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ABSTRACT 

  

The Hereford project in northeast Colorado was created to allow for engineering, geophysical 

and geological disciplines to be applied for a case study process for maximum hydrocarbon 

extraction.  This program is designed to be applied to full field development through pilot programs 

in shale plays across North America.   

This thesis explores the application of fiber optic technology to advance integrative 

approaches for understanding hydraulic stimulation processes. Leveraging Distributed Acoustic 

Sensing (DAS) technology, the research focuses on evaluating half-length relationship during well 

completions. The study employs a commercial hydraulic fracturing software as the central platform 

for integrating geological, geophysical, and engineering techniques, providing a comprehensive 

framework for fracture modeling and analysis.  The project, in the Denver-Julesburg (DJ) Basin of 

Colorado, centers on development of a geomechanical model based on geological and geophysical 

input data.  Multi -well simulations were conducted to estimate refined fracture half-lengths (Xf) and 

heights, identifying significant variability and comparing results with in-field measurements.  

Depletion (pressure and production) in legacy wells and fiber optic diagnostics, were 

integrated into the study to evaluate reservoir contact and completion stimulation efficacy. The 

diagnostics provide insights into stage-by-stage and well-to-well interactions. Sub-stage resolution 

analysis, stress orientation metrics, and seismic attributes, further enhanced the understanding of 

production dynamics and validated results against Surface Well Pressure Monitoring (SWPM) 

techniques.  Production history matching served as a critical measure for validating inter-well and 

pad-level completion diagnostics, enabling a deeper understanding of reservoir interactions. 

Additional applications and processes are introduced to assess their impact on production 

performance, culminating in recommendations for optimizing future development strategies.  



iv 

 

TABLE OF CONTENTS 

ABSTRACTéééééééééééééééééééééééééééééééééé.. iii  

LIST OF FIGURESééééééééééééééééééééééééééééééé... vi 

LIST OF TABLESééééééééééééééééééééééééééééééé...viii  

NOMENCLATUREééééééééééééééééééééééééééééééé..ix 

ACKNOWLEDGEMENTSéééééééééééééééééééééééééééé.. xi 

DEDICATIONéééééééééééééééééééééééééééééééé.é.xii 

CHAPTER 1 INTRODUCTIONéééééééééééééééééééééééééé....1 

1.1 Motivation for The Study..éééééééééééééééééé...éééééé.éé1 

1.2 Research Objectivesééééééééééééééééééé.éééééééé..........2 

1.3 The Hereford Projectééééééééééééééééééééééééééééé.3 

1.3.1 Geologyééééééééééééééééééééééééééééééééé..3 

1.3.2 Project Characteristicséééééééééééééééééééééééééééé4 

1.3.3 Project Focus Areaééééééééééééééééééééééééééééé.6 

1.3.4 Available Dataééééééééééééééééééééééééééééééé8 

CHAPTER 2 LITERATURE REVIEWéééééééééééééééééééééééé.9 

2.1 Unconventional Reservoir Stimulationé..ééééééé....ééééééé.ééééé..9 

2.2 Hydraulic Fracturingéééééééééééééééééééééééééééé...12 

2.3 Hydraulic Fracture Geometryééééééééééééééééééééééééé.13 

2.4 Hydraulic Fracture Conductivityééééééééééééééééééééé............16 

2.5 Hydraulic Fracturing Modelingéééééééééééééééééééééééé..17 

2.6 Stress Shadowingéééééééééééééééééééééééééééééé18 

2.7 Well Interferenceéééééééééééééééééééééééééééé.........19 

2.9 Previous Hydraulic Fracturing Treatments in The Hereford Projectéééééé..................21 

CHAPTER 3 STIMULATION MODEL DEVELOPMENTééééééééééééééé...23 

3.1 Geological Model Developmentéééééééééééééééééééééééé.23 

3.1.1 Well Placementéééééééééééééééééééééééééééééé25 

3.1.2  Well Log Processingé.ééééééééééééééééééééé...éééé26 

3.1.2.2 Geomechanical Propertiesééééééééééééééééééééé....éé.30 

3.1.2.3 Pore Pressure and Closure Pressureéééééééééééééééééééé...34 

3.1.3 DFIT Analysis and Model Calibrationééééééééééééééééééééé.35 

3.1.4 Grid Setupéééééééééééééééééééééééééééééééé.39 

3.1.5 Error Analysiséééééééééééééééééééééééééééééé...41 



v 

 

3.2.1.1 Pressure Match of Legacy wellséééééééééééééééééééééé44 

3.2.1.2 Production Match of Legacy Wellsé.ééééééééééééééééééé..49 

       3.2.2 Pad completion Well Modelé..éééééééééééééééééééééé...54 

3.2.2.1 Pressure Match of New Pad Wellsééééééééééééééééééé...é.56 

CHAPTER 4 DIAGNOSTICS AND PRODUCTION IMPACTSééééééééééééé...67 

    4.1 Sealed Wellbore/Downhole Pressure Monitorééééééééééééééééééé67 

    4.2 Production Matchéééééééééééééééééééééééééééééé69 

4.3 Pressure Match Summary...éééééééééééééééééééééééééé79 

4.4 Production Match Summary...ééééééééééééééééééééééééé80 

4.5 Sensitivity Analyses and Other Factors...éééééééééééééééééééé...81 

4.6 Half-Length Descriptions ...éééééééééééééééééééééééééé89 

CHAPTER 5 Conclusions and Recommendationséééééééé...éééééééééé....98 

5.1 Conclusionsééééééééééééééééééééééééééééééé.....98 

5.2 Recommendationsééééééééééééééééééééééééééééé.102 

REFERENCES...éééééééééééééééééééééééééééééééé105 

APPENDIX A PRESSURE MATCH RESULTS.ééé...ééééééééééééééé..110 

APPENDIX B COPYRIGHT PERMISSION STATEMENTS...ééééééééééééé..119 

 

 

  

 

 

 

 

 

  



vi 

 

LIST OF FIGURES 

Figure 1.1:    Area description for the Wattenberg field, Denver Julesburg Basinéééééé......3 

Figure 1.2:    Stratigraphic column for the Niobrara and Codell Sandstoneééééééééé.. ..4 

Figure 1.3:    Petrel project showing the general relative locations of the four padséééééé...5 

Figure 1.4:    Project exported from PetrelTM and imported into GOHFERTMéééééééé....7 

Figure 2.1:    Orientations and magnitudes of principle stress (World Stress Map 2016)éééé  13 

Figure 3.1:    Model construction in 3D used for extraction/input to the fracture modeléééé..  24 

Figure 3.2:    Geological representation showing legacy well interference to pad productionéé.  24 

Figure 3.3:    Overview schematic of fracture model with treatment and legacy wellsééééé  26 

Figure 3.4:    Input log data from the field and resulting generative fracture modeléééééé.  27 

Figure 3.5:    Example post job report (PJR) for the treatment into the fracture modelééééé  32 

Figure 3.6:    Stage treatment data with the associated separation in pump schedule to the model..  33 

Figure 3.7:    Example of the extension replicator from two wellbore stageséééééééé...  34 

Figure 3.8:    Stepdown test diagram for a diagnostic fracture injection test (DFIT)éééééé  36 

Figure 3.9:    Diagnostic diagram for a DFIT for a nearby project  welléééééééééé...  37 

Figure 3.10:  DFIT diagram showing step test and instantaneous shut in pressureéééééé...  38 

Figure 3.11:  DFIT diagram showing pressure dependent leakoff (PDL)éééééééééé.  38 

Figure 3.12:  Diganostic results from the DFIT analysiséééééééééééééééé...  39 

Figure 3.13:  Grid set up using 10 ft node size and aspect ratio of 2éééééééééééé  40 

Figure 3.14:  Grid incorporation of the GSLIB file into the fracture modelééééééééé.  41 

Figure 3.15:  Given data example for the treatment estimation of legacy wellsééééééé...  45 

Figure 3.16:  Pump schedule used for legacy completion based on given limited treatment dataé  46 

Figure 3.17:  Legacy well pressure match for example stage 16ééééééééééééé...  47 

Figure 3.18:  Legacy fracture orientation due to azimuth of maximum stresséééééééé..  48 

Figure 3.19:  Extension of replicated fractures due to legacy well completionéééééééé  49 

Figure 3.20:  Geometrical description of the inputs used from the heuristic material balanceéé.  51 

Figure 3.21:  Depletion calibrated from legacy wells based on historical matchééééééé..  52 

Figure 3.22:  Horizontal depletion area internal to the fracture model from legacy affectééé...  53 

Figure 3.23:  Vertical depletion of the legacy wells shown in psiééééééééééééé.  53 

Figure 3.24:  Design input into fracture model, plan view of wells and relative positionsééé...  55 

Figure 3.25:  Geometrical set up and quality control of the pad completion model comparisoné..  56 

Figure 3.26:  Pad completion pressure match results for stage 1 of the Codell fiber welléééé  62 



vii  

 

Figure 3.27:  Pad completion pressure match results for stage 2 of the Codell non-fiber welléé.  63 

Figure 3.28:  Pad completion pressure match results for stage 1 of the Niobrara fiber wellééé  63 

Figure 3.29:  Pad completion pressure match results for stage 18 of the Niobrara fiber welléé..  64 

Figure 3.30:  Pad completion pressure match results for stage 39 of the Codell non-fiber wellé...  64 

Figure 3.31:  Pad completion pressure match results for stage 43 of the Codell fiber wellééé..  65 

Figure 3.32:  Pad completion results for all Codell and Niobrara wellsééééééééééé  66 

Figure 4.1:    Downhole pressure guage and sealed wellbore pressure monitor (SWPM) example.. 68 

Figure 4.2:    SWPM example from Olson et. al (2023)ééééééééééééééééé  68 

Figure 4.3:    Pressure response shown at the adjacent stage to the SWPM and downhole guageé  69 

Figure 4.4:    1st of four snapshots of production data given by stage through fiber estimationé...  71 

Figure 4.5:    4th of four snapshots of production data given by stage through fiber estimationé...  72 

Figure 4.6:    Oil rate decline data given for the period of 6 months of Codell productionééé..  73 

Figure 4.7:    Gas rate decline data given for the period of 6 months of Codell productionééé.  73 

Figure 4.8:    Type curve analysis for the Codell fiber wellééééééééééééé..éé 75 

Figure 4.9:    Pseudo plot analysis for the Codell fiber wellééééééééééééééé.  76 

Figure 4.10:  Semi-log plot analysis for the Codell fiber welléééééééééééééé..  76 

Figure 4.11:  Decline curve analysis (DCA) for the Codell fiber wellééééééééééé..  77 

Figure 4.12:  Rate decline curve analysis for the Codell fiber welléééééééééééé... 77 

Figure 4.13:  Production match for the Codell fiber welléééééééééééééééé...78 

Figure 4.14:  Net pay grid for the Codell fiber welléééééééééééééééééé...82 

Figure 4.15:  Net pay grid for the Niobrara fiber wellééééééééééééééééé...  83 

Figure 4.16:  1st of four snapshots of production data by stage type through fiber estimation.éé.85 

Figure 4.17:  2nd of four snapshots of production data by stage type through fiber estimationéé.86 

Figure 4.18:  3rd of four snapshots of production data by stage type through fiber estimationéé. 87 

Figure 4.19:  4th of four snapshots of production data by stage type through fiber estimation.éé.88 

Figure 4.20:  Respective half-lengths, compared to well spacingééééééééééééé..90 

Figure 4.21:  Measured proppant concentration for stage 50 of the adjacent Codell well.ééé....92 

Figure 4.22:  Measured net pressure for stage 50 of the adjacent Codell well, recorded into fiber...93 

Figure 4.23:  Measured conductivity for stage 50 of the adjacent Codell welléééééééé..94 

Figure 4.24:  Measured fluid/proppant loss for stage 50 of the adjacent Codell well.ééééé...95 

Figure 5.1:    Integrative example of image log, microseismic, fiber vertical seismic profileéé..104 

Figure 5.2:    Sample product of new technology development with time-lapse fiberééééé..104 



viii  

 

LIST OF TABLES 

 

Table 1.1: Data list given for the Hereford projectééééééééééééééééééé5 

Table 3.1: Main parameters obtained from the DFIT analyses summaryééééééééé... 37 

Table 3.2: Design flow chart for testing strategy related to fiber optic associated wellséééé 55 

Table 3.3: Hybrid design volumes for the fiber related pad wellséééééééééééé.. 58 

Table 3.4: Slickwater design volumes for the fiber related pad wellsééééééééééé 60 

  



ix 

 

NOMENCLATURE 

 

American Association of Petroleum Geologistséééééééééééééééééé.AAPG 

Bottom Hole Pressureéééééééééééééééééééééééééééé....BHP 

Brillouin Optical Time Domain Reflectometryééééééééééééééééé....BOTDR 

Critical Fissure Opening PressureééééééééééééééééééééééééCFOP 

Centimeteréééééééééééééééééééééééééééééééééé.cm 

Distributed Acoustic Sensingéééééééééééééééééééééééééé.DAS 

Decline Curve Analysiséééééééééééééééééééééééééééé..DCA 

Diagnostic Fracture Injection Testéééééééééééééééééééééééé.DFIT 

Denver-Julesburg BasinéééééééééééééééééééééééééééDJ Basin 

Distributed Temperature SensingéééééééééééééééééééééééééDTS 

Youngôs Modulus (psi or MPa)éééééééééééééééééééééééééééE 

Fracture, Acidizing, Stimulation Technology.ééééééééééééééééééé..FAST 

Dimensionless Fracture Conductivity ééééééééééééééééééééééé.FCD 

Grid Oriented Hydraulic Fracture Extension Replicatorééééééééééééé.GOHFERÊ 

Gamma RayééééééééééééééééééééééééééééééééééGR 

Instantaneous Shut-In Pressureéééééééééééééééééééééééééé.ISIP 

Formation Permeability (md)éééééééééééééééééééééééééé.éék 

Fracture Permeability (md)éééééééééééééééééééééééééé.éé..kf 

Permeability Multiplierééééééééééééééééééééééééééééé..kmult 

Low Frequency Distributed Acoustic SensingéééééééééééééééééééLFDAS 

Logging While Drillingéééééééééééééééééééééééééééé...LWD 

Measured Depthéééééééééééééééééééééééééééééééé.MD 

Optical Pressure and Strain SensorsééééééééééééééééééééééééOPSS 

Post Job Reportéééééééééééééééééééééééééééééééé...PJR 

Pressure Dependent Leakoffééééééééééééééééééééééééééé..PDL 

Pressure Dependent Leakoff CoefficientééééééééééééééééééééééPDLC 

Pore Pressure (psi)ééééééééééééééééééééééééééééééééPp 



x 

 

Process Zone StresséééééééééééééééééééééééééééééééPZS 

Quality ControléééééééééééééééééééééééééééééééééQC 

Reservoir Characterization ProjectéééééééééééééééééééééééééRCP 

Stimulated Reservoir Volumeéééééééééééééééééééééééééé...SRV 

Water Saturationéééééééééééééééééééééééééééééé.éé..Sw 

Total Organic Carbon.ééééééééééééééééééééééééééééé...TOC 

Uniformity Index (Cluster Efficiency Metric)ééééééééééééééééééééé..UI 

Vertical Seismic Profilingéééééééééééééééééééééééééééé..VSP 

Poissonôs Ratio (unitless)éééééééééééééééééééééééééééééév 

Void Volumeéééééééééééééééééééééééééééééééé.....Vvoid 

Total Volumeééééééééééééééééééééééééééééééééé.Vtotal 

Shale Volumeééééééééééééééééééééééééééééééééé...Vsh 

Fracture Width (ft)ééééééééééééééééééééééééééééééééwf 

Fracture Half-Length (ft)ééééééééééééééééééééééééééééé...Xf 

X-ray Diffractionééééééééééééééééééééééééééééééé..XRD 

X-ray Fluorescenceéééééééééééééééééééééééééééééé...XRF 

Porosityéééééééééééééééééééééééééééééééééééé...ű 

Effective PorosityééééééééééééééééééééééééééééééééűEff 

Minimum Horizontal Stress (psi)éééééééééééééééééééééééééé..ůh 

Tectonic Stress (psi)ééééééééééééééééééééééééééééééé...ůt 

Overburden Stress (psi)éééééééééééééééééééééééééééééé.ův 

Horizontal Tectonic Strain (microstrain)ééééééééééééééééééééééé...Ůh 

Vertical and Horizontal Poroelastic Constants (unitless)éééééééééééééééé.Ŭv, Ŭh  



xi 

 

ACKNOWLEDGEMENTS 

  

Thank you to everyone who provided me with guidance, assistance and support in pursuing 

my Master of Science at Colorado School of Mines (CSM).  This accomplishment would not have 

been possible without my advisors, friends and most of all my familyôs support and belief in me. 

I would like to extend special thanks to my thesis advisor, Jennifer Miskimins, who believed 

in my abilities and offered guidance throughout my courses and also the development of this thesis.  I 

am also grateful to my committee members: Dr. Luis Zerpa Acosta and Dr. Erdal Ozkan, and all 

CSM faculty and staff. 

 I would also like to thank my colleagues and mentors who provided me with access to 

specialized resources, and a wealth of knowledge and information.  Additional thanks to the 

Reservoir Characterization Project (RCP) for the data set and Fracture, Acidizing, Stimulation 

Technology (FAST) for funding. 

 

 

 

 

 

 

 

 

 

 

 

 



xii  

 

 

 

 

 

 

 

 

 

 

 

 

 

To my son. 

To my supportive mother, father, brothers, and sisters. 

 

 

 

 



1 

 

CHAPTER 1 INTRODUCTION 

Fiber optic applications, when applied in pilot projects of differing basins in North America, 

can be a useful exercise for direction of full field development.  The primary goals of this project 

work are to utilize related fiber optic and engineering data as input into a fracture modeling software 

for further completion and production history match understanding.  The second goal is to utilize 

ancillary geophysical and geological data to further refine the model for completion interaction with 

the targeted reservoir rock.  The third project goal is the development and application of a new 

technology providing for a quantitative and qualitative description of well bore interaction with 

reservoir rock, per utilization of the fiber optic cable with engineering methodology.  All the above 

stated goals allow for the various descriptions of hydraulic stimulation of reservoir rock interaction 

(propped, effective, half and micro-seismic lengths) for stimulated reservoir volume (SRV) 

measurements.  The given reservoir interaction SRV will allow for further field development from 

the pilot learnings. 

The focus of the project work for this thesis is a program located in the Denver-Julesburg (DJ) 

basin of northern Colorado.  Utilization of learnings from two other RCP projects (Wattenberg and 

Eagle Ford) has allowed for an overall understanding of geometrical descriptions and best practices 

in the related application of pilot programs for further field development. 

1.1 Motivation for The Study 

Motivation for this study was based upon the need to gather more information about fiber optic 

methods of extracting hydraulic fracture propagation data, and the development of new applications 

to model and determine associated well productivity.  Hydraulic fracturing has historically been the 

primary stimulation process for development of unconventional resource plays in the United States 

(Ganat 2020).  The process, however, requires a much more in-depth understanding due to lithologic 
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differences in reservoir scaled properties.  This advanced understanding requires a multidisciplinary 

approach utilizing engineering, geophysics and geology as well as other facets that can somewhat be 

considered encompassed in these three disciplines (geochemistry for example).  This study shows a 

generalized attempt at combining the disciplines to provide a greater value add for pilot projects to be 

utilized for full field development. 

1.2 Research Objectives 

This research is intended to provide a better stimulation description of reservoir contact and 

relatable producibility to a multi-well pad located in the DJ basin of Colorado.  The primary dataset 

utilized for this project is contained in Pad 17 of the Hereford Project located in Weld County CO 

near the Wyoming border.  This pad contains two fiber optic installed wells that were used for both 

treatment description of their self-contained system and the completion operations applied to each 

individual well.  Further, the fiber wells were used as monitor wells for completions of other wells 

involved in the zipper fracturing operations of Pad 17.  The project specific objectives necessary to 

achieve the overall goals are listed as follows: 

1. Development of a process to refine the fracture half-length (Xf) and fracture height that is 

created during operations to produce a Stimulated Reservoir Volume (SRV) (also referred to 

as an Enhanced Permeability Region) through hydraulic stimulation of each well.   

2.  Review learnings and perform a qualitative/quantitative analysis of the various factors 

influencing production to demonstrate how fiber optic can be utilized in field applications.  

3. Introduce/develop additional applications to aid in building a clarified description of the 

fracture propagation and the associated definitions of various fracture length measurements.   
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1.3 The Hereford Project 

 This thesis is based upon work investigating and capturing data for the Hereford Ranch 

Project of the Chalk Bluffs area.  The data was broken into three categories: engineering data, 

geophysical data, and geological data; these are described in Sections 1.3.1-1.3.3. 

1.3.1 Geology 

The project area exists in the northeastern part of Colorado in the region of the Denver-

Julesburg (DJ) Basin.  HighPoint Resources Corporation intended to develop the Hereford Field 

directly south of the Wyoming state border line to Colorado.  Development analogous to that in the 

Wattenberg and Eagle Ford fields is the objective in the Hereford Field area (Figure 1.1) (Burke 

2019).  

 

Figure 1.1 - General area for the Denver Julesburg Basin as used for analogy to Wattenberg field 

(left). Western Interior Seaway.  Analogous depositional setting of Eagle Ford to Wattenberg and 

Hereford areas (right) (Burke 2019).  The Hereford Field area is noted by the red star. 

 

The primary target intervals are the Niobrara B Chalk and the Codell Sandstone.  The 

Niobrara Formation is described as an organic-rich, self-sourced rock composed of chalks and marls 

from alternating depositions.  The Codell sandstone is part of the Carlile Formation and resides 
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directly below the Niobrara Formation.  The type log shows the general time frame and lithologic 

zone targets for the staggered production in the project (Figure 1.2) (Burke 2019). 

 

Figure 1.2 - Stratigraphic column showing the Niobrara section relative to the Codell Sandstone 

(left).  Hereford Field type log showing the general relative position for landing zones chosen for the 

project (right) (Burke 2019). 

 

1.3.2 Project Characteristics 

Effectively, there are four pads associated with the data for this project.  Table 1.1 shows the 

data loaded in Petrel which provides the geological reference data (Figure 1.3).  Figure 1.3 also 

shows the general concept map provided by the operator.  This shows the existence of three fiber 

wells utilized for engineering and geophysical acquisition.  The primary concentration for this study 

is Pad 17.  There is some focus on Pad 16 as it relates to potential interaction with Pad 17, however, it 

is secondary to wellbore interaction on Pad 17.  
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Figure 1.3 - Petrel project showing the general relative locations of the four pads (left).  General 

concept map demonstrating the fiber well locations provided by the operator (right).  Historic legacy 

wells running NW-SE are also shown on the right. 

 

Table 1.1 Listing of the data given for the Hereford project, categorized into engineering, geophysical 

and geological data. 

Category Data Type 

Engineering Data Distributed Temperature Sensing (DTS) in two wells 
 Pressure (pressure gradient, ISIP) 
 Completion and treatment 
 Diagnostic Fracture Injection Test (DFIT) 

Geophysical Data Distributed Acoustic Sensing (DAS) in two wells (including DAS microseismic) 
 Fiber VSP (Vertical Seismic Profiling) time-lapse monitoring 
 3D seismic volumes (a 4 sq mi volume and a larger 12 sq mi merged volume) 
 Surface microseismic 
 Tiltmeter 

Geological Data Full quad combo and sonic scanner log suite in pilot well 
 XRD (X-ray Diffraction) and XRF (X-ray Fluorescence) 
 Cuttings 
 Gas, mud gas, oil, and water composition 
 CMR (Combinable Magnetic Resonance) / micro-resistivity image log 
 LWD (Logging While Drilling) gamma 
 Core available from nearby wells 
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Table 1.1 is just an example as there are other datasets that were considered for integration in 

this project.  It should also be noted that additional technologies were applied to this project that are 

not listed above.  A RevealÊ (Lerohl et al. 2020) program was implemented as well as down hole 

pressure gauges.  These datasets were initially considered as unreliable, however, there should be 

some investigation into their usability for project efficacy.  Legacy well configuration should also be 

noted as there are multiple wells, drilled obtuse, prior to the drilling of pads 16 and 17 (Figure 1.3). 

Completion and treatment data were provided by the operator in numerous formats.  Fiber 

wells were the concentration; however, additional post job reports (PJRôs) and completion design 

parameters were given with stage/perforation interval designation.  The fiber optic response 

combined with operations information provided was a key component to provide learning for the 

stimulation effectiveness of the project. 

1.3.3 Project Focus Area 

The project focus area for this study concentrates primarily on Pad 17, described in the 

previous section.  Figure 1.4 shows a more precise description of the pad as the data was imported 

and transferred from the previous software (PetrelTM) (Bekbossinov 2021) to GOHFERTM.  PetrelTM 

software is a platform that was chosen for its ability to load multiple types of data and visualize these 

data in three dimensions.  The software is developed and maintained by Schlumberger Software 

Solutions.  The Reservoir Characterization Project (RCP) at the Colorado School of Mines obtains a 

license with the product and it was chosen as a visualization tool for its multi-informational loading.  

GOHFERTM or Grid Oriented Hydraulic Fracture Extension Replicator is a dynamic geo-mechanical 

modeling tool, owned by Halliburton, used in the industry for its ability to describe the extension of 

fractures due to stimulation processes applied to the reservoir rock.  The platform makes it ideal for 
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introducing stimulation data and external processes to determine reservoir contact and its contribution 

to hydrocarbon production. 

 

 

 

Figure 1.4 - PetrelTM project showing the general relative locations of the four pads (above).  Data 

exported from PetrelTM into GOHFERTM (below). 
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In GOHFERTM the wells are displayed with the previous operatorôs legacy wells that span 

obtusely NW-SE across the sections.  Pad drilling south to north and was to be zipper completed east 

to west to enhance recovery of hydrocarbons across the many sections owned by the operator. 

1.3.4 Available Data 

All available data were considered in the study; however, some data were considered more 

useful.  The log data was imported directly into the software packages.  The GSLIB file from 

PetrelTM was utilized to generate the foundation for the geological horizon and generalized tilt into 

the fracture model software.  Treatment curves were utilized with deviation surveys directly from the 

data provided in engineering operations folders from the operator.  These were then imported, and 

quality control checked with the PetrelTM project.  Additional data was considered related to the 

permanent installation of permanent fiber.  This provided information related to perforation 

efficiency or cluster efficiency as well as the low frequency DAS measurement comparisons. 
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CHAPTER 2 LITERATURE REVIEW 

There are several concepts from past research that should be considered related to the 

proposed thesis work and objectives.  Several of these concepts are discussed in Sections 2.1-2.9.   

2.1 Unconventional Reservoir Stimulation 

 

The utilization of well logs in unconventional reservoirs can be a difficult task to interpret and 

to gain full understanding of reservoir conditions.  Methods used to determine rock mechanical 

properties and stresses are conditional to the validity of raw input measurements and appropriate 

applicability to unconventional reservoirs during hydraulic fracturing as the assumptions may not be 

valid.  This can be especially true for measurements of sonic log velocities where factors such as 

laminations, external stress, temperature, borehole conditions (breakouts, mud composition, borehole 

size, and tool eccentricity), pore pressure, etc. can cause a variance of static versus dynamic rock 

property descriptions (Barree et al. 2009).  To further complicate the process of stimulation design 

and permeability enhancement, issues of geometrical versus selective completions are introduced into 

the process.   

Correlative development from vertical well-log measurements can be extended to horizontal 

applications in order to provide insights for preferred initiation areas to be perforated (Barree et al. 

2014).  Here a process to separate the various components such as potassium +thorium (KTh) of 

gamma-ray logs from the total gamma-ray (GR) curves can aid in the correlation of total organic 

carbon (TOC).  It is further important to keep in mind the role that reservoir geomechanics plays in 

the process of stimulation and production of horizontal wells.  At a given location, ongoing 

sedimentation increases the overburden stress which, in turn, will tend to cause compaction and 

porosity loss (Zoback 2010).  Zoback and others have continued to describe the effects of overburden 

stress in unconventional type reservoirs, namely shales. 
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Fracture modeling can utilize the information collected in a Diagnostic Fracture Injection Test 

(DFIT) or as some call it a mini-frac, to calibrate the base model.  Further investigation is necessary 

to fully understand the injection test utilized in the fracture modelling programs as this is the basis of 

some of the previous work in this study (Bekbossinov 2021). 

The Reveal EnergyTM technology is designed around the concept of pressure gauge 

monitoring (including leak-off analysis) through offset well design to estimate the dominant fracture 

created through stimulation.  The concept is to keep an open port or stage connected to the surface 

pressure monitor (typically) while completing a various number of stages of the offset well adjacent 

(Lerohl et al. 2020).  This process allows the service company to estimate a fracture half length (Xf) 

and height.  There is some debate in the industry whether the pressure provided by this technique at 

surface would be the same as measured with a down-hole pressure monitor system. 

Microseismic and tiltmeter measurements have been a form of measurement for over two 

decades now in unconventional resource extraction, however, their applicability has varied widely 

throughout the industry (Teff et al. 2016).  Tiltmeters can be a useable technique from the surface for 

CO2 injection projects to aid in the direction of the sweep of fluids in the reservoir.  From a downhole 

perspective, tiltmeters can give useful information for fracture height and width, however, the desired 

location of the monitor unit requires proximity to the treatment well (Moradi et al. 2021).  Surface 

microseismic methods can be very useful and correlative regarding horizontal (XY) descriptions, 

including fracture azimuth.  Downhole methods tend to favor vertical fracture descriptions and 

usually contain greater detail than surface methods.  Often it is necessary to combine both methods to 

make up for the deficiencies of the other method (Teff et al. 2016).  Once the compensation for 

deficiency is accomplished, several consistencies can be seen with fracture models.  Additionally, 

integrative projects in the nearby Wattenberg Field of Colorado have provided useful learnings 
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utilizing integrative methods from time-lapse programs integrated with fracture models (Alfataierge 

et al. 2019). 

Fiber optic sensing has become an increasingly popular method for utilization in projects in 

various basins of North American shale play development.  The first primary utilization, by Shell Oil 

Company, was to determine cluster efficiency through the interrogation of the fiber with distributed 

acoustic sensing (DAS) and distributed temperature sensing (DTS) (Molenaar et al. 2011).  The 

effective principle is that light is passed through the optical lattice of the fiber optic cable and the 

disturbance of diffraction of signal is utilized as a measure of strain in the cable.  This can show 

changes in the acoustic flux of a port/cluster as well as thermal warm back changes as fluid is 

introduced from the reservoir into the wellbore.  Another term for cluster efficiency is the uniformity 

index (UI) (Stark et al. 2020), but the terms are very similar in that they indicate some measure of 

port flow through the individual cluster contained in a stage.   

Additional methods utilizing geophysical techniques have aided in the search for fracture 

effects in stimulation monitoring.  DAS microseismic has been one utilized method, however, it 

usually suffers from the unidirectionality of the strain measurement in the fiber optic cable.  Low 

frequency DAS measurements show potential for understanding fracture hits with understanding of 

0-.5Hz strain measurement into the fiber optic cable which can be correlated with microseismic from 

an adjacent well at the time of stimulation (Jin and Roy 2017).  Further investigation into the fracture 

model will be necessary to validate this correlation as there is potential for error in this 

measurement.  The fracture model developed in this research provides insight into the geometrical 

variance from the strain geometry descriptions.   

The Vertical Seismic Profile (VSP) is another method that has been utilized from a 

geophysical measurement to understand hydraulic stimulation.  In this case, typical images have been 

proven to be representative of classical methods that utilize mechanically driven sondes for energy 
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and velocity capture.  The primary benefit for the DAS-VSP is that the receiver remains static 

throughout time-lapse methods and with a considerably large source (surface vibrator or dynamite for 

example), a crossover for engineering methods is considered as a statistical bombardment of acoustic 

waves into the static receiver (Teff et al. 2017). 

2.2 Hydraulic Fracturing  

Hydraulic fracturing is the process of injecting fluid, proppant and/or other potential 

materials, with a high-pressure system at the surface of a pad, into a horizontal (or vertical) well in a 

zone of interest (Gandossi and Von Estorff 2015).  This study concentrates on horizontal wells 

separated by a plug-and-perf system for stage isolation.  The intention is to create hydraulic fractures 

by exceeding the formation rock strength at a particular zone in a manner faster than the fluid is 

allowed to leak off.  Three modes of fracturing are opening, due to tensile forces, sliding and tearing, 

due to shear stress where the force is inline and orthogonal, respectively (Lawn 1975).   

Principal stresses of a field are a key driver in a particular play and can control the dominance 

of the above-mentioned modes of fracturing.  Principle stresses along with geomechanical properties, 

of the formation, control the reaction of forces that determine the minimum horizontal stress, as 

shown in Figure 2.1.  This can be demonstrated using Eq. (2.1) (Barree et al. 2009): 

ὖ „ „ ‌ὖ ‌ὖ ‐Ὁ „      (2.1) 

Where by; 

„ὸ: tectonic stress, psi 

„: minimum horizontal stress, psi 

„ὺ: overburden pressure, psi 

Pp: pore pressure, psi 

Pc: total fracture closure stress or minimum in-situ stress, psi 
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‐: horizontal tectonic strain, microstrain 

E: Youngôs modulus, million psi 

v: Poissonôs ratio, unitless 

‌ὺ: vertical poroelastic constant, unitless 

‌: horizontal poroelastic constant, unitless 

 

Figure 2.1 - Orientations and magnitudes of principle stress fault conditions (World Stress Map 2016) 

 

 The intention of hydraulic fracturing is to increase the amount of conductivity and contact 

from the well to the reservoir formation.  This is done by increasing the number of fracture channels 

in the reservoir and treatment zones, when injecting fluid and proppant.  The proppant is used to keep 

the fracture open after initiation (Miskimins 2020).  The desired effect of the process is an increase 

the effective stimulated reservoir volume (SRV) or the enhanced permeability region.  This region 

describes a volumetric area that can be broken down into components, height, length and width, of 

altered fracture geometry and conductivity. 

2.3 Hydraulic Fracture Geometry 

 Fracture geometry can be broken down into length, height, and width in order to describe the 

process of changing the overall SRV or enhanced permeability region.  Length refers to the distance 

the fracture extends horizontally through the rock formation. Height refers to the vertical extent of the 

fracture, or the distance between the top and bottom of the crack. Width refers to the distance across 
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the fracture, or the thickness of the crack.  Length and height measurements can vary on the same 

treatment depending on what characteristic is being evaluated, i.e. propped versus fluid or effective 

(Alrashed et al. 2019). 

The size and shape of the SRV or enhanced permeability region can be influenced by the 

fracture geometry, as well as other factors such as the orientation and spacing of the fractures, the 

properties of the reservoir, and the hydraulic fracturing treatment design. Understanding fracture 

geometry is important for optimizing hydraulic fracturing operations and maximizing production 

from oil and gas reservoirs. 

During hydraulic fracturing, a high-pressure fluid is injected into a wellbore to create 

fractures in the surrounding rock formation. The fluid pressure causes the rock to crack and fracture, 

and the injected fluid fills the fractures, creating channels for oil or gas to flow to the wellbore. 

In some cases, the hydraulic fractures can extend beyond the targeted zone.  However, the 

length of the induced fractures depends on various factors such as the type of rock formation, the 

properties of the injected fluid, and the pressure applied. Maintaining high pressure during hydraulic 

fracturing can indeed create longer, wider, and higher fractures in the rock formation. The pressure of 

the injected fluid causes the rock to break and form fractures, and the continued injection of fluid at 

high pressure helps to propagate these fractures further. 

As the fluid/proppant is injected into the fractures, it fills the void spaces, creating channels 

through which oil or gas can flow. The height of the fractures can increase as the fluid continues to be 

injected, and the width of the fractures can also expand as the pressure exerted by the fluid causes the 

rock to break and create new cracks.   

Thin fluid and low pumping rates during hydraulic fracturing can result in narrower fractures 

(Perkins and Kern 1961).  Thin fluid, which has a low viscosity, is less effective at creating the high 
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pressure needed to break the rock formation and create fractures. This can result in smaller fractures 

that are not as long, wide, or tall, in combination, as desired (in the case of slickwater length 

dominates the geometrical attributes). In contrast, thicker fluid with higher viscosity is more effective 

at creating and maintaining the high pressure needed to create larger fractures.   Similarly, low 

pumping rates can result in less fluid being injected into the wellbore, during a given time period, 

which can lead to lower pressure and smaller fractures. Higher pumping rates can help to create and 

maintain higher pressure and lower leakoff, which can result in larger fractures. 

However, it's important to note that the ideal combination of fluid viscosity, pumping rate, 

and pressure depends on the specific geological and reservoir conditions of the well. Factors such as 

the type of rock formation, its permeability, and the desired production goals, all play a role in 

determining the optimal hydraulic fracturing parameters.  The goal of hydraulic fracturing is to create 

fractures that are long enough to provide access to the desired hydrocarbon resources while avoiding 

fractures that are too long or too complex, which can result in well-to-well interference and decreased 

productivity and effective economics.   

Induced fracture length can be described by four lengths: microseismic length, hydraulic 

length, propped length, and effective length (Miskimins 2020; Cipolla et al. 2008).  Microseismic 

length is the length of the fracture that can be detected by microseismic monitoring. Microseismic 

monitoring uses an array of sensors to detect the small seismic events that occur as the rock fractures 

during hydraulic fracturing. The microseismic length is an estimate of the overall length of the 

induced fractures. 

Hydraulic length is the length of the fracture that is created and maintained by the hydraulic 

pressure of the fluid during injection. The hydraulic length is usually different than the microseismic 

length because some of the induced fractures may not generate enough seismic activity to be detected 
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by microseismic monitoring.  Propped length is the length of the fracture that is held open by the 

proppant, which is a material (such as sand) that is injected into the fracture to keep it from closing 

after the hydraulic pressure is released. The propped length is usually shorter than the hydraulic 

length because some parts of the fracture may not be effectively propped, or the proppant not 

effectively transported.  Effective length is the length of the fracture that is contributing to the flow of 

oil or gas to the wellbore. The effective length is influenced by factors such as the placement of the 

injection points, the distribution of the proppant, and the permeability and pore pressure of the rock 

formation. The effective length is usually significantly shorter than the hydraulic length and will  vary 

depending on the specific geological and reservoir conditions of the well. 

Other descriptions are related to the contribution to the SRV or enhanced permeability region 

and contribute to the producibility of a well.  Effective descriptions are considered to be the most 

important geometries contributing to production and controls on rate (Miskimins 2020; Cipolla et al. 

2008). 

2.4 Hydraulic Fracture Conductivity  

 In unconventional reservoirs, such as shale, tight sandstone, or coal, most of the hydrocarbon 

flow occurs in natural and induced fractures rather than in the matrix of the rock itself.  These 

reservoirs have low permeability, meaning that the oil or gas is trapped in the rock and cannot flow 

easily through the pores (Ganat 2020). Therefore, hydrocarbons are primarily produced through the 

interconnected network of fractures that provide a pathway for the fluids to flow to the wellbore.  

Natural fractures, which are pre-existing fractures in the rock formation, can enhance the 

permeability and provide channels for the hydrocarbons to flow. However, in unconventional 

reservoirs, the natural fractures may not be sufficient to allow for economic production of the 

hydrocarbons.  Therefore, hydraulic fracturing is used to create additional fractures and enhance the 

connectivity between them, which can significantly increase the permeability and improve the 
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production rates. The induced fractures can intersect the natural fractures, which can further enhance 

the flow of hydrocarbons.  The fracture conductivity relationship can be described as a ratio to 

reservoir deliverability by Eq. (2.2) (Cinco et al. 1978). 

Ὂ           (2.2) 

Where by; 

FCD: Dimensionless fracture conductivity, unitless 

w f: Fracture width, ft 

kf: Fracture permeability, md 

k: Formation permeability, md 

Xf: Fracture half length 

2.5 Hydraulic Fracturing Modeling  

 There are a number of fracture models that have been utilized in industry to describe the 

effect of the hydraulic stimulation process to enhance the permeability region.  The model used for 

this study is a fluid dynamic model utilizing three-dimensional analysis of stress and fluid/proppant 

rate injectability reaction with geo-model parameters input to the model (Barree 2015).  Models for 

multistage horizontal wells should take into consideration the interference between stages and within 

a stage.  Interference between stages occurs when the fractures created by one stage of the wellbore 

intersect or overlap with the fractures created by a neighboring stage. This can lead to reduced 

production and lower overall efficiency of the well (Manriquez 2019). To properly model this, the 

hydraulic fracture propagation and interaction between stages should be considered, along with the 

spacing and sequencing of the stages. 
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Within a stage, interference can occur due to a variety of factors such as variations in rock 

properties, wellbore orientation, and completion design. This can result in uneven distribution of 

proppant and fluid within the fracture network, which can impact production rates (Gandossi and Von 

Estorff 2015). Proper modeling should account for these factors and incorporate them into the design 

of the completion strategy.  Overall, accounting for interference is critical to optimize the 

performance of multistage horizontal wells and maximize the recovery of hydrocarbons from the 

reservoir. 

2.6 Stress Shadowing 

 Stress shadowing is a phenomenon that occurs in hydraulic fracturing when the creation of a 

fracture in a rock formation affects the stress state of the surrounding rock, leading to changes in the 

behavior of neighboring fractures. Specifically, when a fracture is created in a rock formation, it 

causes a redistribution of stresses in the surrounding rock, with the highest stresses concentrated at 

the tips of the fracture. These high stresses can create a zone of reduced stress around the fracture, 

known as the "stress shadow" (Fisher et al. 2004). 

When a subsequent fracture is created near the original fracture, the presence of the stress 

shadow can affect the behavior of the new fracture. Specifically, the reduced stress in the stress 

shadow can make it more difficult for the new fracture to propagate in certain directions, leading to 

changes in the shape and orientation of the fracture. This can have important implications for 

hydraulic fracturing operations, as it can affect the productivity and ultimate recovery of 

hydrocarbons from the formation.  To mitigate the effects of stress shadowing, a number of strategies 

can be employed. These may include adjusting the spacing and orientation of hydraulic fracturing 

stages, optimizing the placement of wellbores, and using advanced modeling techniques to predict the 

behavior of the reservoir and optimize the completion design (Barree 2015).   
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2.7 Well Interference 

 In unconventional reservoirs such as shale gas, tight gas, and tight oil, the well spacing is 

often much tighter than in conventional reservoirs. This means that multiple wells are drilled in close 

proximity to each other, which can lead to interference between the wells both during stimulation and 

production (Vidma et al. 2019). Additionally, these reservoirs often require large volumes of 

fracturing fluid to be injected into the formation in order to create and maintain fractures that allow 

for the production of hydrocarbons (Wang 2022). This can further exacerbate the problem of 

interference between wells.  Interference between wells can occur in a number of ways. For example, 

when multiple wells are producing from the same formation, they can create a pressure drawdown 

that affects the flow of fluids in neighboring wells. This can result in reduced production rates or 

even premature well shutdowns. In some cases, interference can even lead to communication between 

wells, which can further complicate the situation (Vidma et al. 2019). 

To mitigate interference in unconventional reservoirs, a number of strategies can be 

employed. One approach is to optimize the well spacing and fracture design to minimize the potential 

for interference. This may involve using advanced modeling techniques to predict the behavior of the 

reservoir and optimize the placement of wells and fractures. Timing and location of well interference 

are critical factors in understanding pad communication (Cao et al. 2017). 

In terms of time, interference can be either early or late. Early interference occurs when one 

well affects the performance of a neighboring well shortly after it is put into production. This can 

happen when the pressure drawdown caused by the producing well affects the flow of fluids in 

nearby wells, leading to reduced production rates.  Late interference, on the other hand, occurs when 

the effects of one well on a neighboring well are not observed until sometime after both wells have 

been in production. This can be caused by several factors, including changes in the reservoir over 

time, changes in the production strategy, or changes in the completion design. 
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Understanding the timing and location of well interference can be important for developing 

strategies to mitigate its effects and optimize production in unconventional reservoirs (Manriquez 

2019).  There were a number of experimental process measurements implemented in this current 

study to further delimit the well interference and their comparison. 

2.8 Fiber Optic Comparison Measurement 

Comparison of measurements from fiber optic methods are usually divided into two 

categories.  The first being engineering derivatives geared toward cluster efficiency and near well 

bore measurements such as plug failure.  These measurements are primarily used for oil and gas 

production and reservoir management. Fiber optic sensors are installed in the wellbore to provide 

real-time data on the performance of the well and its surroundings. Some common examples of 

engineering derivatives include Distributed Temperature Sensing (DTS), Distributed Acoustic 

Sensing (DAS), and Optical Pressure and Strain Sensors (OPSS). These measurements are critical for 

optimizing the production process and ensuring the safety and efficiency of the well (Ugueto et al. 

2016). 

The second being suited toward geophysical applications, such as time-lapse VSP and in 

some cases micro-seismically derived measurements into the fiber.  These measurements are 

primarily used for monitoring and understanding the behavior of the subsurface, including seismic 

activity, geomechanical properties, and fluid movement. Some common examples of geophysical 

measurements include DAS for seismic imaging, DTS for thermal profiling, and Brillouin Optical 

Time Domain Reflectometry (BOTDR) for strain and temperature sensing (Arslan 2015).  Overall, 

fiber optic measurements have a wide range of applications in both engineering and geophysical 

fields, and their accuracy, reliability, and versatility make them a valuable tool for understanding and 

managing subsurface resources. 
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 Additional applications for production monitoring are in progress but are not covered here but 

should be considered in the future.  In this study, a relatively new approach described as Low 

Frequency DAS (LFDAS) is used to compare fracture hits with fracture modelling techniques (Jin et 

al. 2017).  Fracture modeling techniques are numerical models that simulate the behavior of fractures 

under different conditions. They are used to understand how fractures form, grow, and interact with 

other subsurface features. By comparing the results of LFDAS with the predictions of fracture 

modeling techniques, researchers can gain valuable insights into the accuracy and limitations of both 

approaches.  The comparison of LFDAS with fracture modeling techniques can provide information 

on how well LFDAS can detect fractures under different conditions, such as depth, orientation, and 

fluid properties. It can also reveal how well fracture modeling techniques can predict fracture 

behavior in the subsurface. 

Overall, the use of LFDAS to compare fracture hits with fracture modeling techniques is an 

important step toward improving our understanding of subsurface fracture behavior and developing 

more accurate and effective methods for managing subsurface resources. 

2.9 Previous Hydraulic Fracturing Treatments in The Hereford Project 

Hydraulic stimulation strategies for most plays rely upon the response of prior completion 

process jobs utilized in the same play area.  Previous analogies for the Niobrara and Codell sections 

have been compared, similar to the Eagle Ford stimulation jobs, to that of the Barnett and 

Haynesville shale plays and their corresponding treatment designs.  Since the first horizontal wells in 

2008 nearly 4,000 Niobrara and Codell horizontals have been drilled (Miller et al. 2016).  Slickwater 

fracture stimulation has been particularly effective in the Barnett shale formation due to its unique 

geology. The Barnett shale formation is naturally fractured, which means it has a network of existing 

fractures that are ready to be opened for hydrocarbon extraction (Fisher et al. 2004). 
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The slickwater fracturing technique is designed to create long and narrow fractures in the 

subsurface, which helps to increase the surface area of the reservoir that is accessible for hydrocarbon 

extraction. The technique involves pumping large volumes of water, sand, and a small amount of 

chemicals at high pressure into the wellbore, which creates fractures in the subsurface.  The success 

of slickwater fracturing in the Barnett shale can be attributed to the geology of the formation (Stegent 

et al. 2010). The minimal difference between the minimum horizontal and maximum horizontal stress 

in the Barnett shale means that the formation is particularly easy to fracture. This makes it easier to 

create the long and narrow fractures required for efficient hydrocarbon extraction. 

Slick water fracture designs, however, produced unsatisfactory results in the Eagle Ford 

(Stegent et al. 2010) and so a Haynesville style frac, or hybrid frac job was implemented.  The Eagle 

Ford and the Haynesville formations share similar ranges for porosity, Youngôs Modulus, and 

ductility (Mullen et al. 2010).  Similar strategies have been implemented in the Niobrara and Codell 

wells, utilizing a hybrid stimulation style.  This study focuses on the pad completion where the 

operator modifies completion strategy along extended laterals from slick water to hybrid style 

completions and variability in volumes of fluid and proppant type. 
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CHAPTER 3 STIMULATION MODEL DEVELOPMENT 

 

For this thesis project, a 3D stimulation model was built using the GOHFERTM software 

platform.  The pad operations included 10 Niobrara wells and 5 Codell wells.  The stimulation model 

and procedure for pressure and production match are concentrated on the center pad of the operations 

described in the following Sections 3.1-3.2. 

3.1 Geological Model Development 

 

The geological model interpretation was provided by a RCP co-effort with the associated 

geologist and geophysicist (Downard 2021).  The tops and associated horizons were input into 

PetrelTM by the associated engineer (Bekbossinov 2021) and include his calculation for water 

saturation (Sw).  This data was then used to export the geological model into a .GSLIB format for 

inclusion into the geomechanical fracture model grid.  The model including the horizon and tops 

picks can be seen in Figure 3.1.  The existing hypothesis is that there should be an effect of legacy 

production on the currently stimulated wells and this likely created a pressure depleted zone that has 

affected the new wellsô production.  The overall field development can be seen in Figure 3.2, and 

therefore, it will be necessary to determine the effect on current production.  The legacy completion 

strategy is considered to be of lower magnitude, in regards to volume of fluids and number of stages, 

than the efforts toward current stimulation.  Further legacy information is provided in Figure 3.2 from 

Downard (2021). 
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Figure 3.1 - Model construction in PetrelTM (left) used for the extraction/input to the fracture 

model.  Example of full well dataset with base horizon of the Codell (right) (Bekbossinov 2021). 

 

 

 
 

 
Figure 3.2 - Geological representation in Petrel showing legacy well potential interference with 

current production in generational profiles (top).  Zoomed comparison of legacy to current production 

wells (lower left).  Zoomed comparison with fiber wells highlighted with red circles (lower right) 

(Downard, 2021). 
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3.1.1 Well Placement 

The fracture model for the project was constructed from a database given to the RCP research 

group.  The vertical reference well utilized in the model is taken from a pilot well drilled prior to the 

full  pad drilling.  Treatment wells are set at an offset of approximately 650 ft for Niobrara well 

spacing and approximately 1,250-1,300 ft for Codell well spacing.  Treatment wells and their 

interaction as completed by a zipper fracture treatment strategy are analyzed in this section through 

Section 3.1.5.  The reference well was used to build the geomechanical properties from the geological 

model, utilizing both the reference well log and the .GSLIB file exported from PetrelTM.  The .GSLIB 

file exported from Petrel contains the geometry of the wells, geology picks interpreted by the 

HighPoint Resources geologist, the well logs imported by other members from the RCP group as well 

as pertinent information from the geophysicist (Downard 2021). The geometrical information was 

then compared to the PetrelTM project for quality ontrol (QC).  It is important to note that only one of 

the wells created concern, and it was related to the destroyed fiber well shown truncated in the 

display to the east shown in Figure 3.3.  Data related to the shortened lateral was then corrected in the 

frac model software and was considered to be an error in the PetrelTM project related to planned 

versus actual deviation survey measurement.  All of the QC and data input from the legacy wells to 

the full pad drilling input allows for a more accurate representation of the subsurface conditions and 

helps to optimize the fracture treatment design and description through the treatment process. 
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Figure 3.3 ï Overview schematic of fracture model showing treatment wells (north-south) and legacy 

wells (NW-SE) imported and quality control checked. 

 

 Treatment wells are drilled south to north and align with section lines.  Legacy wells are 

drilled approximately 45 degrees to the section boundaries, likely for holding lease positions by the 

previous operator, with potential considerations to maximum stress (at the time).  The maximum 

horizontal stress (SHmax) is considered to be N100E and the pad drilling is optimized orthogonal to 

SHmax. 

3.1.2  Well Log Processing 

The modeling process began with the loading of well log data into GOHFERTM, a step that 

followed the determination of well locations and the entry of deviation survey details, as outlined in 

the preceding section. The pilot well underwent a comprehensive logging campaign, encompassing 

resistivity, gamma radiation, density, neutron porosity, sonic, caliper, and various other logging sets. 

Legacy 

Wells 
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For the current stage of the project, the decision was made to import only the triple combo (consisting 

of gamma ray, density and porosity logs) into the model, with the GSLIB file from PetrelTM being 

successfully incorporated. 

Subsequently, a rigorous QC check was performed on these properties to ensure accuracy and 

reliability. The logs were compared to the model that was input into PetrelTM as well as checked for 

editing (spikes and wrap inconsistencies for example) to provide a consistent geologic representation 

of the respective measurements.  The validated data was then employed as grid attributes in the 

dynamic fracture grid simulator. This step ensures that the simulation accurately reflects the 

geological and geomechanical characteristics captured by the well logs, laying a robust foundation 

for subsequent fracture modeling and analysis. Figure 3.4 shows the full suite of data recorded and 

the input data utilized for the fracturing model. 

 

Figure 3.4 ï Input log data recorded in the field and resulting generative model from the log data 

input to the fracture model.  Gamma Ray shown in Track 1, Spectral Gamma Ray in Track 3 and 

Triple Combo logs shown in Track 5. 
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3.1.2.1 Porosity and Permeability 

 Porosity and permeability are fundamental characteristics in the study of reservoir properties, 

often elucidated through correlative relationships. Porosity, a key parameter, is delineated as the void 

or pore volume within a rock or matrix in relation to the total volume occupied by the sample or 

reservoir. It essentially quantifies the capacity of the rock to hold fluids within its structure. 

Mathematically, porosity (ű) is expressed as the ratio of the void space to the total volume: 

ה           (3.1) 

Where Vvoid is the void volume, and Vtotal is the total volume of the sample or reservoir.  This concept 

of porosity is particularly critical in understanding the storage capacity of a reservoir rock, as it 

directly influences how much fluid, such as oil or gas, the rock can store and potentially release. 

Permeability, on the other hand, is the rock's ability to allow fluids to flow through it. The 

relationship between porosity and permeability is established through the concept of effective 

permeability. Effective permeability considers the interconnectedness of the pores and the pathways 

available for fluid flow within the rock. It considers the contribution of interconnected pores to fluid 

mobility, recognizing that not all pores are equally effective in facilitating fluid movement. 

The interplay between porosity and permeability is crucial in assessing the storage and flow 

characteristics of reservoir rocks. Porosity provides insights into the volume of void spaces available 

for fluid storage, while permeability, specifically effective permeability, elucidates how efficiently 

fluids can flow through the interconnected pore network. Understanding these interrelated parameters 

is fundamental for accurate reservoir characterization and effective resource management in the field 

of geoscience and petroleum engineering.  Furthermore, these characteristics impact fluid leakoff and 

fracture efficiency during the fracturing process. 
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 The incorporation of shale properties into the realm of horizontal drilling and completions 

introduces a layer of complexity that demands a nuanced understanding. One key aspect in this 

complexity lies in the determination of shale volume fraction, a critical parameter for accurately 

characterizing shale formations and optimizing drilling and completion strategies. 

To quantify the shale volume fraction, industry-standard methods often rely on sophisticated 

analyses involving the gamma ray index and the bulk density fraction. The shale volume fraction can 

be determined based on the gamma ray index and the bulk density fraction (Asquith and Krygowski 

2006, Thomas and Stieber 1975). 

ὠ              (3.2)  

Where Vshale is the shale volume, and IGR is the gamma ray index.  

The gamma ray index, derived from well logging measurements, serves as a valuable 

indicator of the radioactivity associated with shale formations. Shale typically exhibits higher gamma 

ray readings compared to other rock types, making the gamma ray index an effective tool for 

identifying and quantifying shale intervals.  Spectral gamma radiation excludes uranium versus the 

summation of thorium, potassium and uranium for the total signature. 

Additionally, the bulk density fraction, which gauges the mass per unit volume of the 

subsurface rocks, is employed in conjunction with the gamma ray index. This dual-parameter 

approach allows for a more comprehensive evaluation of shale volume, considering both the 

radioactive signature and the physical density of the rocks.  The volume of shale and average porosity 

can then lead us to the calculation of effective porosity (Bateman 1985). 

ה ה  ה ὠ           (3.3)  

Where űEff is the effective poroisty, and הavg is the average porosity. 
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The synergy between gamma ray measurements and bulk density assessments enables the 

derivation of a precise shale volume fraction, providing crucial insights into the spatial distribution 

and abundance of shale within the reservoir. This information, in turn, is invaluable for designing 

horizontal drilling and completion strategies tailored to the unique challenges posed by shale 

formations including such considerations as landing intervals. 

The calculated matrix permeability used in the fracturing model is applied through the 

following equation, utilizing the effective porosity:  

 Ë  Ë ˡ           (3.4)  

Where kmult is the permeability multiplier of 2, and Ὧexp is the permeability exponent of 3.  The 

permeability multiplier chosen as recommended for shale properties and the permeability exponent 

recommended range of 1 to 3, with the high side being most likely for Eagle Ford shale (Martin et al. 

2011).  The calculated permeability average for the study area is similar to that of the Eagle Ford 

formation as determined by the other group members of RCP.  In essence, the integration of shale 

properties into horizontal drilling and completion demands a multi-faceted approach, with the 

determination of shale volume fraction through gamma ray and bulk density analyses standing as a 

pivotal step. 

3.1.2.2 Geomechanical Properties 

  

Process zone stress (PZS) is a phenomenon that relates closure pressure in shale reservoirs to 

the rockôs resistance to extension of the fracture.  The difference between initial shut in pressure 

(ISIP) and the determined closure pressure is the estimation for the PZS (Ramurthy et al. 2009).  The 

geomechanical properties for this study include this estimation through the modelling procedure. 

The geomechanical stimulation model for this study is centered around six wells on pad 17, 

approximately located in the west-center half of the development sections.  Six additional wells are 
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located to the west of the primary study pad and approximately 13 wells are located to the east of the 

central study pad 17.  Initial study begins on the two wells that are outfitted with permanent installed 

fiber-optic cable on the outside of the casing.  The two fiber-optic wells will be referred to as the 

ñNiobrara-Chalkò well and the ñCodell Sandstone wellò.  Well locations and deviation surveys were 

provided by HighPoint Resources and are loaded into the modelling software.  Quality control (QC) 

was performed with external software (including various vendor QC) as well as listed information 

given in the deviation survey to ensure geometrical status is correct within standard tolerance. 

Three wells of relevance from the operator exist in this project that are utilized to build the 

grid reference for GOHFERTM to operate the simulation.  Two wells to the northeast contain logging 

information and core data performed and are owned by Enron Oil and Gas (EOG) as data traded to 

HighPoint Resources.  An additional pilot well was drilled prior to the kick-off of the laterals on pad 

17.  The pilot contains a triple combo log and additional anisotropy information.  The triple combo 

log is the basis for the initial grid and additional geological information described in Section 

3.1.2.3.  The logs and the geological inputs are used to derive rock-mechanical properties such as 

Youngôs Modulus, Biotôs coefficient, and Poissonôs Ratio. 

Data load for the fiber Niobrara-Chalk well contains 86 stages of separate fracture 

intervals.  This data is described through the design parameters and the post job reports (PJRôs) 

provided by the operator.  The design parameters were utilized to separate the fracture stage intervals 

and used to estimate fluid injection as well as timing for proppant utilized in pump-down.  The 

primary proppants used in this project were 100 mesh sand and 30/50 sand (estimated as Badger 100 

mesh and Unifrac Jordan 30/50 in the model as they are generic estimates for information not 

provided).  The PJRôs contain the global time reference, treating pressure, calculated bottom hole 

pressure, slurry rate, slurry proppant concentration, bottom hole proppant concentration, job slurry 
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volume, job clean volume, stage clean volume, stage proppant, stage slurry volume and job proppant, 

which was loaded into the modelling software.  A sample of which is shown in Figure 3.5. 

 
Figure 3.5 - Table demonstrating PJRôs provided as example for the Niobrara-Chalk well.  Note, 13 

columns shown that were loaded and 18 columns not shown and not loaded as they were not 

necessary for the modeling efforts. 

 

Further it should be noted that time, slurry rate, slurry concentration, surface pressure (tubing) 

and bottom hole (BH) pressure are the only utilized columns in GOHFERTM for modeling 

purposes.  The total net pressure curves loaded into the model with the geometrical designs then can 

set the basis for the extension simulator on a stage and cluster basis for fracture propagation as shown 

in Figure 3.6.  Data was then loaded in a similar fashion for the Codell-Sandstone fiber well and the 

same procedure performed.  The primary goal, as mentioned previously, is to perform a history match 

on the data.  Once the two fiber wells were tested for simulation, the decision was made to follow the 

following path forward: 

1. Load data into the other wells contained in Pad 17 and test the communication on a set of 

stages to see the cross well interference potential in the various stimulation volumetrics 

mentioned (Xf-Stimulated, Xf-effective, etc.) 

 

2. Test the procedure with global time reference in relation to zipper operations and the 

inclusion of stage shadowing. 

 

3. Perform the history match on the two fiber wells prior to testing the additional well 

interference and stage shadowing effect. 
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Figure 3.7 shows a 3D model example of the extension replication that is an estimate of the 

fracture growth.  Future components for this RCP project could include additional fracture 

description available from fault and micro-fault interpretation, related microseismic data collected at 

the time of stimulation, and additional fiber optic measurements (cluster efficiency, low frequency 

DAS, DTS data). 

 
Figure 3.6 - Stage treatment curves shown in GOHFER including the associated separation in the 

pumping schedule over elapsed time.  The stage schedule is then associated with volumes injected of 

fluid and proppant directed to feed into the extension replication model of the fracture description. 
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Figure 3.7 - Example of the extension replicator from two well bore stages (left without geo model 

horizon. Right with geological model interpretation).  The example is from toe stages on a Codell 

well and a Niobrara well adjacent to each other in the same section.  The green color shows areas of 

lower density of the proppant concentration while the red colors show higher density.  The yellow/red 

to purple colors on the right show the lower bounding geological model layer. 

 

3.1.2.3 Pore Pressure and Closure Pressure 

Critical fissure opening pressure (CFOP) refers to the pressure at which a natural fracture 

starts to open and results in additional leakoff.  In naturally occurring reservoirs fracture treatments 

are influenced by pressure dependent leakoff (Barree and Mukherjee, 1996).  The leakoff from CFOP 

and PZS can be qualitatively determined from DFITôs and aid in the simulation model for 

overpressure zones and their analysis. 

The Niobrara and Codell formations have occasionally been noted for overpressure.  

Overpressure occurs when the pressure in the subsurface exceeds the hydrostatic pressure that would 

be expected based on the depth of the formation. This can occur due to a variety of factors, including 

the presence of unusually thick or impermeable rock layers that prevent fluid from escaping, or rapid 

deposition of sediment that traps fluids. 

In the case of the Niobrara and Codell formations, overpressure has been attributed to a 

combination of factors, including the presence of organic-rich shales and high fluid content in the 

formations (Pathak et al. 2014). This overpressure can pose challenges for drilling and production 

0.0 

2.0 

PPA 
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operations, as it can cause wellbore instability and other complications. However, it can also create 

opportunities for increased oil and gas production, as the high pressure can help to push hydrocarbons 

towards the wellbore. 

3.1.3 DFIT Analysis and Model Calibration 

 Diagnostic fracture injection tests (DFIT) serve as pivotal diagnostic tools in the realm of 

completion and reservoir engineering, particularly in the context of unconventional wells. Essentially, 

the test operates as a condensed version of a hydraulic fracturing operation, often referred to as a 

mini-frac, specifically designed for short-duration injection of fluid. This targeted injection is 

strategically deployed to initiate and propagate a fracture, typically positioned at the toe of 

unconventional horizontal wells, where certain reservoir characteristics can be determined. 

The modus operandi of a DFIT involves injecting a predetermined volume of fluid into the 

reservoir at a controlled rate and pressure. The intention is to impart sufficient energy to the 

subsurface rock, inducing a fracture to propagate. Following the injection phase, the well is promptly 

shut-in, ceasing the flow of fluid into the reservoir (Barree et al. 2009). The subsequent observation 

of the pressure response during this shut-in period provides valuable insights into the reservoir's 

characteristics. 

The shut-in pressure response serves as a dynamic indicator, offering information about the 

reservoir's permeability, its ability to accept the injected fluid, and the created fracture's extent. 

Analysis of this pressure response allows completion and reservoir engineers to deduce critical 

parameters such as closure stress, effective permeability, and reservoir pressure. These insights are 

instrumental in optimizing hydraulic fracturing strategies, tailoring them to the specific geological 

and geomechanical nuances of the unconventional reservoir. 
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DFITs are particularly advantageous in the initial stages of well testing and reservoir 

appraisal. By conducting a controlled, short-duration injection and closely monitoring the subsequent 

pressure behavior, operators gain a rapid yet comprehensive understanding of reservoir properties. 

This knowledge forms the foundation for more extensive fracturing operations and aids in the 

development of effective reservoir management strategies, contributing significantly to the success of 

unconventional well projects.  Current DFITôs are frequently conducted in a step-down procedure in 

stages where pressure is held constant as shown in Figure 3.8. 

 

Figure 3.8 - Stepdown test diagram for a DFIT (Barree et al. 2015) 

 

After shutdown, the pressure fall-off is recorded at the surface to gain insight into the matrix 

permeability and closure stress.  Over an extended period of time the reservoir pressure can be 

obtained, taking into consideration the boundary limit of the disturbed system as it stabilizes toward 

initial equilibrium.  Another useful set of information from a DFIT is the estimation of open 

perforations to fracture initiation through the step-down process.  Each initiation points or port has a 

diameter corresponding to discharge coefficient.  The pressure loss across the perforations can then 

allow for bottomhole pressure calculation, but in this case the operator had already performed 

bottomhole pressure treatment calculation for the larger stages.  Figures 3.9 to 3.12 show the DFIT 

analysis (including step-rate) of a nearby well incorporated into the modeling.  Though there is some 
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concern about the length of operations time to achieve closure, the parameters were conferred with a 

nearby analysis from Barree & Associates and Bekbossinov (2021), shown in Table 3.1. 

 

Figure 3.9 - Diagnostic diagram for a DFIT for a nearby project well showing pretest, fracture 

extension and falloff time data. 

 

Table 3.1 Main parameters obtained from the DFIT analyses summary and used in fracture model 

calibration. 

Pressure-dependent leakoff (PDL) Coefficient, PDLC (1/psi) 0.002 

Closure Pressure, Pc (psi) 5400 

Closure Gradient, GC (psi/ft) 0.731 

Process Zone Stress, PSZ (psi) 1324 

Fracure Gradient, FG (psi/ft) 0.831 

BHP at CFOP, CFOP (psi) 5900 
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Figure 3.10 - Diagnostic diagram for a DFIT for nearby a project well showing step test delineation 

and ISIP. 

 

 

Figure 3.11 - Diagnostic diagram for a DFIT for a nearby project showing the pressure-dependent 

leakoff (PDL) coefficient. 
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Figure 3.12 ï Overall diagnostic results for the DFIT for a nearby project well. 

 

3.1.4 Grid Setup 

 The establishment of grid parameters represents a crucial step in the computational 

framework, occurring subsequent to the importation and calibration of the geologic model. The 

collaborative geologic analysis conducted by RCP members, however, did not prescribe any faulting 

information incorporated into the corresponding PetrelTM model. Additionally, it offered limited 

insights derived from curvature or attribute extraction procedures applied to seismic data or 

supplementary geological datasets. 

To fortify the structural integrity of the model, a GSLIB file was extracted from PetrelTM. This 

extraction was carried out after the QC and editing of the pilot well logs to ensure consistency and 

accuracy. The incorporation of the GSLIB file enriched the model with a structural component that 

aligns seamlessly with the findings of other relevant studies. 
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In a bid to harmonize the spatial representation across the study zone, the final grid 

configuration was fine-tuned. It was decided that a node size of 10 feet and an aspect ratio of two, 

resulting in a 20 ft length, would be uniformly applied to all wells within the study area. This 

standardized grid not only facilitated computational efficiency but also ensured a cohesive and 

comparable analytical foundation for all subsequent assessments and simulations. 

This integrated process, combining geologic insights, data quality control, and grid 

optimization, lays the groundwork for a comprehensive and reliable hydraulic fracture model. It 

integrates diverse datasets and methodologies, striving for a holistic representation of the subsurface 

conditions. Consequently, this grid setup becomes instrumental in executing various analyses and 

simulations crucial for decision-making in the domain of reservoir characterization and development 

planning.  Figures 3.13 and 3.14 show the typical grid setup with the GSLIB incorporation of the 

study area. 

 

Figure 3.13 - Grid set up using a 10 feet node size and an aspect ratio of 2.  The colors depict the total 

stress in psi (green from lower psi to red and purple gaining in pressure).  The scale is listed on the 

right and ranges from 6500-8500 ft depth in this example. 
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Figure 3.14 - Grid incorporation of the GSLIB file into GOHFER for the study area.  The map view 

is shown with north toward the top of the page and pad drilling displayed south to north (wells 

underneath the layer map).  Color scale represents absolute depths relative to landing zone positions 

of the laterals.  There is a slight dip shallowing to the northeast direction in map view, but the 

position of the lateral pad drilling in this case is relatively small in delta-depth. 

 

3.1.5 Error Analysis 

 The foundational data for the study area was derived from the pilot well, which not only 

served as the initial point of reference but also provided crucial log information and zone depths for 

both the Codell and Niobrara formations, inclusive of their respective reservoir properties. This 

comprehensive well data played a pivotal role in shaping the preliminary understanding of the 

subsurface conditions in the project area. 

As the modeling efforts progressed, a key assumption was made regarding lateral 

heterogeneity across all pad drilling. This assumption implies that variations in reservoir properties, 

such as porosity and permeability, are anticipated to exist laterally across the drilling pads. The 
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rationale behind this assumption lies in the overarching goal of achieving a comprehensive and 

representative model that captures the geological intricacies of the study area. 

While this assumption is expected to yield a robust solution, it's acknowledged that further 

refinement could be achieved by incorporating additional wellbores into the model. The inclusion of 

data from multiple wells, beyond the pilot well, can enhance the spatial resolution of the model, 

providing a more nuanced representation of the subsurface heterogeneity. This becomes particularly 

pertinent in the context of accurate fracture geometries, where a higher level of detail is often 

instrumental in optimizing drilling and completion strategies. 

Furthermore, the prospect of leveraging attribute analyses from geophysical data introduces 

an additional layer of sophistication to the diagnostics. Insights gained from geophysics, when 

integrated with well data, can offer a more comprehensive understanding of the reservoir 

characteristics. Attributes extracted from seismic data, for example, can contribute valuable 

information about subsurface structures and rock properties, enriching the model's predictive 

capabilities. 

While lateral heterogeneity assumptions provide a solid foundation for the project model, 

there exists an opportunity for future improvement through the incorporation of additional wellbores 

and advanced attribute analyses from geophysical data. This iterative approach aims to enhance the 

accuracy of fracture geometries and overall model fidelity, ultimately contributing to more informed 

decision-making in the development and optimization of the reservoir. 
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3.2 Base Model Development 

 The foundational framework for the hydraulic stimulation model was constructed by 

leveraging treatment data obtained from the 8 wells in question.  This integration of treatment data 

with the geological model is a critical step in establishing the hydraulic stimulation model, as it forms 

the basis for understanding the subsurface response to stimulation efforts. 

To achieve this synchronization, a methodical matching process was employed to align the 

treatment data from actual field operations with the corresponding wells and treatment stages in the 

imported geological model. This meticulous approach ensures that the hydraulic stimulation model is 

not only grounded in real-world data but is also accurately reflective of the geological intricacies 

encapsulated in the PetrelTM model.  Overall, eight wells incorporating 525 total stages were 

calibrated in the model. 

Subsequent sections of this thesis delve into the methodology applied for the treatment of 

wells across the two modelled pads. This inclusive analysis encompasses not only the newer wells 

but also takes into consideration the legacy wellsðproviding a comprehensive overview of the entire 

well portfolio. Central to this methodology is the implementation of a zipper-type stimulation 

schedule, a strategy where treatment wells are alternately stimulated, creating an efficient and 

interconnected fracture network. 

The zipper stimulation schedule, renowned for its effectiveness in maximizing reservoir 

contact and optimizing production, forms the backbone of the treatment strategy. The discussions in 

the upcoming sections discuss this approach, shedding light on the sequencing, timing, and other 

parameters crucial for a successful zipper stimulation. 
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3.2.1 Legacy Base Model 

Prior research conducted by Bekbossinov (2021) centered on leveraging a Perkins-Kern 

Norgren (PKN) model. However, it was notable for its omission of legacy treatment data. This 

approach diverges significantly by incorporating this crucial historical data, offering a more 

comprehensive understanding of the reservoir dynamics. Specifically, this analysis delves into the 

reservoir depletion (production and pressure) originating from two wells oriented in the southeast to 

northwest trajectory, spanning from corner section to corner section. The rationale behind this 

directional drilling likely stems from the original operator's strategic intent to uphold lease 

boundaries for potential future development. 

By amalgamating historical data with contemporary modeling techniques, this study provides 

a holistic perspective on reservoir management and optimization strategies. This comprehensive 

approach not only elucidates the past but also informs future decision-making processes, enhancing 

the efficiency and efficacy of oil and gas operations. 

3.2.1.1 Pressure Match of Legacy Wells 

A critical measure for fracturing treatments is the measure of surface pressure at the well head 

or at the pump gauges (manometers), also referred to as ñtreating pressureò during stimulation. The 

treating pressure used in GOHFERTM for the model was from the actual treatment results in the field.  

This data serves as a fundamental input for accurately simulating the hydraulic fracturing process and 

understanding its effects on reservoir behavior.  Geometry (deviation and stage perforation 

description), proppant and fluid type were preserved by the well operator for the legacy treatment, but 

limited in description, so it was necessary to interpolate and estimate some completion parameters 

based on the strategy of the time in 2010.  Treatment pump schedules for each legacy well were 

limited and therefore a synthetic set of curves based on given treating pressure and slurry rate was 
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generated and loaded into the simulator.  The pump schedule was then used for Stages 1-16 in each 

well and both wells are essentially treated the same, as the primary goal was to obtain a pressure 

depletion estimate.  Figure 3.15 shows the given original treatment design stage separation with 

perforation depths and treatment design and result in the associated pumping schedule displayed in 

Figure 3.16. 

 

Figure 3.15 - Given data for treatment estimation of the two legacy wells used for pressure depletion 

prior to current pad drilling and completion. 
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Figure 3.16 - Pump schedule utilized for legacy completion based on treatment strategy shown above 

and limited given pressure and slurry rate data.  The example schedule was then used for all stages. 

 

The pressure match for Stage 16 of the Northern legacy well is shown in Figure 3.17.  The 

values for key parameters including the transverse storage coefficient, relative permeability factor, 

coefficient of discharge, tortuosity erosion factor, and transverse exponent were standardized across 

all stages, set at 0.0005 1/psi, 1 (unitless), 0.7 (unitless), 0 (unitless), and 1.2 (unitless), respectively. 

However, for most oil wells, the relative permeability factor spanned a range of 2-5, with the selected 

value in the model being the one that yielded the closest pressure match to actual data.  This value 

was also consistent with work from other RCP students.  Reservoir porosity, water saturation, gas 

saturation, oil saturation and reservoir temperature set at 10%, 35%, 3.8%, 61% and 185oF 

respectively and agreed again with the values of project work from other RCP students. 
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The model considers the non-ideal nature of fluid flow through the perforations, a 

characteristic reflected in the coefficient of discharge. Adjustments to the transverse exponent and 

tortuosity erosion factor were iteratively made until achieving a pressure match with observed data. 

In order to reconcile simulator results with empirical data, modifications were made to the 

width exponent, tortuosity factor, and friction factor of the fracturing fluids. Given that the simulated 

treatment involved a hybrid frac approach, all stages were assigned width exponents ranging from 

3.15 to 3.40 (unitless). This variation resulted in differing pressure profiles over time, with higher 

width exponents correlating with increased pressure levels (friction) compared to stages with lower 

width exponents. 

 

Figure 3.17 - Legacy well pressure match results for Stage 16 of the eastern most well, showing both 

actual (dashed lines) and simulated (solid) data.  Slurry rate vs injection rate and treating pressure vs 

well pressure being of primary concern in this display. 
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As seen in Figure 3.17, the slurry rate and injection rate closely match simulated vs actual 

input data (see additional match in Appendix A).  Where there are some discrepancies in the treating 

pressure versus well pressure, likely due to build up and pipe friction, the curves provide a good 

match during the primary extent of completion time.  Figures 3.18 and 3.19 show the horizontal 

azimuth of the extended fracture model due to SHmax and the given parameters from the legacy 

completion and pressure match.  Section 3.2.1.2 will shows the utilized fracture extension model and 

the effect of depletion due to the legacy wells toward the current pad completion.  

 

Figure 3.18 - Legacy fracture orientation due to azimuth of maximum stress (SHmax @ 100o) and 

azimuth of directional well bore drilling and completion. 
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Figure 3.19 Extension of replicated fractures due to legacy well completion.  Well completion shows 

an orientation of SHmax and coverage across the future pad drilling (yellow N-S wells).  The sixteen 

stages for each well are shown in light blue. 

 

3.2.1.2 Production Match of Legacy Wells 

Limited production data were provided, however, the data from the historical legacy 

production covered from 2011 to 2019 only included data for one of the legacy wells (northern 

diagonal well), pertinent to this study.  It was therefore necessary to repeat the process affect for the 

other legacy well.  Type curve, pseudo plot, semi-log decline curve (DCA) and rate decline analysis 

were done for production matching and were covered in more detail by Mindygaliyeva (2021).  The 

decline curve analysis and production match for this study is focused on a modified hyperbolic fit and 

the effective result in pressure depletion in the fracture model.  The decline curve uses the following 

equations:   
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Ὀ ὑή           (3.5) 

Whereby; 

D: Nominal decline rate, 1/day 

q: Production rate, STB/day 

t: Time, day 

K: Proportionality constant 

b: Hyperbolic-decline exponent 

ή Ⱦ             (3.6) 

 The modified Arps equations (Zerpa 2020) above provided the best fit to the legacy well 

production data.  Respective b-values for the decline exponent calculated were b = 0.6, 0.45, 1.69 for 

oil, gas and water.  All fitting the expected values for the range of 0 < b< 1; b> 1 for a hyperbolic 

decline curve with a modified t* for exponential decline in the predictive future production. 

 From the above analysis, pore pressure depletion could be added to the geological model by 

integrating the extension replicated from modeled injection (Figure 3.19).  GOHFERTM provides this 

option through breakdown pressure and options for depletion though heuristic material balance that 

can be estimated from the DCA analysis above.  The model uses the inputs from Figure 3.20 as an 

internal process for the depletion analysis.  The total horizontal stress, or fracture closure pressure, 

always decreases as a result of pore pressure depletion.  The gain in horizontal stress is overcome by 

the decrease in pore pressure because the net stress increases at a rate of about 1.3 psi/ft gradient 

toward the old well (Makherjee et al. 2000). 
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Figure 3.20 Geometrical description of the inputs used from the heuristic material balance from DCA 

into the fracture model (GOHFER, 2018). 

 

The culmination of these insights is a refined model that delineates an effective pressure 

depletion area, based on the production match.  The resulting model produces an effective pressure 

depletion area using the production match shown in Figures 3.21 to 3.23.  This convergence between 

modeled and observed data validates the efficacy of the approach and underscores the utility of 

integrating pore pressure dynamics into reservoir and fracture modeling for enhanced predictive 

capabilities and decision-making processes.  This approach provides a distinct and unique perspective 

from the other analysis, as they do not incorporate the pressure depletion of the legacy wells and the 

correlation to production.  Now that the depletion has been incorporated from the legacy production, 

a more realistic analysis of the full pad completion can be developed. 
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Figure 3.21 Production depletion calibrated from legacy wells based on historical match.  Top figure 

is from the operator expressing validity of operations through historically high production.  The lower 

figure shows the typical type match by the operator of all legacy wells.  Middle figure shows the type 

curve match of oil, gas and water of the northern legacy well in the study area of the pad completion 

used in this work. 
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Figure 3.22 Horizontal pressure depletion area (blue hatched area) calculated internal to the fracture 

model representative of the legacy well affect. 

 

Figure 3.23 Vertical pressure depletion of the legacy wells shown in psi, in gun-barrel view of the 

legacy wells.  The white wellbore is a Niobrara well from the new pad. 
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3.2.2 Pad Completion Well Model 

 

Treatment data, related to the pad completion of the center six wells, were loaded into the 

fracture model, including geometrical data (well location, deviation survey, etc.), pressure and 

treatment data, as well as log data from a pilot well.  This data was again quality controlled through 

comparison with the PetrelTM project generated by other members of RCP and export and import 

process of the .GSLIB file shown in Figures 3.24 and 3.25.  Perforation data were loaded prior to the 

treatment data for each well.  Fiber-optic-associated well stage spacing varies from 120ô to 240ô 

spacing with four stages tested at 40ô spacing.  The Niobrara fiber well consisted of a total of 86 

stages, and the Codell well consisted of 76 stages across the 2-mile horizontal section of the wells.  

Non-fiber associated wells stage spacing was consistent at 120ô stage spacing with 83 stages across 

the 2-mile horizontal section of each of the wells for both Niobrara and Codell wells.   

Toe designs (Stages 1-4) for the non-fiber wells primarily dominate pump down with X-L 

(crosslink) fluid, and the remainder of the well is pumped with a ratio of 15% X-L to freshwater fluid 

per stage on a hybrid design.  Similarly, on a slickwater design, the toe stages are dominated with X-

L fluid and the remainder of the well (Stages 5-End) being treated with fresh water.  Fiber wells 

utilize a designated hybrid design with a similar treatment to non-fiber wells, having a X-L fluid 

dominated strategy, and 19 different variations on stage design.  The original design flow chart 

shown in Table 3.2 delineates the strategy to be tested by injection into the fiber associated wells for 

the testing into the fiber.  Designs were then expanded to use alphabetically described F-X type 

designs ï 19 total different designs for the Niobrara well and alphabetically desctibed F-U type 

designs ï 16 total different designs for the Codell well in the field. 
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Table 3.2 Design flow chart for testing strategy related to fiber optic associated wells. Actual 

variations on stage spacing and utilization of perforation clusters was modified in the field and 

through the process of project planning toward stimulation and surrounding measurements. 

 

 

 

Figure 3.24 Design input into GOHFER, plan view of the wells and relative positions.  Pad design 

and set up is primarily on the center set of wells overlapping the south portion of the SE to NW 

trending legacy wells, obtuse to pad drilling.  This shows only the wells input to the fracture model. 
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Figure 3.25 Geometrical set up and quality control of the pad completion model comparison in 

GOHFERTM and PetrelTM.  Fiber optic cable truncation due east of the pad completion provides a 

good marker well for QC and reference for the project.  Colors were defined in Petrel as separate 

pad/well marked delineation.  This shows the full extent of the pad operations (five total pads). 

 

3.2.2.1 Pressure Match of New Pad Wells 

 

As discussed in Section 3.2.1, one of the critical parameters for horizontal well stimulation is 

the monitoring and analysis of treating pressure during the hydraulic fracturing process. In this 

model, the pore pressure depletion from the legacy wells has been carefully accounted for, alongside 

the estimated production match derived from these older wells. This ensures that the impact of 

pressure drawdown from previous production is accurately reflected in the model, providing a more 

realistic basis for the current stimulation efforts. 

The next logical step in the model development process involves incorporating well-specific 

geometry and stimulation treatment data into the model to simulate fracture propagation, fluid 

movement, and pressure distribution during completion of the new wells. The focus of this section is 

on achieving a robust pressure match between the hydraulic fracture simulation model and the actual 

field pressure data collected during pad completions. Accurate pressure matching is essential for 
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validating the model and ensuring that it properly reflects the behavior of the reservoir and fracture 

system under field conditions. 

A key consideration in this analysis is the timing and sequencing of the hydraulic fracturing 

stages, particularly the zipper fracture stimulation design employed across the wells. In a zipper 

fracturing process, wells are stimulated in an alternating pattern, which helps to increase the 

complexity of fracture networks and improve reservoir contact. This timing of stage stimulation, 

moving from one well to another in a zipper sequence, was carefully input to match the real-world 

zipper fracturing schedule used during field operations. This approach helps ensure the simulation 

mimics the field conditions as closely as possible, providing a more accurate representation of 

fracture propagation and pressure interactions between wells.  The project involved a total of 525 

stages across eight wells, including 83 stages in non-fiber wells and two fiber wells. Among these, 

there were 76 stages in Codell wells and 85 stages in Niobrara wells.  The Legacy wells included 32 

stages over 2 wells. 

It's also important to highlight that different wells in the study area utilize varying completion 

fluid designs. Several wells employ predominantly fresh water as the fracturing fluid, while other 

wells utilize hybrid designs that incorporate cross-linked gel systems (X-Link). These hybrid 

completions are often initiated early in the stimulation process for specific stages, allowing for 

improved fracture control and fluid efficiency. The differences in fluid composition and their impact 

on fracture propagation and pressure behavior are also incorporated in the model to reflect the unique 

characteristics of each well's completion design. 

The general design schematic illustrating the well layouts, stage sequences, and fluid systems 

used in the completions is shown in Tables 3.3 and 3.4. This schematic provides a visual 

representation of the overall stimulation strategy, allowing for a clearer understanding of the model 
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inputs and outputs. By integrating these varied parametersðgeometric data, treatment fluid 

composition, zipper timing, and pressure depletionðthe model provides a comprehensive view of 

how the pad completions behaved under actual field conditions. 

Table 3.3 Design volumes for the pad wells in the section related to the fiber wells.  This design is 

designed as a hybrid design, utilizing crosslink fluid.  Stages 1-68 are not shown as they are primarily 

described in the general layout Table 3.2. 

 

 

The hydraulic fracturing fluid design incorporates a combination of crosslinked fluids and 

slickwater to optimize fracture propagation and reservoir stimulation. The ratio of crosslinked fluids 

to slickwater is approximately 2.9 to 16, with the total volume of fluids used nearing 20 million 

gallons across the 83 completion stages of the non-fiber well. This significant volume highlights the 

scale of the operation and the extensive use of both fluid types in the fracture stimulation process. 
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In terms of proppant, the volumes are dominated by 30/50 white sand and 100-mesh white 

sand, with a ratio of approximately 1:21 for 100-mesh to 30/50 sand. This proppant mix is crucial for 

ensuring that the created fractures remain open and conducive to fluid flow, enhancing hydrocarbon 

production. The total volume of proppant used throughout the operation is substantial, amounting to 

nearly 22 million pounds of sand for each of the two-mile laterals. This combination of 30/50 white 

sand and 100-mesh sand is designed to maximize the proppant packôs ability to maintain fracture 

conductivity across a wide range of fracture widths and depths. 

Each well in the program underwent an average of 80 fracturing stages, with a total pumping 

time of approximately 100 hours per well. This extended stage time reflects the complexity of the 

multi-stage hydraulic fracturing process, where each stage is carefully controlled to ensure optimal 

fluid and proppant placement. 

For wells utilizing slickwater designs, a more streamlined approach is taken. The slickwater 

designs typically incorporated around 15 million pounds of proppant, with a lower ratio of 100-mesh 

to 30/50 white sand, roughly 1:13. These slickwater designs are characterized by lower fluid 

viscosities and higher pumping rates. The total fluid volume in slickwater completions averages 

around 12 million gallons per well, and only a minimal amount of crosslinked fluid is used, primarily 

limited to the initial four stages at the toe of the well.  

The total pumping time for slickwater completions is shorter compared to crosslinked fluid 

designs, with each well averaging about 60 hours of pumping time. This difference in stage time is 

due to the high injection rates which are needed to overcome fluid loss and facilitate proppant 

transport, thus shortening the overall treatment duration. 

The zipper fracturing strategy creates complex fracture interactions between adjacent wells 

and can improve the efficiency of the hydraulic fracturing process by optimizing the use of 
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equipment and reducing downtime. The zipper strategy was fully incorporated into the hydraulic 

fracture model to simulate the dynamic interactions between wells and to optimize the overall 

completion design. 

By combining the use of both crosslinked fluids and slickwater, utilizing substantial volumes 

of proppant, and employing a zipper fracturing strategy, the project aimed to maximize reservoir 

contact and improve hydrocarbon recovery. These methodologies, when integrated into the model, 

offer a comprehensive approach to understanding fracture propagation, proppant placement, and the 

overall efficiency of the hydraulic fracturing operation. 

Table 3.4 Design volumes for the pad wells in the section related to the fiber wells.  This design is 

designed as a slickwater design. 
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The treatment curve data, collected directly from field operations, were loaded into the 

hydraulic fracture model to serve as the foundation for simulating the stimulation process. This data 

includes pressures, flow rates, and pumping schedules, all of which are instrumental in accurately 

replicating real-world treatment conditions within the model. By integrating this field-provided 

treatment data, the model can be calibrated to better reflect the behavior of the formation and the 

wellbore during hydraulic fracturing. 

Stress shadowing was accounted for in the model to ensure that the induced fractures are 

represented as accurately as possible, especially when multiple stages and wells are being fractured in 

close proximity to one another in the zipper process. The interaction between fractures is an essential 

aspect of simulating realistic fracture geometries and pressure responses. 

Figures 3.26 to 3.28 depict the pressures and the adjustments made to the design parameters to 

achieve a reasonable match for toe stages of the fiber wells and one offset well.  Additional pressure 

match examples are shown in Appendix A. These early stages often serve as the critical foundation 

for the entire fracturing treatment, and achieving a good pressure match in these stages is essential for 

ensuring that the overall model is reliable. As shown in these figures, modifications were made to 

various design parameters, such as pump rates, fluid volumes, and proppant concentration, to 

replicate the pressure response observed in the field. This iterative process of adjusting the model 

until a reasonable match was achieved is vital for validating the model and confirming that it 

accurately reflects the subsurface conditions during treatment. 

While many of the wells were treated with a hybrid fluid design, consisting of a combination 

of cross-linked fluids and slickwater, it is important to note the distinctions between the beginning 

stages of each well, even when using similar designs. Differences in formation characteristics, stress 

states, and pre-existing fractures can lead to variations in the pressure responses observed in the early 
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stages as well as perforation breakdown and near wellbore tortuosity. These variations were carefully 

analyzed, and parameter matching was meticulously performed to ensure that the model accurately 

captured the nuances of each stage.  

Overall, the incorporation of field-provided treatment data, along with considerations for 

stress shadowing and precise parameter adjustments, allowed for the development of a hydraulic 

fracture model that closely mirrors real-world operations. This model serves as a powerful tool for 

understanding fracture propagation, pressure behavior, and the influence of stage design on overall 

well performance. 

 

Figure 3.26 Pad completion well pressure match results for stage 1 of the Codell fiber well, showing 

both actual and simulated data.  Slurry rate vs injection rate (dashed being simulated vs solid being 

actual data) and treating pressure vs well pressure being of primary concern in this display. 
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Figure 3.27 Pad completion well pressure match results for stage 2 of the Codell non-fiber well 

adjacent to the previous example, showing both actual and simulated data.  Slurry rate vs injection 

rate (dashed being simulated vs solid being actual data) and treating pressure vs well pressure being 

of primary concern in this display.  

 

 

Figure 3.28 Pad completion well pressure match results for stage 1 of the Niobrara fiber well, 

showing both actual and simulated data.  Slurry rate vs injection rate (dashed being simulated vs solid 

being actual data) and treating pressure vs well pressure being of primary concern in this display. 
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 As the matching process moved from toe to heel, a different character to the pressure match 

was observed.  Stages 18, 39, 43 of the fiber and one offset well are examples of the pressure match 

for comparative stages between the three type zone wells.  Figures 3.29-3.31 show the pressure curve 

comparisons and the modified run parameters for reaching an optimal pressure match for these three 

example stages. 

 

Figure 3.29 Pad completion well pressure match results for stage 18 of the Niobrara fiber well, 

showing both actual and simulated data.  Slurry rate vs injection rate (dashed being simulated vs solid 

being actual data) and treating pressure vs well pressure being of primary concern in this display. 

 

 

Figure 3.30 Pad completion well pressure match results for stage 39 of the Codell non-fiber well 

adjacent to the previous example, showing both actual and simulated data.  Slurry rate vs injection 

rate (dashed being simulated vs solid being actual data) and treating pressure vs well pressure being 

of primary concern in this display. 



65 

 

 

Figure 3.31 Pad completion well pressure match results for stage 43 of the Codell fiber well, showing 

both actual and simulated data.  Slurry rate vs injection rate (dashed being simulated vs solid being 

actual data) and treating pressure vs well pressure being of primary concern in this display. 

 

The overall treatment pressure matches produce the resulting extension replication of the 

hydraulic fractures shown in Figure 3.32.  Chapter 4 discusses the resulting implications of the model 

generated from the pressure match.  
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Figure 3.32 Pad completion results for all Codell and Niobrara wells, showing both map view (top) 

and 3-dimensional views (bottom).  Pressure match data from the model show that the extension 

replication of the fractures performed a reasonable resulting model.  Final proppant concentrations 

are shown. 
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CHAPTER 4 DIAGNOSTICS AND PRODUCTION IMPACTS 

 

Now that the stimulation model has been built and described, diagnostics and introduction to 

their impact can be performed and discussed. The 3D stimulation model provides the base for 

production matches and other diagnostics to be examined.  As discussed in the prior chapter, 525 

stages covering Niobrara and Codell wells allow for specific and overall applications of these 

diagnostic tools.   

4.1 Sealed Wellbore/Downhole Pressure Monitor 

 

Pressure data collected from both surface measurements in a sealed wellbore and from 

downhole sensors were briefly analyzed in this project. The findings from this analysis align well 

with the model's predictions, as demonstrated by the sample stage data shown in Figure 4.1. 

Specifically, Figure 4.1 presents data from an adjacent monitoring stage using a downhole pressure 

gauge, albeit with limited data points, alongside the sealed wellbore monitor pressure (SWPM) 

response. Despite the limitations, the data exhibit pressure behavior patterns that are consistent with 

those observed in the example provided by Olson et al. (2023), seen in comparing Figures 4.1 and 

4.2. 

Both the field data and the fracture model demonstrate similar characteristics in terms of 

pressure response, particularly in terms of temporary communication between adjacent wells. This 

phenomenon suggests that, during fracturing operations, there is transient hydraulic connectivity 

between the wells, which is reflected in the pressure fluctuations captured by the monitoring gauges.  

Temporary communication is described as a pressure response or fracture driven interaction (FDI) 

from Olson et al. (2023). 
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Figure 4.1 Downhole pressure gauge and sealed wellbore pressure monitor data example from 

adjacent stage.  Data shows similar characteristics to the SWPM procedural example from Olson et. 

al. (2023).  The lower figure shows treating, BH (calculated and measured) pressure, treatment rate, 

surface pressure in red, orange, green, blue and black.  Arrows show points of inflection, the right 

being a direct comparison of a pressure response and the left being a potential response.  The top 

portion of the figure shows the overlain fiber response correlating to both arrows as FDIôs.  The first 

FDI being instantaneous and second showing added pulse lines. 

 

Figure 4.2 SWPM example from Olson et. al (2023).  Pressure response shown at point of inflection, 

interpreted as a temporary communicated event, or FDI. 
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The final fracture model corroborates these observations by illustrating this pressure response 

as part of the fracture propagation and interaction between wells. This is further reinforced by the 3D 

model visualization in Figure 4.3, which provides a detailed representation of the fracture networks 

and their dynamic behavior during stimulation. The 3D model highlights how pressure 

communication between the wells likely occurred due to the extension of fractures across the inter-

well region, leading to the observed pressure response. 

This analysis not only verifies the accuracy of the model but also underscores the importance 

of monitoring well communication during hydraulic fracturing operations. Understanding these 

interactions can aid in optimizing fracture design, improving well performance, and mitigating the 

risks of unintended inter-well interference. 

 

Figure 4.3 Pressure response shown at the adjacent stage to the SWPM and downhole pressure gauge. 

Model suggests that there is temporary communication crosswell consistent with the pressure 

communication shown between the wells. The treatment well is to the left of the arrow; monitoring 

well is to the right of the arrow. 

 

4.2 Production Match 

Available production data was used to conduct a decline curve analysis (DCA) and a rate 

transient analysis (RTA), both of which contributed to achieving a reliable production match. These 

SWPM ï FDI (Red) 
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data sets, along with a general description of treatment types by stage, are depicted in Figures 4.4 and 

4.5 for the Codell landed fiber well. An important observation from this data is the notable increase in 

gas production rates over time, suggesting either increased reservoir connectivity or a shift in phase 

production as pressure declines. 

The decline rates were calculated based on data spanning from July 2019 to January 2020 

(well treated 1-2 months prior), providing a limited time frame for assessing long-term production 

trends. This scope, while useful for initial production matching, restricts the ability to extrapolate 

future behavior accurately over extended time periods. Nevertheless, the provided production data 

was sufficient to create a heuristic match and align the model with real-world outputs within this 

timeframe.  Figures 4.6 and 4.7 show the modified decline curve analysis for both gas and oil.  It 

should also be noted that the data is limited and proper variables to be calculated require more time 

data than given. 

Figure 4.8 illustrates rate data for oil, gas, and water, with these production metrics aligned 

against the pressure match data discussed in the previous section, of the Codell fiber well. By 

integrating both rate and pressure data, the model captures a holistic view of the reservoir's 

performance. This combined approach allows for the evaluation of pressure depletion impact on 

production rates and supports a more robust understanding of the reservoir's response to stimulation. 

The trends observed in the model provide insights into potential optimization strategies for 

production, highlighting how gas rates may continue to shift as pressure further depletes. 

Additionally, by examining the interdependence between oil, gas, and water rates, along with 

pressure changes, the production model offers guidance for predicting future production scenarios 

and supports decision-making regarding reservoir management and well intervention planning. 
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Figure 4.4  1st of four snapshots (through fiber estimation) of production data given by stage type (Left to right: Full x-link ï stages 1-

4, standard hybrid ï stages 5-17, 38-43, 50-51, 66-69, 72-73, slickwater ï stages 18-19, 54-57, 70-71 and intermixed reversed hybrid 

between listed stages) correlated to design and production rage by gas and liquid.  Production (oil and water) is shown as bbls/hr 

scaled from 0-400 (left) and 0-40 mcf/24hr (right) given by operator.  
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Figure 4.5  4th of four snapshots (through fiber estimation) of production data given by stage type (Left to right: Full x-link ï stages 1-

4, standard hybrid ï stages 5-17, 38-43, 50-51, 66-69, 72-73, slickwater ï stages 18-19, 54-57, 70-71 and intermixed reversed hybrid 

between listed stages) correlated to design and production rage by gas and liquid.  Production (oil and water) is shown as bbls/hr 

scaled from 0-400 (left) and 0-40 mcf/24hr (right) given by operator.
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Figure 4.6 Rate decline data given for the period of approximately 6 months of the Codell well 

data.  The oil rate shows limited ability to match standard DCA with a modified decline curve. 

 

 
Figure 4.7 Rate decline data given for the period of approximately 6 months of the Codell well 

data.  The gas rate shows limited ability to match standard DCA with a modified decline curve. 
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A type curve analysis was subsequently conducted to align with the produced data and 

lay the groundwork for a detailed rate transient analysis (RTA). This data was applied across 

multiple analytical approaches, including pseudo-pressure plots, semi-log analysis, decline curve 

analysis, and rate decline analysis, all geared towards achieving an accurate production (and 

pressure) match. The structured methodology for this production match analysis is detailed 

across Figures 4.8 to 4.13, providing a step-by-step outline of the procedures followed for the 

Codell fiber well. 

Key parameters such as effective permeability, fracture half-length, drainage area, and 

fracture conductivity were integral to the analysis. These variables are essential in understanding 

the flow dynamics within the reservoir and characterizing the impact of hydraulic fractures on 

production performance. By refining these parameters in the RTA analysis, the model was 

optimized to more closely reflect real-world reservoir behavior and align production forecasts 

with observed data.  The cumulative production for the first six months is approximately 39.1 

MSTB, with an estimated 58.9 MSTB over 365 days (about one year) based on the standard 

DCA shown in Figure 4.6. A more detailed analysis using the fracture model estimates an 

ultimate recovery of 61.3 MSTB. This can be compared to a comprehensive production analysis 

for the associated pad and legacy wells, which estimates a total recovery of 749.3 MSTB and 1.3 

MMSTB, respectively (Mindygaliyeva, 2021). From this estimate, the Codell wells contribute 

approximately 220 MSTB, with an expected recovery of 110 MSTB, comparatively higher than 

the 60 MSTB projected in this analysis. This discrepancy may be attributed to production 

depletion from legacy wells, which was considered in this study. 
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It is important to note that the data set used in this analysis was limited in scope, both in 

terms of time span and data resolution. Consequently, this limitation was taken into account, and 

the production match was treated accordingly, with conservative assumptions applied to mitigate 

the impact of data gaps.  Additionally, no available pressure data was provided for normalization 

and likely contributes to errors in the DCA analysis. 

The insights derived from this analysis are valuable for future production planning, 

enabling more reliable estimates of long-term reservoir behavior and guiding potential 

adjustments to the stimulation and completion strategies. Despite the limitations, the 

combination of type curve and RTA methodologies allowed for a reasonably accurate calibration 

of the production model, facilitating a robust understanding of the reservoirôs production 

potential.  One potential change would have been to complete a well similar to that of the legacy 

completion strategy (less stages, less complexity). 

Figure 4.8 Type curve analysis for the Codell fiber well. 
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Figure 4.9 Pseudo plot analysis for the Codell fiber well. 

 

Figure 4.10 Semi-log plot analysis for the Codell fiber well. 
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Figure 4.11 Decline curve analysis for the Codell fiber well. 

 

Figure 4.12 Rate decline curve analysis for the Codell fiber well.  The separation early on is 

likely due to the initial choke applied but not relayed in the given study.  Flowback was delayed 

for 2 months prior to the stimulation but could also be a contributing factor to the separation. 
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Figure 4.13 Production match for the Codell fiber well.  Water rate shown in light blue, oil 

shown in black. 

 

The current production match results shown in Figures 4.9 to 4.13 indicate a strong need 

for additional data to fully refine and complete the analysis. The existing dataset suggests that the 

well is in the process of unloading, meaning that early production rates may not accurately 

represent the reservoir's longer-term performance. Specifically, the observed match for oil 

production rates is limited in its predictive capability for later stages of production, as initial 

flowback and transient effects still dominate. 

One notable observation is the rapid decline in water production rates, which remain 

higher than oil rates and have yet to stabilize at the end of the available data. This instability in 

water production complicates forecasting, as it influences the overall production profile and can 

skew early trends. The significant and rapid change in water cut introduces challenges for 

calculating bottomhole pressure (BHP) accurately, as fluctuations in water production impact the 
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fluid column density and thus the downhole pressure estimations. To improve the model's 

reliability, ongoing monitoring and the incorporation of additional production and pressure data 

over time will be essential and would be recommended. Stabilized rates will enable a more 

representative analysis of reservoir performance, improve BHP calculations, and ultimately 

provide a more dependable foundation for long-term production forecasting and well 

management strategies. This approach will also allow for a more accurate assessment of water 

production behavior and its implications for reservoir pressure and hydrocarbon recovery 

potential. 

4.3 Pressure Match Summary 

 

The overall treatment pressure match is further reinforced by incorporating technical 

procedures beyond conventional completion testing, providing a broader validation framework. 

The integration of Surface Well Pressure Monitoring (SWPM) adds an additional layer of spot-

check validation for the model-based fracture extension replication. This approach, in 

combination with the geological model, allowed for a stage-by-stage simulation that closely 

aligns with actual field data, enhancing the modelôs accuracy. 

In addition, the model accounts for pressure anomalies, or "pressure hits," observed in the 

fiber optic data. These pressure hits, detected through fiber optic monitoring (refer back to Figure 

4.1), were effectively explained and incorporated into the model, allowing for a clearer 

understanding of inter-well interactions. The model also validates the presence of stress 

shadowing, illustrating how stress interference between fractures impacts fracture propagation 

and confirms its relevance in this reservoir setting. 
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Moreover, a ñsmart completionò strategy was implemented through the Reveal process, 

which incorporates zipper-type operations designed to optimize hydraulic fracturing efficiency 

and mitigate interference. This completion strategy was embedded within the model, accounting 

for complex interactions and contributing to accurate fracture extension replication. 

Finally, completion parameters for each reservoir zone were meticulously integrated into 

the model, accounting for interactions between legacy wells and newly completed pad wells. 

This inclusion enabled a realistic representation of pressure depletion across the reservoir, 

highlighting the impact of legacy wells on the pressure dynamics of newly drilled wells. The 

model thus provides a comprehensive understanding of reservoir performance under the 

influence of both historical and recent completion activities, facilitating better-informed 

production strategies and field development planning.  Note the difference in treatment of stage 

58 in Figure A.4 compared to stages 11, 30 and 80 in Figures A.2-A5, Appendix A, both in 

elapsed time for treatment, and character of the injection rate response to bottom hole pressure. 

4.4 Production Match Summary 

As previously discussed, the limitations of the available data pose challenges for both 

standard decline curve analysis (DCA) and model-based analysis within the fracture simulator. 

Bottomhole pressure (BHP) calculations, along with the difficulty in stabilizing the water cut 

relative to the oil rate, contribute to complications in achieving an accurate production match. 

These factors likely account for the observed discontinuities in the type curve. Specifically, the 

upward trend in the type curve, which could resemble boundary effects, is more likely due to 

well loading. 

It appears that the well initially flows up the casing during this early production phase, 

gradually starting to load up as the total fluid rate declines. This loading effect can create an 
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artificial depletion stem, where the type curve inclines to a unit slope or even steeper. If true 

boundary effects were occurring within just 180 days, it would signal serious issues in reservoir 

management. However, itôs unlikely here, as loading is a more plausible explanation for this type 

curve behavior. Analyzing oil-only data under these conditions is therefore unreliable. For an 

accurate assessment of reservoir flow capacity and fracture characteristics, total fluid production 

data should be used, even though this may still be influenced by loading effects. 

The overall production match indicates a need for ongoing collection, of production data, 

to enhance the reliability of the analysis. Despite these data limitations, the production match 

from legacy wells provided a more nuanced understanding of the reservoir. Interestingly, 

Mindygaliyeva found similar results in that the legacy wells demonstrate higher production 

efficiency compared to the newer pad wells (Mindygaliyeva, 2021). Several factors could 

contribute to this discrepancy, including variations in completion design, well interference, and 

potentially more efficient fracture networks developed during earlier stages of field development. 

Continued data acquisition, coupled with total fluid (oil and water, through fiber and 

separated at the well head) analysis, will be essential for refining the understanding of reservoir 

flow dynamics and improving production forecasts for this project. This approach will also 

support future adjustments in well spacing, completion strategies, and potentially further 

optimization of pad drilling practices to enhance overall field productivity. 

4.5 Sensitivity Analyses and Other Factors 

The sensitivity analysis for the dataset primarily examines two key factors: variability in 

completion strategy and the influence of landing zones within the reservoir. The completion 

strategy sensitivity includes parameters such as stage spacing, fluid and proppant volumes, and 

cluster design, aiming to identify the most effective method for maximizing reservoir contact. 
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These are summarized as: full x-link, standard hybrid, slickwater and intermixed reversed hybrid 

stages.  The landing zone sensitivity assesses variations in well placement within the reservoir, 

helping to determine the optimal position for maximizing hydrocarbon recovery.  Beginning with 

the latter, the analysis considers the relationship between zonation and net pay thickness. Figure 

4.14 illustrates the landing zone grid for the Codell well as it relates to net pay in the fracture 

model. The net pay grid reveals a limited tolerance range for the landing zone, indicating that 

much of the Codell wellôs lateral section lies outside of the high net pay zones. Consequently, 

production in these areas is heavily dependent on the completion design to ensure effective 

reservoir contact. 

Figure 4.14 Net pay (dimensionless) grid for the Codell fiber well.  Net pay is shown by the red 

portions of the grid. The landing zone tolerance from the net pay calculation shows a tight range 

for consistency in the lateral. 
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In the Niobrara formation, a similar comparison was made between drilling efforts and 

net pay distribution, shown in Figure 4.15. While Niobrara wells exhibit less contrast in net pay 

consistency relative to the Codell wells, they still demonstrate some variability in zonation 

within the calculated net pay. This suggests that, for the Niobrara, landing zone precision may be 

less critical to producibility, especially when compared to the tenfold increase in production rates 

seen in the Codell wells. The analysis implies that in the Codell, successful production heavily 

depends on the interaction between completion design and the proximity of fractures to the 

reservoir pay zones. 

 

Figure 4.15 Net pay grid (dimensionless) for the Niobrara fiber well.  The net pay is indicated by 

the red grid portions.  The landing zone tolerance from the net pay calculation shows a tight 

range for consistency in the lateral. 
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Variability in completion strategy was further evaluated by examining production 

snapshots, as shown in Figures 4.16 to 4.19. These snapshots (recorded: 1st ï 8/4/2019, 2nd ï 

8/8/2019, 3rd ï 8/15/2019, 4th ï 8/28/2019) capture acoustic activity recorded via Distributed 

Acoustic Sensing (DAS) across various stages, providing insights into how stage designs and 

completion strategies influence gas and liquid production rates. In particular, the hybrid and 

reverse hybrid completion strategies show similar production patterns. However, short- and long-

duration snapshot comparisons indicate inconsistent correlations between completion strategy 

and production, suggesting the need for more extensive data collection to derive clearer trends. It 

is notable that early on liquid rates (though not discerning the water vs. oil response) seem to 

dominate and the later snapshots show a trend toward gas production.  

An additional factor influencing production in this pilot project is high water production, 

revisit Figure 4.13, which remains elevated relative to oil and gas rates and displays a rapid 

decline over time. This rapid decline in water production rates, alongside significant initial 

production, suggests that these wells have not yet reached stabilization within the available data 

period (roughly 6 months from July to January the following year), underscoring the need for a 

more extended dataset to support a complete analysis. Water coning, related to the fractures, may 

also be contributing to variability in producibility across the lateral well length, particularly as it 

impacts the overall gas and oil recovery in the two-mile laterals. 
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Figure 4.16 - 1st of four snapshots (through fiber estimation) of production data given by stage type (Left to right: Full x-link ï stages 

1-4, standard hybrid ï stages 5-17, 38-43, 50-51, 66-69, 72-73, slickwater ï stages 18-19, 54-57, 70-71 and intermixed reversed 

hybrid between listed stages) correlated to design and production rate by gas and liquid (top ï stages 1-38 above and stages 39-76 ï 

below).  Production (oil and water - Blue) is shown as bbls/hr scaled from 0-400 and 0-40 mcf/24hr (Gas - Red) given by operator.

Toe Side Heel Side 
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Figure 4.17 - 2nd of four snapshots (through fiber estimation) of production data given by stage type (Left to right: Full x-link ï stages 

1-4, standard hybrid ï stages 5-17, 38-43, 50-51, 66-69, 72-73, slickwater ï stages 18-19, 54-57, 70-71 and intermixed reversed 

hybrid between listed stages) correlated to design and production rate by gas and liquid (top ï stages 1-38 above and stages 39-76 ï 

below).  Production (oil and water - Blue) is shown as bbls/hr scaled from 0-400 and 0-40 mcf/24hr (Gas - Red) given by operator.

Toe Side Heel Side 
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Figure 4.18 - 3rd of four snapshots (through fiber estimation) of production data given by stage type (Left to right: Full x-link ï stages 

1-4, standard hybrid ï stages 5-17, 38-43, 50-51, 66-69, 72-73, slickwater ï stages 18-19, 54-57, 70-71 and intermixed reversed 

hybrid between listed stages) correlated to design and production rate by gas and liquid (top ï stages 1-38 above and stages 39-76 ï 

below).  Production (oil and water - Blue) is shown as bbls/hr scaled from 0-400 and 0-40 mcf/24hr (Gas - Red) given by operator.

Toe Side Heel Side 
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Figure 4.19 - 4th of four snapshots (through fiber estimation) of production data given by stage type (Left to right: Full x-link ï stages 

1-4, standard hybrid ï stages 5-17, 38-43, 50-51, 66-69, 72-73, slickwater ï stages 18-19, 54-57, 70-71 and intermixed reversed 

hybrid between listed stages) correlated to design and production rate by gas and liquid (top ï stages 1-38 above and stages 39-76 ï 

below).  Production (oil and water - Blue) is shown as bbls/hr scaled from 0-400 and 0-40 mcf/24hr (Gas - Red) given by operator. 

Toe Side Heel Side 














































