (API) round, API buttress (and oversized buttress) and proprietary premium 

connections (API 5B 2008; API 5CT 2011). Premium connections are often preferred for thermal well applications based on their 
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generally superior structural and sealability performance [Xie 2007; Xie 2009], and have been recommended for certain geothermal 

applications [Torres 2014; Merliahmad 2015]. 

In addition to its structural loading role, casing is also one of the primary well barriers for hydraulic isolation. As such, another 

consideration for geothermal wells is the leakage resistance, or sealability, of casing connections. According to Canadian Industry 

Recommended Practice (IRP) Volume 3 for thermal heavy oil recovery wells [DACC 2012], leakage may lead to well integrity issues 

such as degradation of the cement and cement-to-metal bond, weakening of water sensitive formations, and connection integrity 

degradation due to exposure of highly-stressed threads to corrosive fluids. Therefore, adequate casing connection sealability is 

important to help ensure long-term well integrity – particularly for production casing strings, which are often directly exposed to the 

geothermal fluids. 

Industry protocols such as ISO/PAS 12835 (2013), which is based on the Thermal Well Casing Connection Evaluation Protocol 

(TWCCEP) developed for thermal EOR wells in Western Canada, have been proposed as an approach for evaluating casing 

connections for geothermal wells [Merliahmad 2015; Droessler 2016]. These connection evaluation programs focus on full-scale 

physical tests with analytical modeling used to assess connection performance and to identify connection designs suitable for the 

intended application. The use of FEA has been increasingly incorporated into the connection performance evaluation process. 

This paper presents a review of existing evaluation procedures which can be used for qualifying casing connections in high- and ultra-

high temperature geothermal applications. The focus of this paper is on the presentation of methodologies for quantitatively evaluating 

casing connections using FEA models. An integrated FEA approach is presented with the use of the recently developed sealability 

evaluation criteria. Analysis examples are presented to demonstrate the use of the proposed approach for the sealability and structural 

evaluation of connections. 

2. REVIEW OF EXISTING EVALUATION PROCEDURES 

Figure 1 shows a schematic of a pin-and-coupling premium connection design which is commonly used in thermal well applications. 

Most of these proprietary premium connection designs include a buttress-type thread form to meet the structural requirements of full 

pipe body capacity and incorporates a metal-to-metal radial seal for enhanced sealability. They also include a torque shoulder next to 

the seal region to control make-up, with the shoulder contact providing additional sealability in some designs.  

 

Figure 1: Schematic of a Premium Casing Connection. 

There are no published international guidelines for qualifying casing connections specifically for geothermal applications. 

Recognizing this gap and the significant overlap between the geothermal and thermal oil recovery sectors, the New Zealand Code of 

Practice for Deep Geothermal Wells (NZS 2403:2015) provides casing design considerations for deep geothermal wells with 

reference to protocols, recommended practices and standards developed for the oil and gas sector, including IRP 3 (2012), 

ISO 13679 (2002), and ISO/PAS 12835 (2013). 

2.1 IRP 3 (2012) 

IRP 3 (2012) presents the best practices and guidelines for heavy oil operations, including considerations for designing casing and 

cement in thermal wells. One of the key recommendations in IRP 3 is the use of post-yield, strain-based design for wells in thermal 

EOR applications. This recommendation was made since the temperature changes in these thermal wells would often cause the 

thermal strain in the cemented casing string to exceed the elastic limit of the casing material. It was also noted that thermal well load 

conditions, such as thermally-induced strain, buckling and formation shear movement, are typically bounded and displacement-

controlled, and therefore the strain-based design concept is more applicable for casing strings in thermal EOR wells. 

Xie (2006; 2016) presented the development of key concepts and FEA models for the strain-based design of casing strings in thermal 

wells. The key load mechanisms considered in the paper included: 

 Thermal strain resulting from temperature changes; 

 Casing buckling in cement void intervals; 

 Formation shear movement; and 

 Casing collapse under external pressure. 

In addition, Xie and Zahacy (2011) presented considerations and FEA models for the strain-based design of cement sheath in thermal 

wells.  
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2.2 API RP 5C5 (2017) and ISO 13679 (2019) 

API RP 5C5 (2017) and ISO 13679 (2019) establish guidelines for the qualification of tubular connections for High Pressure, High 

Temperature (HPHT) applications. These protocols specify four Connection Application Levels (CAL) for the qualification program 

with different levels of application loads (e.g. internal/external pressures and axial tensile/compressive loading). CAL IV represents 

the most severe testing conditions. However, these testing procedures rely on stress-based load conditions which do not represent the 

thermally-induced strain-based loading. Furthermore, API RP 5C5 (2017) and ISO 13679 (2019) procedures consider a maximum 

operating temperature of 180°C, which is significantly lower than that of many high-temperature geothermal applications, including 

SGS and deep EGS wells.  

2.3 ISO/PAS 12835:2013 

ISO/PAS 12835:2013, based on the Thermal Well Casing Connection Evaluation Protocol (TWCCEP) developed by a Canadian 

thermal EOR joint industry initiative, outlines procedures for evaluating the suitability of threaded casing connections for service in 

intermediate or production casing strings of thermal recovery wells. ISO/PAS 12835 defines thermal wells as "those with operating 

temperatures that cyclically vary between minimum values appreciably below 180°C and maximum temperature values that range 

from 180°C to 350°C, in which these casing strings are cemented and the primary axial loading is thermally-induced and 

strain-based". The protocol assesses the sealability, galling resistance and structural integrity of the connection design under 

connection make-up and thermal well service load conditions. The protocol sets four Application Severity Levels (ASL) for the 

testing program which correspond to different upper-bound temperatures and maximum internal pressures, as shown in Table 1. It 

should be highlighted that while API RP 5C5 (2017) and ISO 13679 (2019) evaluate tubular connection designs on a percentage of 

the von Mises yield stress of the pipe body, which varies for the material grade, diameter, weight of the tubular, ISO/PAS 12835:2013 

evaluates connection designs on the basis of the strain induced by a thermal cycle regardless of the grade, diameter and weight of the 

tubular.   

It is noted that ISO/PAS 12835:2013 considers a maximum upper-bound temperature of 350°C, which is less than the peak 

temperature in SGS wells. However, the lower-bound temperature of 5°C, which was selected for Canadian thermal EOR wells. will 

commonly be significantly lower than the minimum subsurface temperature in a geothermal application. Therefore, depending on the 

anticipated operating conditions of the geothermal application, ISO/PAS 12835 (2013) may be considered as a conservative starting 

point for fit-for-purpose evaluations of geothermal wells. 

Application 

Severity Level 

(ASL) 

Upper-bound 

Temperature 

(°C) 

Lower-bound 

Temperature 

(°C) 

Maximum 

Internal Pressure 

(MPa) 

Not applicable 180 5 1.0 

240 240 5 3.3 

290 290 5 7.4 

325 325 5 12.1 

350 350 5 16.5 

Table 1: Maximum Internal Pressure and Upper/Lower-bound Temperature for Various ASL 

(based on ISO/PAS 12835:2013). 

2.4 Use of FEA in High-temperature Well Design and Connection Evaluation/Qualification Programs 

Qualification of casing connections described in the industry standards generally involves full-scale physical tests. However, it has 

been recognized that such testing programs can be expensive and time consuming, given there are various connection designs and 

different tubular sizes, weights and grades of each design to be evaluated to qualify a complete product line. Therefore, industry 

standards have been increasingly providing frameworks for tubular connection evaluation through a combination of testing and 

analysis programs. It is important to note that ISO/PAS 12835:2013 requires that FEA be used to support the physical testing program 

in the determination of biased test population (e.g. the worst geometric cases, material property variations and impact of make-up 

torque), and the determination of the high-stiffness length of the test string. 

Furthermore, it has been widely recognized that FEA is playing an increasingly important role in tubular connection design and 

optimization. To assure the FEA provides accurate prediction of connection behavior and reasonably reliable evaluation of connection 

performance, it is necessary to establish the guidelines for FEA model development and the constitutive relationship for assessing 

the sealability based on the FEA results. 

As with tubular evaluations, FEA provides an effective means to assess the impact of key cement and formation properties, such as 

Young's modulus and thermal expansion coefficient, and loading conditions, such as heating and cooling rates, on cement damage 

and the potential for loss of isolation.    

FEA is also being used to conduct designs which consider statistical variations in the loading and capacity behavior of the casing and 

cement sheath of high temperature wells, such as through the application of Reliability Based Design and Assessment (RBDA) 

methods [Xie and Hassanein 2012; Xie et al. 2015]. RBDA methods allows the designer to select acceptable failure probability rates 

weighed against the cost of achieving higher or lower reliability designs.     
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3. FEA EVALAUTION METHOGOLOGIES 

This section presents the methodologies for FEA evaluation of tubular connections for high-temperature wells (i.e. over 180°C) per 

ISO/PAS 12835:2013 and is based on the approach described by Xie et al (2017). The description includes the FEA model 

considerations and sealability evaluation criteria. 

3.1 FEA Model Considerations 

Figure 3 shows an example of the FEA model for a generic casing connection. Development of an FEA model requires the following 

considerations: 

 Structural Modeling: 

o Model Length:  

Axial symmetry is generally assumed for threaded and coupled connection designs, such that the connection 

model employed typically consists of one half of a 12.5 m long full joint of casing pipe body (i.e. of Range 3 

casing) and one half of the made-up coupling, as recommended by ISO/PAS 12835:2013. The coupling center is 

generally fixed axially, and the pin mid-span point is fixed for the thermal cycle loading analysis.   

o Element Type: 

Due to the nearly axisymmetric nature of the structure (i.e. ignoring the small helical angle of the threads) and 

applied loading (i.e. temperature and pressure), axisymmetric elements are generally used. Note that to assess the 

behaviour of connections subjected to non-axisymmetric loads, such as those resulting from bending induced by 

wellbore curvature, casing buckling and formation shear movement, axisymmetric elements with nonlinear 

asymmetric deformation (e.g. Abaqus CAXA4N elements) can be used (Xie, 2007). 

o Element Mesh: 

A very fine element mesh should be used in the thread, seal and shoulder regions, while a relatively coarse mesh 

can be used in the pipe-body areas. To capture the detail of the distributed contact stress profile within the seal 

region, a mesh size of approximately 0.05 mm/element is recommended. In the thread areas, a mesh size of 

0.1 mm/element is recommended to allow for assessment of the galling potential of the connection design. 

o Non-linear Geometry: 

The non-linear geometry features of the FEA model should be enabled to consider the large-strain behavior in 

the seal, shoulder, threads and pipe-body, and the large displacements that may result if local axisymmetric 

buckling occurs in the region of the pin nose of the connection. 

o Contact Element: 

Contact elements should be used between the pin and the coupling components over the thread, seal and shoulder 

regions. Typically, the coupling surface is defined as the master surface, while the pin surface becomes the slave 

surface. Modeling of friction on the contact surface is not required for the protocol assessment as per 

ISO/PAS 12835:2013. 

 Material Modeling: 

o Elastic-Plastic Relationship: 

The base material model, described by ISO/PAS 12835:2013 as the "as-characterized model", is typically 

developed using an isotropic-hardening constitutive relationship based on axial tensile coupon test results. In 

addition, ISO/PAS 12835:2013 requires a sensitive study of material strength, using minimum and maximum 

API yield strength specification. 

o Temperature Dependent: 

The impact of temperature on the stress-strain curves should be described in the constitutive model. 

o Time Dependent: 

The constative model is typically developed based on static axial tensile coupon test results (i.e. material coupon 

tests conducted at a slow strain rate). 

 Load Modeling: 

o Connection Make-up: 

Connection make-up is modeled using interference fit over the contact surfaces. The interferences on the thread 

and seal regions should be based on values defined on the connection design drawing. The interference value on 

the shoulder should be determined based on the make-up torque-turn relationship. 

o Thermal Cycle Operating Conditions: 

In implementing the FEA for this type of connection assessment, the temperature change can be defined as a 

nodal variable to the entire connection model while the internal pressure loading is applied over the entire ID 

surface of the pin and coupling, the pin and coupling shoulder surfaces, and the pin and coupling seal surfaces 

from the shoulder up to the point where the maximum contact stress is anticipated from the design. 



Xie and Droessler 

 5 

 

Figure 3: FEA Model Meshes for Thread (left) and Seal (right). 

3.2 Sealability Evaluation Criteria 

For the physical qualification test program, the ISO/PAS 12835:2013 protocol recommends a minimum reportable seepage rate of 

0.06 mL/min., and stipulates sealability criteria consisting of maximum seepage rates of 1 mL/min. and 10 mL/min, respectively, 

during periods of peak compressive and tensile load conditions, corresponding to the upper- and lower-bound temperature conditions 

considered in the connection analyses.   

For establishing the relative ranking of the various specimen configurations based on sealability performance (as described further 

below), ISO/PAS 12835:2013 requires use of the seal contact intensity parameter, which is defined as the integration of the seal 

contact stress σ over the effective seal length. This seal contact intensity parameter has been used in previous studies to evaluate the 

sealability performance of premium connections [Xie 2007; Xie 2009; Tao and Xie 2013]. Note that one of the shortcomings of this 

sealabiltiy criterion is that it does not relate the seal contact intensity value to actual seepage rates of such metal-to-metal seals.   

In an effort to address this need, Xie, Matthews and Hamilton (2016) performed a series of metal-to-metal seal tests under various 

contact stress and pressure conditions. Figure 4 shows the test setup and results for quantifying seepage performance of metal-to-metal 

seals. As shown, the leakage rate decreases with the contact stress, but increases with the pressure.  

 
 

 (a)  

Figure 4: Test Setup (left) and Results (right) for Quantifying Seepage Performance of Metal-to-metal Seals  

[Xie, Matthews and Hamilton 2016]. 

 

Xie, Matthews and Hamilton (2016) further presented an empirically-based model that correlates seepage rates with the seal contact 

stress and seal length to the differential pressure, seepage rate and tubular diameter: 

𝜎𝑛𝐿 = 𝐴 𝐷𝑘𝑄𝑚𝑃 

where σ is the contact stress, L is the seal length, D is the tubular diameter at the seal region, Q is the seepage rate, P is the differential 

pressure, and A, k, m and n are model fitting parameters.   

Furthermore, a variable called Sealing Capacity (𝑆𝐶) was subsequently defined as follows: 

𝑆𝐶 = ∫ 𝜎𝑛(𝑙) 𝑑𝑙
𝐿
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Similarly, to represent the parameters corresponding to the loading and performance conditions relevant to the subject connection 

design, another variable called Sealing Demand (𝑆𝐷) was defined as: 

𝑆𝐷 = 𝐴 𝐷𝑘𝑄𝑚𝑃 

With these two newly introduced variables, a minimum sealing criterion was expressed as: 

𝑆𝐶  ≥  𝑆𝐷  

This limit-state condition for sealability is thus captured by: (i) the Sealing Capacity (𝑆𝐶) variable, which represents the leakage 

resistance as estimated based on the FEA-obtained seal contact stress profile within the connection design, taking into consideration 

both the magnitude of the contact stresses and the axial length of the contact stress on the seal; and (ii) the Sealing Demand (𝑆𝐷) 

variable, which represents the leakage activation potential and is a function of the differential pressure, the tubular diameter and the 

leakage limit threshold.  

Based on calibration to test data, Xie, Matthews and Hamilton (2016) proposed a set of the values for the coefficients that can be 

used to calculate both 𝑆𝐶 and 𝑆𝐷, as shown in Table 2. The proposed criterion was supported by further metal-to-metal seal tests with 

considerations of impacts of surface roughness and thread compounds [Xie and Matthews 2017]. 

 

Parameter Values for 

Proposed Limit 

Unit 

A 7.88 MPan-1 mm1-k (mL/min)-m 

K 0.8 ~ 

m -0.0333 ~ 

n 1.557 ~ 

Table 2: Values of Key Parameters for Calculating Sealing Capacity and Demand. 

 

4. ANALYSIS EXAMPLES OF SEALABILITY EVALUATION 

This section presents an analysis example to demonstrate the use of FEA to determine the biased test candidates for an 

ISO/PAS 12835:2013 evaluation program and to evaluate connection seal performance. 

The example case considered is a 244.5 mm diameter, 59.5 kg/m L80 generic premium casing connection under ASL-290 loading 

conditions. The generic premium connection design had a buttress-type thread form to meet the structural requirements of the full 

pipe body strength capacity, and incorporated a metal-to-metal radial seal for enhanced sealability. 

4.1 FEA for Determining Biased Test Population 

Figure 5 presents the axial and radial stress contour plots for the generic connection with nominal geometry following make-up, at 

the upper-bound temperature (i.e. 290°C) and at the lower-bound temperature (i.e. 5°C), as specified by ISO/PAS  12835:2013.  Both 

the connection and the pipe-body are subjected to significant axial compressive loading at the upper-bound temperature as a result of 

the constrained thermal expansion during heating (i.e. representing a cemented casing string). However, the connection experiences 

high axial-tensile loading at the lower-bound temperature due to the material contraction during cooling. High radial compressive 

stress is present on the seal surface at make-up, suggesting there is a high contact stress between the pin and coupling. Relatively 

high radial contact stress level is largely maintained at the upper-bound temperature but is reduced significantly at the lower-bound 

temperature. 
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(5°C)   

Figure 5: Axial and Radial Stress Contours for the Generic Connection at Make-up, Upper-bound Temperature  

and Lower-bound Temperature (244.5 mm, 59.5 kg/m L80 Generic Connection with Nominal Geometry). 

Figure 6 presents the seal contact stress distributions determined for the generic connection at make-up, at the upper-bound 

temperature and at the lower-bound temperature. The magnitude of the contact stress profile exhibits a reduction at the upper-bound 

temperature relative to make-up, while both the magnitude and the length of the contact stress profile are notably reduced at the 

low-bound temperature. The contact stress results shown in this figure can be used to calculate the Seal Contact Intensity for 

ISO/PAS 12835:2013 evaluation, or the sealing capacity (𝑆𝐶) to quantitatively evaluate the sealing performance using the sealability 

criteria presented in the previous section. 

 

Figure 6: Distribution of Contact Stress on the Seal at Make-up, Upper-bound Temperature and Lower-bound 

Temperature. 

ISO/PAS 12835:2013 defines eight candidate geometry cases with variation in seal interference and thread interference/taper, as 

shown in Table 3. It requires the use of FEA to determine the worst geometry case for the sealability from evaluation of geometry 

cases G1 to G4, and the worst geometry case for galling from geometry cases G5 to G8. Only the sealability evaluation will be further 

discussed in the following sections. Additional description of the assessment of galling can be found in Tao and Xie (2013).  
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Geometry 

Case 

Severity ranking Seal  Thread  

Sealability Galling Interference Interference Pin 

Taper 

Coupling 

Taper 

G1 

Make-up  

+ 1 cycle 

Make-up 

L L L H 

G2 L L H L 

G3 L H L H 

G4 L H H L 

G5 

N/A 

H L L H 

G6 H L H L 

G7 H H L H 

G8 H H H L 

L=Lower-bound; H=Upper-bound 

Table 3: Geometry Case Definition 

Figure 7 summarizes the seal contact intensity values established for the nominal geometry case (GN) and the sealability geometry 

Cases G1 to G4, under ASL-290 loading conditions. The cases producing the lowest seal contact intensity values at both the upper-

bound and lower-bound temperature conditions are highlighted by red circles in the figures. As shown, for this generic connection 

design, geometry case G3 was found to be the worst case for sealability in both tension (WST) and compression (WSC) under both 

ASL conditions. 

 

Figure 7: Seal Contact Intensity for Various Geometry Cases for 244.5 mm, 59.5 kg/m L80 Generic Connection with 

ASL-290. 

4.2 FEA for Evaluating Sealability Performance 

The capacity versus demand limit-state approach and sealability criterion proposed by Xie, Matthews and Hamilton (2016) were used 

to complete the generic connection sealability evaluation.   

Figure 8 presents a summary of the sealing capacity and sealing demand values at the upper-bound and lower-bound temperatures 

for the ASL-290 and ASL-350 conditions. The sealing capacity at the lower-bound temperature is lower than the capacity at the 

upper-bound temperature under both ASL conditions. Note that the calculated sealing demand at the lower-bound temperature is 

slightly lower than the value at the upper-bound temperature in both cases due to the different allowable seepage rates of 10 versus 

1 ml/min specified by ISO/PAS 12835:2013 for the respective conditions.  

The analysis results also show that the sealing capacity value determined for the ASL-290 conditions is significantly higher than the 

sealing demand values at the upper-bound, and marginally higher at the lower-bound temperatures, suggesting that the generic 

connection has the potential to satisfy the sealability requirements of the ISO/PAS 12835:2013 ASL-290 qualification test program.1 

On the other hand, the results for the ASL-350 condition show that the sealing capacity at the lower-bound temperature is marginally 

lower than the sealing demand, suggesting that the generic connection would likely be unable to meet the ISO/PAS 12835:2013 

                                                                 

1  Note that these results only suggest the potential for the sealing demand to be satisfied, as there are a number of operational factors, 

such as machining quality control, which can result in local connection seepage paths. 
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sealability test requirement at ASL-350 load conditions. This example demonstrates that the more severe ASL-350 loading conditions 

represent a much greater challenge for the connection design to deliver adequate sealability in such a thermal qualification program. 

 

Figure 8: Sealing Capacity versus Sealing Demand for 244.5 mm, 59.5 kg/m L80 Generic Connection with G3 Geometry. 

 

5. EXAMPLES OF STRUCTURAL ANALYSIS EVALUATION 

This section presents two analysis examples for determining the tensile load limit, and for determining the connection fatigue life 

under the curvature loading. 

5.1 FEA for Determining Tensile Load Limit 

As noted by Chiotis and Vrellis (1995) and Southon (2005), one of the key structural failure modes in geothermal wells is the parting 

of the connection. Axial tensile loading may be introduced during cooling phases, such as water injection or workover operations as 

the casing material contracts. Strain localization in weaker sections may introduce additional strain to those sections of the casing 

string. Therefore, ISO/PAS 12835:2013 includes a limit-strain test, which assesses connection performance under increasing 

axial-tensile strain up to the structural limit, following the thermal cycle loading. For the analysis example here, the generic connection 

with G3 geometry was further analyzed with an additional axial strain following a thermal cycle under ASL-290 condition. 

Figure 9 shows a contour plot of plastic strain at 3% axial tensile strain. The figure shows that very high plastic strain develops in the 

thread roots at 3% pipe-body strain.   

Figure 10 presents the localized plastic strain in the thread roots for the first four threads from the coupling face identified in Figure 9. 

Note that the development of maximum localized plastic strain levels in these threads progressively increases and that the location of 

maximum plastic strain changes from the threads near the coupling face toward the threads located closer to the coupling center, 

suggesting the more engaged threads pick up more axial loading as the overall pipe strain increases. This demonstrates that the 

potential of connection parting due to thread rupture increases as axial-tensile strain increases.  

 

Figure 9: Contour Plot of Plastic Strain under 3% Axial-tensile Strain following a Thermal Cycle  

(244.5 mm, 59.5 kg/m L80 Generic Connection with G3 geometry). 
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Figure 10: Local Plastic Strain in Threads versus Overall Pipe-body Strain 

(244.5 mm, 59.5 kg/m L80 Generic Connection with G3 geometry). 

5.2 FEA for Determining Fatigue Life under Curvature Loading 

Installation of casing strings through the build sections of deviated wells may also contribute to structural failure of casing 

connections, in particular for large diameter tubulars which are commonly used in geothermal wells. During installation and/or 

cementing operations in deviated wells, casing strings are often reciprocated axially and rotated to facilitate effective cement slurry 

placement. The curvature within the build section of a well will introduce bending strains that can cause plastic load cycling within 

connections as the casing string is rotated, and can potentially cause fatigue failure in the connections. As geothermal operations 

move towards more novel recovery methods, such as EGS with highly deviated or even horizontal wells, geothermal wells with high 

curvature build sections may be required.    

To simulate connection behavior under curvature loading, special axisymmetric FEA elements with asymmetric deformation should 

be used. Figure 11 shows the longitudinal strain in a 244.5 mm, 59.5 kg/m L80 generic connection under a curvature loading of 

14°/30m. The red color represents the tensile strain, while the blue the compressive. As shown in the figure, the top plane is under 

the tensile strain (outside of the bend), while the bottom the compressive strain (inside of the bend). 

 

 

Figure 11: Longitudinal Strain for 244.5 mm, 59.5 kg/m L80 Generic Connection under 14°/30m Curvature Loading. 

Stress and strain results in the critical thread area can be used to assess the fatigue life of the connection. Note that a multi-axial stress 

state typically exists at the thread area. With typically already large seal and shoulder interferences at make-up, it is reasonable to 

expect the pin/coupling material to yield and plastic strains to develop at some of these locations within the connections during 

rotation. Therefore, traditional stress-based fatigue criteria, which are generally used in low stress situations, are no longer applicable, 

and it is necessary to adopt a strain-based criterion for the connection fatigue assessments. One of the well-known methods for such 

low cycle fatigue assessments is a modified version of the Morrow approach (Dowling 1998), which expresses the material fatigue 

life as a function of an equivalent strain range, the mean stress and a number of material specific parameters. 

Figure 12 presents the results of fatigue life versus wellbore curvature for an example case of 244.5 mm, 59.5 kg/m L80 generic 

connection. The fatigue life was predicted using modified Morrow approach, and the critical location for the failure is at the thread 

roots next to the coupling face. As one might expect, the figure shows that the fatigue life decreases with the wellbore curvature. At 

14°/30 m wellbore curvature, the fatigue life is estimated at approximately 33800 cycles.   

Rotation of casing during installation would also introduce accumulated damage to the casing connection in the production phase. 

More discussion on casing fatigue failure can be found in Xie (2009) and Xie et al. (2011). 
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Figure 12: Fatigue Life versus Well Curvature for 244.5 mm, 59.5 kg/m L80 Generic Connection. 

6. SUMMARY AND RECOMMENDATIONS 

This paper presents a review of existing evaluation protocols with procedures that may be applied or adapted to connection evaluation 

for geothermal applications. The paper focuses on the presentation of methodologies for quantitatively evaluating casing connections 

using FEA models and the recently established sealability evaluation criteria described by Xie and Matthews (2017). Analysis 

examples are presented to demonstrate the use of the proposed approach for the sealability and structural evaluation of connections. 

This paper demonstrates that FEA serves an important role in the determination of worst-case combination to assist 

ISO/PAS 12835:2013 evaluation programs. Furthermore, FEA can be used to quantitatively evaluate the connection structural and 

sealability performance and to assist with casing and connection design for challenging operating conditions in geothermal wells.  

Reliability Based Design and Assessment (RBDA) is being increasingly used to determine the safety of downhole tubulars and 

completion equipment (Xie and Hassanein 2012; Xie et al. 2015). In terms of tubular connections, the FEA-based evaluation 

methodology presented in this paper can be used in conjunction with RBDA to quantify the probability of acceptable performance 

being achieved with respect to both the sealing and structural integrity as functions of several key design parameters, including 

connection geometry and tolerances, material mechanical properties, and make-up and operational conditions. 
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