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Abstract

Geological faults, which result from rock fracturing and displacement in the subsurface, play

an important role in shaping the Earth’s crust. Modeling fault surfaces and their impact on rock

formations is, thus, useful for various geological applications. However, due to the complex

configurations of faults, the modeling process can become difficult, requiring a framework

with a specialized modeling toolkit.

The primary challenge in fault modeling lies in properly correlating the geometry of faults

with their effects on rock layers and other fault surfaces during displacement. The final models

also have to satisfy certain properties to be reusable for further geological analysis. A factor

that even if users who have both modeling and geology expertise cannot guarantee to have.

To address this, we have developed a series of operators designed for fault modeling. In this

manner, we present Fault-Sketch, a Sketch-Based Interface and Modeling (SBIM) framework

that tackles the task of fault modeling and captures their influence on various geological

structures. This framework enables the creation of surfaces as a result of rock configurations

that have previously been largely overlooked in the existing literature.

The collection of operators presented in Fault-Sketch are built upon a data structure fit

for the purpose of consistently representing fault surfaces and their boundaries together with

the influence they cause both on other surfaces and on the volumes they bound. Moreover,

the operators are designed to mimic the geologic processes relevant to fault creation and

displacement to facilitate their use by domain experts.
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Preface

The research presented in this thesis introduces a novel framework for modeling geological

faults and rock displacements. Key technical components of this thesis have been condensed

into a journal article, which is currently under review by the peer-reviewed journal Computers

& Graphics. The authors to the paper are Arya Banaeizadeh, Saulo Ramos, Julio Daniel Silva,
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A portion of this research is presented in the 2022 Microseismic Industry Consortium
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to the journal and conference for giving us the platform to broudcast our research to a wider

audience.

This thesis represents the culmination of collaborative efforts, with each author contributing

to the project. Arya Banaeizadeh led the implementation of the modeling tools, the central

focus of this research. Saulo Ramos developed the user interface. Together, their joint

effort resulted in the creation of a prototype that demonstrates the practical application of the

research.
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Chapter 1

Introduction

The creation and representation of models that depict natural phenomena are fundamental

practices for scienti�cally understanding the intricate mechanisms underlying these phenomena.

In the �eld of geology,geological modelingrefers to the process of constucting digital

representations of Earth's, drawing upon available data. Models obtained from this process

can provide valuable insights into subsurface formations, includeingstrata, i.e., rock layers

that are distinguishable by their properties and separated by distinct surfaces; andfaults, which

are discontinuities within rock layers caused by stress-induced displacement (Ohnaka, 2013).

In 3D models, faults are typically represented as surfaces in the areas of discontinuity in rock

volumes. The presence of faults in subsurface models introduces complexity to the topology of

the model (Wellmann and Caumon, 2018). These complexities, in turn, highlight the essential

need for specialized modeling1 tools, as well as further research in the �eld.
1In this thesis, modeling refers to geometric modeling unless stated otherwise.
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1. Introduction

1.1 Problem Statement and Objective

Given the nature of fault surfaces, the modeling process,i.e., the steps that the user should

take in a modeling program to create a �nal model, imposes several challenges. The main

challenges in modeling faults arise from representing and depicting the offset displacements

and deformations they induce in strata (Grose et al., 2021). Ongoing stress forces on the

rocks have the potential to create new faults or deform existing ones. Unlike strata, faults can

terminate at the intersection of other surfaces orwithin a volume. Since faults in�uence the

shape of strata, modeling them in 3D poses a challenge, as the deformation ceases where the

fault is terminated. Figure 1.2 illustrates an example of the strata and demonstrates how it

changes in response to deformations caused by faults.

Today, most geological modeling or even general modeling applications are powerful

enough to enable modeling virtually any type of surface, and one can indeed create models of

faulted con�gurations. However, for the models to be usable for further analysis in geological

domains, they have to satisfy certain constraints. Applying them in the geometry of the models

and the collection of faults and horizon surfaces is a task that is not intuitive to approach.

Furthermore, the task is tedious to do manually and proves daunting if done for every model

that is to be made.

There is also a challenge from the geological perspective; the processes leading to fault

formation occur over long periods of time, and there might be little evidence of how faults

have in�uenced the subsurface and transformed it into its present con�guration. The burden,

therefore, falls on the geologist to assess the available evidence and infer how these processes

in�uenced the subsurface. This involves identifying faults within a volume based on rock

discontinuity patterns. For this reason, when modeling, it is desirable to enable the geologist

to create a model without the need to adhere to the chronological order of formation of the

surfaces. Figure 1.1 illustrates an outcrop and the corresponding interpretation by an expert.
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Figure 1.1: (Top) An image of a rock outcrop and (bottom) the interpretation of faults and
rock layers made by a geologist. The black thick strokes represent the faults in the volume
whereas the colored thin lines show the strata. The lines which have the same color used to
belong to one layer, which later have been broken into multiple parts due to faulting.

We introduce Fault-Sketch; a modeling framework that allows geologists to address the

challenges of modeling fault displacements and modeling surfaces irrespective of their order

of formation. Fault-Sketch produces models that satisfy geological constraints, as the models

are contained in a data structure that enforces the geological consistency rules on the surfaces

and updates the geometry accordingly. Furthermore, the data structure provides the ability

for users to modify the models, change displacements, extend the fault surface boundaries,

etc. without the need to implement the consistency rules manually as they are enforced by the

framework and the modeling operators.

We introduce Fault-Sketch, a framework focused on modeling faults that utilizes Sketch-

based Interface and Modeling (SBIM) as the underlying paradigm,i.e., the modeling process
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1. Introduction

mainly utilizes sketching as the main form of input. It is common practice for geologists to

describe their observations through 2D sketches and communicate subsurface formations (Yin

et al., 2010). We chose SBIM over other modeling approaches for this reason.

(a) (b)

Figure 1.2: A rock volume before and after faulting based on Zhiwei et al. (2019). (a)
Depiction of original volume before faulting and displacement take place. (b) Final volume
after faulting and displacement, arrows convey the direction of displacement near each fault.
Notice how the displacements cease where faults are terminated in the top layer.

Fault-Sketch enables modeling through the use of operators that replicate the natural

subsurface processes. As faults are formed the surrounding surfaces are subject to change.

Operators are designed to re�ect such changes. These changes include the formation of fault

surfaces and their induced displacement over other faults and rock layers. In addition, to

represent how fault surfaces intersect the rock layers and other faults in the model, we maintain

the surface relations in a data structure, which is instrumental in the implementation of our

modeling operators.

1.2 Methodology

The fundamental approach within SBIM frameworks typically involves a surface creation

operation executed through sketching. In this process, the user sketches a stroke on a canvas,
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and the surface is subsequently interpolated using a suitable interpolation scheme. Depending

on the system, the user can continue modifying the surface or introduce additional ones

if necessary. Further insights into this process can be found in the SBIM research survey

conducted by Olsen et al. Olsen et al. (2009).

Our methodology aligns with this overarching structure. Upon selecting an insertion

operator, users sketch a new surface on a blank canvas representing a cross-section in the

3D window with a speci�c depth. Sketching on different cross-sections is also allowed.

Optionally, a reference image can be added as a guide for the sketching process. The sketch

data is then processed to eliminate the noise generated by hardware error and user jitter

and then, based on the data, the corresponding surface is interpolated through animplicit

interpolationscheme, which is part of the process that is used for enforcing consistency rules

to surfaces. Afterward, the surfaces are triangulated for visualization and insertion into a

tree data structure. This data structure is responsible for maintaining the surfaces' relations.

This procedure repeats for as many surfaces as the user intends to insert. Simultaneously,

the framework automatically processes both the new surface and previously inserted ones to

ensure the model'sconsistency. The data structure is used for managing surface interactions

and adhering to prede�ned geological rules. Interaction relations include one surface cutting

through another or a surface being terminated by another.

Once the model is populated with surfaces, users can choose a modi�cation operator to

edit previous surfaces, meeting speci�cgeological requirements. This may involve trimming

a fault or specifying how a fault modi�es other surfaces. The insertion and modi�cation

phases can be iterated as needed for model creation. Throughout this process, our framework

enforces a set ofrules(established principles in geologic modeling) to guaranteegeological

consistency. Applying these rules, mesh processing algorithms ensure the surfaces meet the

speci�ed requirements each time the user modi�es the model.

We map sketch data to an interpolation scheme, producing mathematically sound 3D
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models. The system and �nal models undergo evaluation by �eld experts. Figure 1.3 provides

an overview of our methodology.

1.3 Scope

In 3D models of faults and fault con�gurations, the strata should also be depicted. It is

necassary to depict the strata and illustrate the faults are deforming the subsurface. Although

we depict the strata in Fault-Sketch and model their deformations, we do not provide tools for

in-depth modeling of the strata, and the main focus is on modeling faults. Furthermore, we

consider con�gurations where layers of rocks do not intersect and are stacked on top of each

other since considering other cases needs another set of specialized tools.

1.4 Contributions

Our main contribution is an interactive framework that enables modeling fault surfaces and

strata con�gurations in a SBIM environment. We present the �rst rule-based geological

modeling framework that incorporates fault modeling rules into the framework as well. The

main aspect of this rule is assuming that faults should be treated as surfaces that cease at

arbitrary curves in space. Based on this rule-based modeling system, a set of novel operators

are designed to re�ect the faulting process, thus, granting users the ability to model faulted

con�gurations without having to possess a knowledge of the intracasies of the modeling

process.

To validate the models and applications of the framework, we have asked three experts

with extensive knowledge on modeling in the geosciences to provide feedback about both the

usefulness of our framework and the perceived geological consistency of the models created

with Fault-Sketch.
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1. Introduction

In the pursuit of academic validation and feedback from the scienti�c community, this

work has been submitted to the Computers & Graphics Journal, where it is currently under

review. This peer review process is integral to ensuring the quality and reliability of the

research presented in this thesis. Additionally, throughout this research, there has been active

engagement with researchers in the �eld of geology to ensure the applied aspect of the project

aligns with the established standards and expectations.

In addition to the main contribution, we have made a prototype for this thesis, which

contains implementations of all the discussed operators and the data structure, along with

several geometry processing and implicit surface algorithms.

1.5 Outline

The thesis is structured as follows. In Section 2 we delve into related works in geological

modeling. Section 3 provides geological concepts and background on faults and displacements

and contains an overview of our framework. Section 4 describes the operators for fault

modeling. In Section 5 the underlying data structure of the framework is presented. Next,

in Section 6, we describe how the surface interpolation works and the technical details on

surface creation and updates. Section 7 shows models, inspired by research in Geology, that

we created using Fault-Sketch, and the strengths and limitations of our system. Finally, in

Section 8, we present conclusions and discuss a few more directions available for future work.

The list of operators presented in this research are a �rst step to a subsurface modeling

framework. Facilitating the modeling of all possible real-world con�gurations of faults requires

additional operators beyond what is presented in this research, which is possilbility for a future

work in this topic.
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Chapter 2

Related Work

The geological models that we are interested in studying fall into the category of Conceptual

Geological Models (CGMs). These models represent the spatial and physical features and

con�guration of a rock volume. CGMs become very useful in providing subsurface informa-

tion, especially in areas of high uncertainty and lack of data. CGMs provide a reliable way of

characterizing the behaviour of the subsurface based on geological evidence (Cavero et al.,

2016). In the relevant literature, SBIM is a popular way of creating CGMs. In recent years,

research on SBIM has gained widespread popularity, as the main goal of SBIM is to create 3D

free-form models in a framework more intuitive than the traditional modeling interfaces (Olsen

et al., 2009). For this reason, an application of this is in the �eld of geological modeling.

We use implicit surfaces for modeling surfaces, however, since this is not the main focus

of the research, we leave the reviews limited to geological modeling tools.

In the next sections, we discuss related works of in conceptual geological modeling and

then discuss some works in general SBIM.
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2. Related Work

2.1 Conceptual Modeling Works in Geology

CGMs are the subject of various geological modeling and visualization tasks, a pioneering

work in this �eld is the work of Schild et al. (2009), in which a SBIM virtual reality system

designed for annotation and segmentation of seismic volumes. Another application of SBIM in

geology is facilitating the interpretation of seismic data. For instance, the work of Ferreira et al.

(2019) is an approach to guide the interpretation of dense seismic data by creating Generative

Adversarial Networks(GANs). The authors in this work have also done experiments on public

seismic data sets and visually veri�ed their results. Similary, the work of Liu et al. (2019)

presents a system for interactive interpretation of stratigraphic slices, which are derived from

raw seismic and well data.

SBIM in geology is also used for visualization or surface reconstruction of seismic data.

Among these works, Hu et al. (2016) introduce an automatic sketch-based stochastic surface

reconstruction method, generating automatic sketch samples from seismic data and creating a

surface based on those sketches and stochastic algorithms. In another work, Sultanum et al.

(2013) present a system for collaborative visual exploration, extraction, and reconstruction

of conceptual surfaces using LiDAR-based outcrop analogs. Finally, Gautier et al. (2015)

presented a deformation tool for incorporating the deformation history of a region in early

modeling phases. Their work can model scenarios like creating arti�cial 3D structures

according to a series of events, reconstructing geological models, or modifying 3D structural

interpretation.

Another application of SBIM in geology is describing geological events and possible

scenarios that can occur in a volume, which is referred to as geological storytelling. Lidal

et al. (2012) provide a system for the description and conceptualization of geological processes

throughout geological time periods. Similarly, Garcia et al. (2018) present an approach for

integrating interactive storytelling techniques with physical simulation.
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As mentioned earlier in this section, SBIM can also be used for creating conceptual

geological models, which is also the main goal of this research. In the following, we present

these works, or in general, works that are more closely related to this thesis.

2.1.1 Sketch Modeling of Seismic Horizons from Uncertainty

Amorim et al. (2012b) present a system for an early attempt of extracting and reconstructing

horizon surfaces from seismic data. The tool presents a series of SBIM operators to adjust

geometry and repair topology. Their approach limits the user sketches to the seismic data, to

ensure relevancy to the geological context.

This work introduced: 1) The use of Sketch-Based Modeling tools to create, augment

and edit geological horizons from raw seismic volume data; 2) A novel set of SBM operators

suitable for geological domain; and 3) A novel architecture to develop �exible SBM tools

using adaptive mesh.

2.1.2 Interactive Sketch-based Estimation of Stimulated Volume in

Unconventional Reservoirs Using Microseismic Data

This work presented two novel modeling methods for reconstructing Stimulated Reservoir

Volume (SRV) (Amorim et al., 2012a). SRVs are the affected volume of a reservoir under

some stimulus, e.g., hydraulic fracturing operations. An approach to estimate the affected

volume is using microseismic data that shows fractures caused by the propagation of injection

pressure. In this paper, a combination of automatic reconstruction algorithms and SBIM are

used for doing the approximation. The �rst approach uses a variation of the shrink-wrap

algorithm to estimate a volume over the events. The second approach uses a density-based

approach, utilizing radial basis functions. Users can improve the estimation using by sketching

over the model and modifying the �nal volume. This hybrid approach enhances the modeling
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Figure 2.1: The working interface of Amorim et al. (2012a)'s SBIM system showing SRV
constructions with the user in an interactive manner.

capability of the system, providing promising results for industry data interpretation and model

construction ef�ciency. Figure 2.1 shows the system in action.

2.1.3 Interacting with Microseismic Visualizations

The conventional methods of interacting with microseismic data visualizations, which are

presented as point clouds, are not very robust for the users in terms of navigating and orienting

the data. In addition, lack of depth perception and occlusion make selecting the data in a

3D environment challenging. In their work, (Mostafa et al., 2013) present a SBIM system

for the purpose of alleviating the traditional mode of navigating microseismic data. They

present a number of intuitive 3D navigation tools for this purpose. The authors leveraged

proxemicinteractions ( Ballendat et al. (2010) and a spatial input device, coupled with a

painting metaphor, adapted from SBIM approaches, to simplify fundamental navigation and
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Figure 2.2: Salt models created using the work of Motta et al. (2020).

selection tasks.

This work was among the �rst works to present an interactive system, with navigation and

data selection operations.

2.1.4 A 3D sketch-based formulation to model salt bodies from seismic

data

Motta et al. (2020) introduce a sketch-based approach for modeling geobody surfaces, focusing

on the direct deformation of a surface mesh within a seismic volume through user-drawn curves.

The method calculates surface intersection curves with the volume in real-time, allowing users

to model complex geometries, particularly demonstrated in the context of salt dome surfaces.

The ability to sketch in various directions enhances user control and speeds up the editing

process.

The conventional approach in salt dome modeling typically entails delineating salt bound-

aries using a salt image attribute, followed by the manual or semi-automated delineation of

the boundary. In contrast, in this work, the novel approach enables interpreters to directly

shape the surface of an existing mesh, whether it is automatically generated or possesses a

straightforward structure with analogous attributes. Figure 2.2 shows the models created using

their system.
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Figure 2.3: Models created using the two modeling approaches proposed in the work of Lidal
et al. (2013)

2.1.5 Rapid Sketch-based 3D Modeling of Geology

Among the works focusing on subsurface modeling, Lidal et al. (2013) show two different

approaches for a general-purpose SBIM geological modeling tool and compare them.

The �rst approach is the generic approach. In this approach, the user is able to de�ne

rock layers with a stack of surfaces that de�ne the boundaries to each layer. Each surface is

interpolated separately, and �nally, all the surfaces are visualized.

The next approach is the ad-hoc approach. Here, contrary to the generic approach where

the user creates sketches to indicate the shape of each layer, a series of tools are given to re�ect

the effects of certain phenomena on the sediment (e.g., mountains, valleys, rivers, etc.). This

approach is inspired by sedimentologist drawings.

The ad-hoc approach is capable of creating more complex models but at the cost of being

more resource-intensive and more complicated to work with. Figure 2.3 shows the models

created using these two approaches. On the left, we have a model created using the generic

approach, and on the right we have a model created using the ad-hoc approach. This work

does not provide tools for modeling faults.
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Figure 2.4: A result from Natali et al. (2012)'s work.

2.1.6 Rapid Visualization of Geological Concepts

Natali et al. (2012) propose a sketch-based framework for modeling and visualizing geological

concepts, mainly for educational purposes. Their paper introduces their novel framework for

representing rock layers and effectively communicating geological ideas. Using their system

the user can make models of strata by drawing the overall shape of the rock. Furthermore, the

user can add faults to the model, to the extent that they don't intersect. Their system supports a

single-view drawing interface, from which the sketches are interpolated and extruded in depth.

After the modeling process is done, the user can enhance the visualization by texturing the

model and the different layers. A user study has also been done for creating the results and

how long each process takes. Figure 2.4 shows the pipeline to this system.

The next two works are written by the same authors and are a continuation and enhancement

of this work.

2.1.7 Sketch-based Modeling and Visualization of Geological Deposition

In this work, Natali et al. (2014a) continue improving their previous work and build on it. This

system allows for incorporating tools for modeling bodies of water, mountains, and the impact

of erosion and deposition on terrain and subsurface layers. The work also allows for some

limited modeling of strata by allowing to indicate planar boundaries at the indicated height

level. Some functionalities for visualization are also provided. The authors have also done a
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Figure 2.5: The modeling pipeline of Natali et al. (2014a)'s work.

user study of the work, and have evaluated their work with the help of �eld experts.

2.1.8 Rapid Modeling of Interactive Geological Illustrations with Faults

and Compaction

In a later publication(Natali et al., 2014b), they further improve upon this work by adding

new visualization techniques. These include modeling channels, faults, layer comapction.

In the resulting models, a single fault can be created and animated to show the movement.

Height maps are used for modeling faults as opposed to meshes. For this reason, not all fault

geometries can be represented.

The main focus of this work is visualizing the concept models of strata. This work can be

regarded as one of the eralier works of the realm, paving the way for more research in this

area.
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