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1. INTRODUCTION & TOPIC RELEVANCE 

Due to the volatile macroeconomic environment, the Petroleum Industry has faced 

challenging periods in the last years or even decades. The oil price shock in 2014, the changing 

but continuously increasing demand for oil and gas, the transformation of oil refining: the shift 

from fuel-based products to more sophisticated petrochemicals with higher added value, the 

spread of electrical vehicles (EV) are factors that emphasize hydrocarbon production 

optimization and made production intensification technologies as vital as it has never been. 

Hydraulic fracturing is one of the most common improved oil recovery (IOR) methods 

used in the Upstream Division of the Petroleum Industry to enhance well productivity in tight 

gas/oil or shale gas/oil reservoirs (Denney, 2010). The purpose of fracturing is production 

intensification by creating high conductive, propped fractures that provide a larger inflow 

surface than the cylindrical area of an ordinary well (Economides & Nolte, 2000). The 

fracturing procedure is controlled on the surface and executed by high-power hydraulic pumps 

boosting the hydraulic fluid to exceed the formation breakdown pressure at the bottom hole. 

Fig. 1 represents the schematic of hydraulic fracturing. The fracking fluid contains ~ 99 % 

water and ~ 1 % additives to increase the dynamic viscosity, thus preventing fluid leak-off and 

enabling pressure boost at the bottom hole. This hydraulic fluid pressure initiates the formation 

to break. Meanwhile, the fracture starts to propagate according to the petrophysical properties 

of the given formation. 

 

Fig. 1  Schematic of hydraulic fracturing (Schlumberger, 2021) 
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The proppant is a granular media with high porosity mixed with the fracturing fluid to 

prop the fracture and prevent formation closure that would result in an ineffective stimulation 

(Barree & Conway, 1995). 

The phenomenon investigated during the research occurs after fractures are created and 

hydraulic pumps are stopped entailing the hydraulic fluid pressure to drop below the formation 

closure pressure. At this point, there is no more extra pressure energy to hold the fractures open, 

which leads to a closing action of the formation mitigated by proppant particles that carry the 

stresses of formation closure (Liang et al., 2015). Fig. 2 demonstrates the propped fracture. 

The primary indicator, which characterizes the fracturing treatment, is the fracture 

conductivity calculated as the product of fracture width and proppant pack permeability. The 

well productivity after hydraulic fracturing is affected by the interaction between proppants and 

fracture surface under closure pressures; the proppants embed into the formations and deform 

due to the closure stress, resulting in a significant reduction in fracture conductivity. 

Investigating the factors influencing the fracture conductivity is a relatively complete task 

because either the treatment specifics or the reservoir features impact the result. E.g., proppant 

size, Young’s modulus, and Poisson’s ratio of the proppant and the formation and closure 

pressure are factors that influence proppant embedment and the change of fracture aperture, 

which can reduce the fracture conductivity by 99 % with a subsequent reduction in oil or gas 

production. Since the above-described situation affects fracture conductivity significantly, it is 

crucial to model the problem comprehensively. 

 

Fig. 2  Illustration of a propped fracture (Terracina & Harper, 2018) 
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Therefore, the Author developed a state-of-the-art method to model in-situ fracture 

behavior by coupling DEM-FEM-CFD numerical solutions with the consideration of 

fundamental factors, such as fracture geometry, proppant geometry, proppant size, uneven 

proppant arrangement, proppant size distribution, deformation, embedment, and fluid 

dynamics. The potential application of the research conducted and summarized in the Thesis is 

the better understanding of propped fracture dynamics which may result in a more efficient 

fracturing treatment design for engineers working in the upstream division of the petroleum 

industry. 

1.1. Research purpose & research conducted 

The Author’s research activity regarding hydraulic fracturing began in 2013 and focused 

on fracture conductivity in 2016. From the very beginning, the research path was well-defined 

based on the Author’s previous experience: investigating fracture conductivity in a microscale 

environment and describing the propped fracture behavior in a more sophisticated way than 

found in the literature. 

The first period of the research activity was characterized by a comprehensive literature 

review, which resulted in perspicuous research perspectives and goals. The literature review 

provided the author with an overall picture of experimental, analytical, semi-analytical, and 

numerical research conducted regarding fracture conductivity and brought out exact research 

aims as listed below: 

• Pointing out conductivity influencing factors by performing analytical analysis 

and showing parameters’ relevance. 

• Developing an innovative numerical method to describe propped fracture 

dynamics with sufficient accuracy for technical practice, i.e., the evolvement of 

a coupled numerical method integrating the fracture and proppant geometry, 

proppant size and size distribution, uneven proppant arrangement, deformation, 

embedment, and fluid dynamics. 

• Analyzing the one-way coupled numerical model results and comparing 

analytical and numerical findings with a particular focus on drawing relevant 

consequences. 
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• Carrying out experimental measurement using API standards and validating the 

model based on the results. 

The analytical model, used to understand the physics behind fracturing and highlight 

relevant factors, can determine the proppant embedment, proppant deformation, and the sum of 

these: the change in fracture aperture. The fracture conductivity can also be computed by 

combining the Hertzian contact theory and the Kozeny-Carman capillary tube model. Using the 

analytical model, sensitivity tests could be accomplished to investigate the influence of factors. 

The results showed the crucial points where the emphasis should be put on. 

The one-way coupling modeling technique developed by the Author’s research activity 

incorporates the benefit of the Discrete — and Finite Element Method to describe the in-situ 

behavior of hydraulic fractures with specific consideration of fracture conductivity. DEM 

(Discrete Element Method) provided the application of random particle generation and non-

uniform proppant placement. FEM (Finite Element Method) Static Structural module was used 

to simulate the elastic behavior of solid materials: proppant, and formation, while CFD 

(Computational Fluid Dynamics) solver was applied to define fluid dynamics within the 

propped fracture. 

The numerical model results were compared to API RP-19D laboratory experiments 

conducted by the Author in the GEOCHEM Laboratory. The match of the outcomes validated 

the method and encouraged the Author to describe proppant deformation and embedment and 

their effect as precisely as possible. Furthermore, based on the results, sensitivity analysis was 

performed, which pointed out the impact of several factors affecting proppant embedment, 

deformation, and fracture conductivity and made one aware of a reasonable interpretation of 

propped hydraulic fracture operation. 

The research techniques included all the conventional scientific solutions like: 

• literature research to identify opportunities 

• analytical model analysis to further concretize research perspectives 

• numerical model development to describe the phenomenon 

• laboratory experiments for model validation 

The scientific achievements have been continuously published, and they are listed in 

chapter 2 and 3. 
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2. SCIENTIFIC ACHIEVEMENTS 

Novel scientific results have been found during the research conducted and presented in 

the Ph. D. Thesis. This chapter summarizes the scientific findings and forms the theses. 

2.1. Thesis #1 

I developed a Discrete Element Model to describe the random proppant placement 

within the fracture. The gravitational drop makes the particles roll and slide on each other and 

contains tangential displacement components, i.e., enables interactions of both collision and 

friction. In addition, I incorporated inhomogeneity by applying particle geometry other than a 

sphere, shown in Fig. 3, and considering proppant size distribution, shown in Fig. 4. Finally, I 

verified the established model by the calibration procedure of a silo outflow experiment. The 

proppant’s micromechanical properties are summarized in Table 1. 
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Fig. 3  Electron microscopic photos and DEM clumps 

 

Fig. 4  Detailed size distribution of 16/30 proppant 
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Table 1. Calibrated micromechanical parameters 

Parameter Proppant Silo 

Poisson-ratio, ν [-] 0.25 0.3 

Young modulus, E [Pa] 4.13·1010 - 

Density, ρe [kg/m3] 2800 5100 

Friction angle, φ [°] 10 1 

Coeff. of rolling friction, f [m] 0.0001 0 

2.2. Thesis #2 

I established a complex Finite Element Model (Structural and Computational Fluid 

Dynamics) to determine the proppant deformation and embedment into the hydrocarbon-

bearing formation, shown in Fig. 5, and to simulate and investigate the fluid dynamics within 

the fracture inside the porous media formed by the compacted proppant pack. 

I proved the validity of the Structrural and Computation Fluid Dynamics model, based 

on the standard API RP 19D. The results showed an excellent matching, shown in Fig. 6 and 

Fig. 7, enabling me to examine fluid flow and determine the pressure drop across the domain 

examined. Based on this new method, the primary outcome of the hydraulic fracturing treatment 

– the fracture permeability and conductivity – can be determined. 

 

 

Fig. 5  Numerical mesh of the formation (a) and proppant particles (b). 

 

a b 



 

 

8 

 

 

Fig. 6  API + numerical permeability 

 

Fig. 7  API + numerical conductivity 

2.3. Thesis #3 

I evolved the one-way coupling method, demonstrated in Fig. 8, to establish an interface 

of DEM-FEM-CFD simulation and incorporate the benefits of different numerical approaches. 

Based on the method, complex mechanical analysis of propped hydraulic fractures can be 

performed. The established method can be interpreted as my primary research achievement and 

can be a pioneering technique for practicing field engineers. 
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Fig. 8  Process flow developed 

 

2.4. Thesis #4 

Based on the one-way coupling method, I found that the initial fracture aperture hurts 

the proppant pack porosity and, therefore, the permeability, shown in Fig. 9. However, Fig. 10 

shows that the fracture conductivity increases with the initial fracture width; due to the higher 

degree of freedom, the proppant particles are forced to be arranged more orderly, entailing less 

interconnected effective porous space between the particles for fluid flow. 
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Fig. 9  Porosity and permeability as the function of fracture width 

 

Fig. 10  Conductivity as the function of fracture width 

 

2.5. Thesis #5 

I showed the application of clumps (Fig. 3) to develop non-regular elements – differing 

from spheres – in DEM. Fig. 11 demonstrates the results of clump application regarding 

porosity and permeability. The analysis highlighted the combination of four spheres to 

substitute spheroidal particles; however, it was excluded from the further investigation because 

of the slight impact on porosity and permeability with conspicuous time-consuming 

computational requirements. 
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Fig. 11  Porosity and permeability for clumps 

 

2.6. Thesis #6 

I proved that the proppant geometry impact on fracture conductivity is less significant 

than the effect of particle size distribution. This finding confirms the geological and rock 

mechanics theory, i.e., the less sorted the granular media – it consists of more ranges of particle 

diameter – the less porosity can be reached based on the phenomenon of smaller fragments 

might be placed within the pore throat of larger particles. Nevertheless, this analysis also found 

that the tiny particles restrict the pore throat concerning fluid flow and provide support against 

fracture closure resulting thicker fracture aperture. Fig. 12 and Fig. 13 summarize the results, 

where the legend assigns [mesh] for the model results with size distribution, demonstrated with 

a dashed line, and S mesh for the uniform spheres, presented with a solid line. 
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Fig. 12  Fracture Conductivity 

 

 

Fig. 13  Fracture Aperture 
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2.7. Thesis #7 

Based on the research, I demonstrated the limits of the analytical model introduced by 

Li et al. (2015) and I draw the following conclusions: 

• The analytical model supposes perfect spheres with the same diameter for all the 

particles; however, the granular media is sorted by sieves with a given size 

distribution, and their shape is characterized by sphericity and roundness indices. 

• It assumes no friction between the particles, i.e., no tangential displacement 

component – friction traction – is considered.  

• The Hertz model supposes the contact surface developed between the contacting 

objects is flat; however, the stiffer body domes into the softer object. 

• The analytical solution is based on infinitesimal strain assumptions, which may 

conclude errors due to geometrical nonlinearities of finite deformation. 

• Another limiting factor is the assumption of the Kozeny-Carman model, i.e., it is only 

valid for laminar flow. 

• It applies the most compact, even proppant arrangement, i.e., the maximum 

achievable initial porosity is 0.259, which is not valid for most cases. 

2.8. Potential application 

The research demonstrated the capability of DEM-FEM-CFD coupling for modeling 

multidisciplinary processes regarding hydraulic fracturing and provided insight into the factors 

that drive the complex interactions between proppant particles, formation stiffness, and closure 

pressure. The outcome of this research may advance the fundamental understanding of proppant 

embedment and deformation and contribute to a broad scale of applied sciences that aim to 

optimize hydraulic fracturing. 

The novel modeling technique, the one-way coupled method, enables the practicing 

engineers to integrate all relevant principle into the model and provide a huge potential to 

investigate fundamental parameters affecting the propped hydraulic fracture behavior. As CFD 

was successfully coupled, fluid dynamics could give place for further research directions, e.g., 

the turbulence and inertial impact of proppant geometry to be examined. 
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Lengyel, T. (2017): Repedés Konduktivitást Befolyásoló Tényezők Vizsgálata, Diáktudomány c. 

kiadvány, X. kötet, ISSN:2062-07-21, Miskolc, 2017. 

Lengyel, T., Jobbik, A. (2020): Combined Analysis System for Proppant Selection in Aspect of Fracture 
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