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ABSTRACT 

Geothermal energy has the potential of being a 

significant contributor to the future energy supply as a 

reliable, zero-carbon, baseload energy supply. To 

harness geothermal energy, heat must be extracted from 

high-temperature conductive formations. Unlike oil 

and gas, drill must occur through deep hard rock 

formations to access geothermal energy. However, 

limited drilling data and experience is available. For the 

effective design of a drilling system in such a hostile 

environment, knowledge and data must be integrated 

from experience in deep sedimentary wells along with 

standard drilling practices from decades of experience 

in oil & gas drilling. In this work, an integrated 

drillstring dynamics model i.e., digital twin of the 

drilling system, is presented that includes the effects of 

the bit-rock interaction, drillstring dynamics, and 

hydraulics. The three-component model consists of a 

field-validated off-bottom dynamics model with a 

distributed friction term which accounts for along-

drillstring interaction with the borehole wall, a 

simplified bit-rock interaction model and a hydraulic 

model utilizing either a Newtonian fluid or a power 

fluid.   Real-time parameter estimation is achieved 

through the use of a soft-sensor, based on an observer 

that provides online estimation of friction model 

parameters while off-bottom and sliding friction and 

rate of penetration (ROP) while on-bottom. The 

resultant model operates in real-time or faster than real-

time using a standard desktop computer and provides 

estimates utilizing only readily available surface 

sensing parameters, RPM, torque, ROP, weight-on-bit, 

flow rate, and pressure drop across the downhole 

motor. Trends in estimated parameters may then be 

used to infer formation changes, monitor bit life, and 

bit performance, and evaluate hole conditions. 

  

In the proposed model, the soft-sensor switches from 

bit off-bottom to bit on-bottom using the ROP data. 

Once the bit tags the bottom, the soft sensor switches 

from estimating along-string friction parameters, to 

estimating the bit on-bottom parameters. Bit torque is 

in play only with the bit on-bottom and hence is zero 

when the bit is off-bottom. Using the bit-rock 

interaction law, the bit-rock interaction coefficients 

along with the bit torque and bit rpm are estimated 

using the changes in the measured surface torque and 

surface rpm. Field data from test wells drilled in North 

America and Europe are used for field validating the 

integrated drillstring dynamics model. Surface data is 

recorded at 1 Hz, interpolated to 100 Hz, and is used as 

the input for the soft sensor in the proposed model to 

estimate the downhole parameters at a frequency of 100 

Hz. This eliminates the need for high bandwidth 

downhole information and helps predict the onset of 

unwanted downhole oscillations, give insights into 

changes in hard rock formations, monitor bit wear and 

increase the drilling efficiently. 

1. INTRODUCTION 

A digital twin is a digital model of a physical system 

that is used to better understand and optimize the 

function of a complex system. A digital twin uses real-

time data to obtain an estimate of the operational status 

of the actual system. Parameter estimation techniques 

have been used for decades; however, the first 

operating model of a comprehensive Digital Twin was 

introduced by Michael Grieves at the University of 

Michigan in 2003 and since then the concept of a digital 

twin is widely used in an array of applications from oil 

& gas to aerospace [1, 2]. The backbone of a digital 

twin is the mathematical representation of the 

components of a system that is capable of being 

computed as fast or faster than real-time, a set of 

estimation techniques to fit model parameters and a 

real-time data feed. 

 

In the oil and gas industry, digital twins have 

accelerated the automation and digitization in the 

lifecycle of the drilling process. The main advantage of 

a digital twin is that it helps in automated monitoring 

including real-time simulation, comparing simulation 

results with measurements in real-time, automatic 

diagnostics, and self-detection of the changes of the 

wellbore conditions. A digital twin helps in forecasting 

the problems and optimizing the operations along with 

aiding the end-user to analyze different failure 

conditions to have successful drilling operations [1, 2]. 
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In this work, a digital twin model of a deep well in hard 

rock drilling is proposed. The model is based on a field-

validated distributed drillstring model that accounts for 

both off-bottom and on-bottom dynamics. The 

proposed digital twin is based on a physical model of 

the drillstring where the effects of the downhole motor 

are also considered especially for the on-bottom 

dynamics. The off-bottom dynamics model used in the 

digital twin is based on the works of Aarsnes and Shor 

[3]. The distributed drillstring model was proposed for 

the first time by Aarsnes and Aamo in 2016 [4] and was 

later developed in different works Aarsnes and van de 

Wouw [5]; Aarsnes and Shor [3]. The off-bottom 

dynamics model characterizes the off-bottom stick-slip 

oscillations as caused by Coulomb friction-induced 

side forces and not by the velocity weakening effect in 

the bit-rock interaction. The main advantages of the 

distributed drillstring model are that it captures higher 

modes resulting from a wide range of frequencies to 

represent the dynamics of the system for long wells and 

the distributed model is relatively simple as it is based 

on a 1-D wave equation with a source term, whose 

boundary conditions are given by ODEs. 

 

In this work, the bottom hole assembly (BHA) is 

represented by the lumped mass approximation [3] and 

the Coulomb friction is given as a distributed source 

term implemented as an inclusion. The estimation 

technique used in this model is based on the Leunberger 

observer, motivated by the works of Di Meglio, Lamare 

and Aarsnes [6]. Estimated parameters are the friction 

coefficients (static and kinetic) and the distributed 

states of the system including the drill string angular 

velocity and angular strain. For the off-bottom 

dynamics model, only the topside measurements of 

surface rpm and surface torque are used. The main 

advantage of this technique is that it can estimate both 

kinetic and static friction coefficients using only the 

topside measurements. As friction coefficients cannot 

be directly measured in the field, the distributed states 

of the system, the drill string angular velocity and 

angular strain, may be used in validation with the 

downhole data. The off-bottom dynamics model has 

been field validated to obtain static and kinetic friction 

coefficients across the wellbore along with the 

estimation of the downhole rpm, surface rpm, and 

surface torque. The friction estimates (static and kinetic 

coefficients) were found to be in line with the expected 

friction profiles of the wellbore and the estimates 

obtained for the surface rpm and surface torque were 

observed to be in close agreement with the actual 

values. However, once the drillbit engaged with the 

rock and drilling commences, friction estimates 

become meaningless as bit-rock interaction is lumped 

into the borehole friction. 

 

Various works in the literature address the inclusion of 

bit-rock interaction in the model mainly using the 

torque-on-bit models. However, these TOB models are 

based either on the Stribeck effect or completely 

synthetic. The problem with such models is that with 

the Stribeck effect the velocity weakening effect occurs 

due to the cutting action, which is proved to be incorrect 

from the works of [7, 8], and the synthetic TOB models 

are not related to the physical properties. One of the 

widely used TOB models in the literature was proposed 

by Detournay et al [9, 10]. In this work, a modified form 

for TOB is used where TOB is expressed as a function 

of WOB and depth of cut, which in turn is dependent 

on ROP and rpm. One important advantage of the 

proposed model is that the effects of the mud motor 

used in the drilling process are included using the 

differential pressure and flow rate. Using the motor 

specifications, differential pressure, and flow rate, the 

relationships for the motor rpm and motor torque 

between the flowrate and motor rpm. 

 

The paper is organized as follows: an overview of the 

mathematical model of both the drillstring dynamics 

model and the bit-rock interaction model is summarized 

in Section 2, results from a field scenario are presented 

in Section 3 using both the off-bottom and on-bottom 

dynamics model. Section 4 discusses the potential of 

the digital twin along with the future course of work 

and Section 5 provides the conclusions for the paper. 

2. MATHEMATICAL MODEL 

Here we present the mathematical model of the digital 

twin. The key assumptions of the model are  

• The torsional motion of the drill string is the 

dominating dynamic behavior. 

• Stored torque is not considered which results in an 

estimation error at model initialization. 

• Uniform axial motion is assumed; thus, surface 

measurement of ROP is used. This is true for 

vertical and near-vertical wells, however, should 

be revisited for wells with high inclination (> 45°). 

• The transition from static to dynamic Coulomb 

friction is modeled as a jump, i.e., the Stribeck 

curve is assumed negligible. 

• The effects of along-string cuttings distribution on 

the friction are assumed to be homogeneous. 

• The effect of the pressure differential, inside and 

outside the drill string, on the bending moment is 

not represented and is assumed to be negligible. 

Surface measurements of Flow Rate Differential 

Pressure are used directly. Use of a hydraulics model to 

account for delays in pressure transmission is necessary 

for deeper wells. 

 

The distributed drillstring model is based on the works 

of [3 – 5]. A schematic of the distributed drillstring in a 

wellbore of length L is shown in figure 1, where the 

angular motion of the drillstring is represented using 

the angular velocity, 𝜔(𝑡, 𝑥), and torque, 𝜏(𝑡, 𝑥), 

expressed as the functions of time, 0 < 𝑡 < 𝑇, and 

length, 0 ≤ 𝑥 ≤ 𝐿. 

 

Representing the polar moment of inertia, shear 

modulus, and density using 𝐽, 𝐺, and 𝜌, the angular 

motion of the drillstring in terms of angular velocity, 

𝜔(𝑡, 𝑥), and torque, 𝜏(𝑡, 𝑥) is given as follows: 

 
𝜕𝜏(𝑡,𝑥)

𝜕𝑡
+ 𝐽𝐺

𝜕𝜔(𝑡,𝑥)

𝜕𝑥
= 0              (1) 
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𝐽𝜌
𝜕𝜔(𝑡,𝑥)

𝜕𝑡
+ 𝐽𝐺

𝜕𝜏(𝑡,𝑥)

𝜕𝑥
= 𝑆(𝑡, 𝑥)             (2) 

 

𝑆(𝑡, 𝑥) represents the source term due to frictional 

contact with the borehole. Defining 𝐹(𝜔, 𝑡, 𝑥) as the 

differential inclusion representing the Coulomb friction 

between the drillstring and the borehole, the source 

term 𝑆(𝑡, 𝑥) is modeled as 

 

𝑆(𝑡, 𝑥) =  −𝑘𝑡𝜌𝐽𝜔(𝑡, 𝑥) − 𝐹(𝜔, 𝑡, 𝑥)            (3) 

 

 

 

Figure 1: Schematic indicating the distributed drill string 

of length L lying in deviate borehole 

The bit-rock interaction included in the proposed model 

is a simplified version of the bit-rock interaction law 

proposed by Detournay et al. [9, 10]. The torque-on-bit 

model as proposed by Detournay et al. [9, 10] can be 

expressed as follows: 

 

𝜏𝑏 =
1

2
𝑎𝜇𝛾 ∗ 𝑊𝑂𝐵 +

1

2
𝑎2(1 − 𝛽)𝜖 ∗

𝑅𝑂𝑃

𝑅𝑃𝑀
            (4) 

 

The definitions of all the coefficients used in Eq. 4 are 

given in [10]. Using Eq. 4 and defining 𝛼1 and 𝛼2 as 

the bit-rock interaction coefficients [11], the torque-on-

bit can be simplified and expressed as a function of 

weight-on-bit and depth-of-cut as follows: 

 

𝜏𝑏 = 𝛼1 ∗
𝑅𝑂𝑃

𝑅𝑃𝑀
+ 𝛼2 ∗ 𝑊𝑂𝐵             (5) 

 

Variations in 𝛼1 and 𝛼2 give insights into the evolutions 

of torque-on-bit, downhole rpm, 𝛼1 and 𝛼2 gives the 

information about the downhole conditions that are 

encountered during drilling. The off-bottom dynamics 

model combined with the bit-rock interaction law 

describing the torque-on-bit gives the on-bottom 

dynamics model for the drillstring used in the proposed 

digital twin. For further details on the mathematical 

derivation, the reader is directed to Kandala et al. [12]. 

 

3. RESULTS AND DISCUSSIONS 

To demonstrate the effectiveness and use of the digital 

twin used in this work, the data from a well drilled in 

North America is considered. A python-based web 

application, PyRoDrill, has been developed which 

allows for easy import of data and connection to real-

time data sources. The digital twin is built using 

widgets that include text inputs, drop-down selectors, 

buttons, checkboxes, and sliders. Using a combination 

of these widgets, instructions on how to process a data 

set, additional information about the data set, and other 

information are communicated to the application. 

 

 

 

 

Figure 2: Four hours of drilling data showing surface drilling parameters 
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Figure 3: Evolution of the friction coefficients, rpm, torque, rop, and weight-on-bit for stand 2

An example of an instruction that can be communicated 

during the data import process is, import this column, 

store it under this new name and convert it from these 

old units to the new units using this conversion factor. 

Thus, CSV data can be processed and stored in the 

application’s database, or data can be read from the 

database to be used in models and visualizations as 

requested by the user. The output is displayed using 

interactive graphs and at the same time, different types 

of graphs are employed to best visualize different data. 

For an application that handles data, good visualization 

components are essential. Along with interactive 

graphs, different types of graphs are employed to best 

visualize different data. 

 

First, the entire data for the wellbore is loaded using 

which rop, hole depth, surface torque, and surface rpm 

are plotted, as shown in Fig. 2. For a clear 

understanding, it should also be seen in Fig. 2 that the 

units for each of the parameters shown are mentioned. 

After loading the data and plotting the data as shown in 

Fig. 2, sections of drilling data are identified using a 

rules-based activity detection approach. For the four 

hours of drilling data considered, four sections of 

drilling are detected. As the digital twin has a zero 

stored torque and zero rpm initial condition, model 

stability is improved if the simulation begins at the start 

of rotation after a connection – where stored torque is 

minimized. 

 

First, we present the estimation results from the off-

bottom dynamics model for an entire section of drilling 

data. The evolution of the friction coefficients, RPM, 

torque, ROP, and weight-on-bit various operating 

parameters are plotted for the same and are shown in 

Fig. 3. Initial estimates of the static and kinetic friction 

factors are in the expected range between 0 and 1, 

however, estimates quickly converge to non-physical 

values once drilling commences. The estimator 

continues to provide consistent measurements, very 

little value-added information can be inferred. Thus, an 

explicit bit-rock interaction model is added and 

activated once drilling commences. This occurs when 

WOB and ROP become positive. 

 

The on-bottom dynamics model used the bit-torque 

model as explained in Section 2. The estimator updates 

𝛼1 and 𝛼2 according to a predefined law by considering 

the error in surface rotation rate and a gain. The gain 

parameters determine the rate of change of one bit-rock 

interaction parameter with that of the other. It should be 

noted here that the bit torque model used for the digital 

twin does not include the effect of the hydraulics. As 

two parameters are being estimated, multiple solutions 

may be expected, so to demonstrate the effect of the 

relative magnitude of gain parameters, three cases are 

considered with varying gain parameters and the same 

are shown in Table 1. Case 1 updates estimates of both 

BRI coefficients at an equal rate, Case 2 updates the 

effect of depth-of-cut twice as fast as the effect of WOB 

and Case 3 updates the effect of WOB twice as fast as 

depth-of-cut. 

Table 1: Gains for 𝜶𝟏 and 𝜶𝟐 for 3 different cases 

 𝐺𝑎𝑖𝑛𝛼1
 𝐺𝑎𝑖𝑛𝛼2

 

Case 1 0.5 0.5 

Case 2 1 0.5 

Case 3 0.5 1 

 

Figure 4 shows the evolution of 𝛼1 and 𝛼2, estimates 

for downhole RPM and bit torque, ROP, WOB and 

differential pressure (DP), standpipe pressure (SPP) 
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and the flow rate (FR), for case 1. Estimates of 

downhole RPM and bit torque from the estimator were 

identical for the three estimation cases considered, 

however, estimates for 𝛼1 and 𝛼2 are different for all 

the three cases, particularly in certain regions 

demonstrating multiple solutions are possible. 

Downhole data is available with motor housing RPM 

and is shown in the third subplot in Figure 4, showing 

strong agreement with estimated bit RPM. Additional 

noise in the estimated estimation bit RPM signal is 

attributed to insufficient viscous or material damping in 

the drillstring dynamic model and down sampling of 

the recorded bit RPM signal.

 

 

Figure 4: Evolution of various drilling parameters for case 1 

 

 

Figure 5: Evolution of 𝜶𝟏 and 𝜶𝟐 for all the three cases 
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Figure 6: Evolution of 𝜶𝟏/(𝜶𝟏+𝜶𝟐) and 𝜶𝟐/(𝜶𝟏+𝜶𝟐) for all the three cases 

 

 

Figure 7: Drillbit before and after drilling (red box indicates a pronounced damage of the insert and similar levels of bit 

damage can be seen for the other inserts along the periphery of the bit)

Figure 5 shows the evolution of these parameters and 

Figure 6 shows the relative magnitude of each 

parameter. Regions where parameter estimates diverge 

are labeled A and B. Both regions correspond to 

freshwater sweeps that were pumped to explore the 

effects of hydraulics on drilling efficiency, 

demonstrating the need to account for hydraulics in the 

bit-rock interaction model. In particular, the relative 

magnitude of 𝛼1 and 𝛼2, or the relative weight of WOB 

or DOC, changes in these regions. Differential pressure 

is calculated at surface as a tared calculation from pump 

pressure. This tare is not updated during a freshwater 

sweep, leading to an erroneous change in differential 

pressure calculation. However, when hydraulics are 

constant, in regions 1 and 2, parameters estimates 

converge to similar values for all three estimation cases. 

Region C corresponds to a change in either formation 

properties or drillbit condition. 

 

Estimation of drillbit condition is of particular interest 

as bit life and high ROPs are desired to improve drilling 

performance and reduce drilling costs. Rock properties 

in Regions 1 and 2 are similar and insitu stresses may 

be considered equivalent as drilling depth has not 

significantly changed. ROP in Region 1 is significantly 

higher than in Region 2, and a change in BRI 
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parameters as a function of time is observed. Region 1 

shows overall lower values of both parameters (thus 

lower overall torque) and shows a slow decrease in 

parameters vs time. Region 2 shows higher values of 

both parameters and shows an increasing increase in 

parameters vs time. This is inferred to indicate drillbit 

condition and that a critical level of bit wear was passed 

around 25 minutes into drilling. 

 

Figure 7 shows pre–drilling and post–drilling photos of 

the drillbit used in this drilling run. Post–drilling photos 

show damage on the shoulders, highlighted in red. This 

wear explains the reduction in performance over the 

course of the bit run, however the exact timing of the 

initial damage to the bit may only be surmised, either 

occurring at 25 minutes when bit-rock interaction 

parameters begin to increase, or, in Region C when a 

significant change in parameters is observed that is not 

associated with hydraulics. 

4. DISCUSSION AND FUTURE WORK 

The digital twin model proposed in this work combines 

the off-bottom dynamics model with the bit-rock 

interaction with potential implications in understanding 

the downhole drilling under constantly changing 

environment. The variations in the bit-rock interaction 

parameters provides insight of downhole conditions 

during drilling. The evolution of 𝛼1 and 𝛼2 gives 

information into the bit wear and/or damage and 

formation change respectively. We postulate that bit 

wear is directly reflected in 𝛼1 as it has a direct impact 

on the ROP and the occurrence of formation change is 

reflected in 𝛼2, the coefficient associated with the 

weight-on-bit. This model enables the real-time 

estimation of the downhole parameters for hard rock 

drilling and indicates changes in the downhole 

operating conditions, which can be used by the driller 

to monitor bit condition and potentially change surface 

drilling parameters to counteract unwanted drilling 

behavior and mitigate the damage caused to the drillbit 

downhole. With the real-time estimation, even rapid 

changes in the downhole environment may be 

identified and the connected surface parameters can be 

varied for an optimal downhole performance. Most 

importantly, this digital twin will enable the 

development of an automated closed-loop supervisory 

drilling system, that minimizes the human intervention 

in drilling. 

 

The model as it stands, does not account for hydraulics, 

which explains the existence of multiple solutions for 

the bit-rock interaction parameters, 𝛼1 and 𝛼2. The 

torque-on-bit model is used in a modified form that is a 

function of weight-on-bit and depth-of-cut. Future 

work includes the extension of the model for including 

the hydraulics in the bit-rock interaction model and 

coupled axial and torsional drillstring dynamics. 

5. CONCLUSIONS 

In this work, an integrated digital twin model is 

proposed for hard rock drilling. The drillstring model 

used in the digital twin is based on the distributed model 

that has been field validated. To account for the on-

bottom dynamics, the bit-rock interaction is modeled 

using torque-on-bit as a function of weight-on-bit and 

the depth-of-cut. Results obtained using the proposed 

digital twin provide insight into drilling conditions and 

may be used to quantify bit condition and identify 

changes in downhole environment. For the on-bottom 

dynamics model, the absence of the hydraulics model 

gives rise to multiple solutions for the bit-rock 

interaction parameters. The bit-rock interaction 

parameters give insights into the existing downhole 

conditions, which are directly reflected in them. The 

digital twin also gives information about the different 

sections of the drillstring and the evolution of different 

parameters that aid in monitoring and optimizing the 

drilling process. 

REFERENCES 

Kopey, B. "Development of drilling technics from 

ancient ages to modern times." In 12th IFToMM 

World Congress, Besançon, France. 2007. 

Maryam, G.M., Rolv, R., Oedegaard, S.I., Morten, S. 

“Drilling automated realtime monitoring using 

digital twin.” Abu Dhabi International Petroleum 

Exhibition & Conference, UAE. 2018. 

Maryam, G.M., Oedegaard, S.I., Morten, S. “Drilling 

digital twin success stories the last 10 years.” SPE 

Norway One Day Seminar. 2018. 

Aarsnes, U.J.F., Shor, R.J. “Torsional vibrations with 

bit off bottom: Modeling, characterization and 

field data validation.” Journal of Petroleum 

Science and Engineering, 163. 712–721. 2018. 

Aarsnes, U.J.F., Aamo, O.M. “Linear stability analysis 

of self-excited vibrations in drilling using an 

infinite dimensional model.” Journal of Sound and 

Vibration, 360, 239–259. 2016. 

Aarsnes, U.J.F., van de Wouw, N. “Axial and torsional 

self-excited vibrations of a distributed drill-string.” 

Journal of Sound and Vibration, 444. 127–151. 

2019. 

Di Meglio, F., Lamare, P.O., Aarsnes, U.J.F., “Robust 

output feedback stabilization of an ode–pde–ode 

interconnection.” Automatica, 119. 109059. 2020. 

Richars, T., Dagrain, F., Poyol, E., Detournay, E. 

“Rock Strength Determination from Scratch 

Tests.” Engineering Geology, 147. 91–100. 2012. 

Zhou, Y., Detournay, E. “Analysis of the contact forces 

on a blunt PDC bit.” 48th US Rock Mechanics / 

Geomechanics Symposium, 2014. 

Detournay, E., Defourny, P. “A phenomenological 

model for the drilling action of drag bits.” 

International Journal of Rock Mechanics and 

Mining Sciences & Geomechanics Abstracts, 29. 

1. 13–23. 1992. 

Richard, T., Germay, C., Detournay, E. “A simplified 

model to explore the root cause of stick–slip 

vibrations in drilling systems with drag bits.” 

Journal of Sound and Vibration, 305. 432–456. 

2007 



Last name of author(s); for 3 and more, use “et al.” 

 8 

Auriol, J., Aarsnes, U.J.F., Shor, R. “Self-Tuning 

Torsional Drilling Model for Real-Time 

Applications.” American Control Conference, 

2020. 

Kandala, S.S., Shor, R., “Evolution of static and kinetic 

friction in a horizontal well using an adaptive 

model-based observer: Field validation.” Journal 

of Petroleum Science and Engineering, 208 D. 

2021. 

ACKNOWLEDGEMENTS 

The authors would like to acknowledge the help and 

support of the engineers and experts at Eavor 

Technologies, including Willem Jordaan and Ariel 

Torre, for extensive feedback sessions and ideas. 

Additionally, we would like to thank Eavor for their 

support of this work and permission to publish these 

results. Finally, the authors would like to thank the 

National Science and Engineering Research Council of 

Canada for their funding of the Alliance Project 

#561118-20, Alberta Innovates of their funding of 

Campus Alberta Small Business Engagement Grant 

#212200496, and Eavor Technologies for their 

financial support. 

 

 

 

 

 

 


