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Abstract

This thesis explores the application of stick-slip vibrations as a seismic source in the seismic while
drilling method in Algeria. The objective is to assess the potential of utilizing stick-slip vibrations for
real-time subsurface imaging and to simulate the behavior of seismic waves in this method. The study
examines the characteristics of stick-slip vibrations, their suitability as a seismic source, and the
limitations of conventional seismic sources. Through data collection and simulations, the research
demonstrates that stick-slip vibrations can effectively serve as a seismic source in the seismic while
drilling, contributing to improved subsurface imaging and offering practical recommendations for

optimizing their utilization in Algeria.

Keywords: stick-slip vibrations, seismic while drilling, subsurface imaging, seismic wave simulation,
Algeria.

Résumé

Ce mémoire explore I'application des vibrations stick-slip en tant que source sismique dans la méthode
de sismique en cours de forage en Algérie. L'objectif est d'évaluer le potentiel de I'utilisation des
vibrations stick-slip pour I'imagerie en temps réel du sous-sol et de simuler le comportement des ondes
sismiques dans cette méthode. L'étude examine les caractéristiques des vibrations stick-slip, leur
adéquation en tant que source sismique et les limites des sources sismiques conventionnelles. A travers la
collecte de données et des simulations, la recherche démontre que les vibrations stick-slip peuvent
efficacement servir de source sismique dans le sismique en cours de forage, contribuant a une
amélioration de l'imagerie du sous-sol, et offre des recommandations pratiques pour optimiser leur

utilisation en Algérie.

Mots-clés : vibrations stick-slip, sismique en cours de forage, imagerie du sous-sol, simulation des

ondes sismiques, Algérie.
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General Introduction

General Introduction

In the ever-evolving field of oil exploration, seismic techniques play a crucial role in extracting vital
information about subsurface geological structures. Over the years, various seismic methods have been
employed to enhance the accuracy and efficiency of data acquisition. Among these methods, vertical seismic
profiling (VSP), borehole seismic, and seismic while drilling (SWD) have emerged as valuable tools for
acquiring real-time data during drilling operations. However, in order to optimize drilling processes, it is
essential to evaluate and compare these techniques, particularly in the context of the Algerian petroleum
field.

This thesis aims to investigate the SWD process simulation based on the stick-slip vibration model and its
applicability in the Algerian petroleum field. We will delve into the multifaceted aspects of seismic
techniques, seeking to uncover the strengths and limitations of each method. Through a comparative
analysis, we aim to highlight the advantages of the proposed SWD approach, shedding light on its potential

to revolutionize drilling operations in this region.

As the industry continues to face challenges related to wellbore stability, drilling efficiency, and real-time
reservoir characterization, the significance of innovative drilling techniques cannot be overstated. By
integrating the stick-slip vibration model into the SWD process, we explore the potential to mitigate drilling-

related issues while simultaneously improving data acquisition capabilities.

Furthermore, this thesis endeavors to address the specific requirements and geological characteristics of
the Algerian petroleum field. Algeria, with its diverse reservoirs and challenging drilling conditions,
presents a unique environment where the efficacy of seismic techniques must be evaluated thoroughly. By
focusing on this geographical context, we aim to provide valuable insights and recommendations for the
application of SWD in Algerian oil fields.

Through a comprehensive literature review, numerical simulations, and analysis of field data, we aim to
offer a holistic understanding of the stick-slip vibration model and its impact on SWD in the Algerian
petroleum field. By considering both technical and operational perspectives, we strive to contribute to the

ongoing efforts in optimizing drilling processes and decision-making within the industry.

Finally, this thesis endeavors to bridge the gap between theoretical understanding and practical
implementation of SWD in the Algerian petroleum field. We seek to provide a comprehensive analysis of
seismic techniques, with a particular emphasis on the stick-slip vibration model. The findings and
recommendations of this research will not only benefit operators and drilling engineers in the Algerian

petroleum industry but also contribute to the broader knowledge base in the field of seismic while drilling.
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Chapter 1 Borehole Seismic and VSP

1.1. Introduction

Borehole seismic surveys are versatile downhole measurement techniques used in the oil field that
offer significant benefits by linking time-based surface seismic images with depth-based well logs. These
surveys improve 3D subsalt imaging, stimulation monitoring, and high-pressure and high-temperature
acquisition. Additionally, vertical seismic profiling (VSP) is a powerful tool that can acquire travel times,
wave amplitudes, and reflection coefficient data, providing a more detailed seismic view of the
subsurface in the vicinity of the borehole than conventional surface seismic data [1][2]. In this chapter,
we will provide more detailed information about borehole seismic and its techniques, specifically the

conventional VSP technique.

1.2. Conventional VSP

The VSP has numerous applications in the oil industry. Primarily, VSP data have been used to aid
surface seismic interpretation by providing time-to-depth values and a zero-phase, mostly multiple-free
reflectivity trace. VSP has also provided insight into the nature of seismic wave propagation in the earth
and estimated rock properties such as interval velocities and attenuation near the borehole. It is a
geophysical exploration technique that involves acquiring downhole measurements of acoustic signals
originating from surface seismic sources using a borehole seismic tool. Seismic waves are typically
generated by controlled explosions, vibroseis trucks, or air guns and travel from the source into the earth's
interior. However, in Algerian petroleum fields, vibroseis trucks are the most commonly used source of
seismic signals. When reflections occur at layer interfaces, acoustic impedance contrast is detected due to

differences in velocities and densities between layers.
1.2.1. Equipment of VSP

A Vertical Seismic Profile (VSP) survey requires several pieces of equipment, including:

Seismic source: A seismic source is used to generate seismic waves, such as an explosive charge, a

weight drop, or a vibrator (Figure I.1).

Seismic sensors: Seismic sensors, such as geophones or hydrophones, are placed in the borehole and
on the surface to record the seismic waves. Geophones typically have a frequency range of 2-20 Hz and a
sensitivity of 10-100 V/m/s. Hydrophones have a frequency range of 0.5-20 kHz and a sensitivity of 1-
100 uV/Pa (Figure I.1).

Data acquisition system: A data acquisition system is used to record the seismic signals from the

sensors. The system includes a cable to connect the sensors to the recording unit (seismograph), a
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recording unit to digitize and store the signals, and a power source to supply power to the recording unit

and sensors.

Downhole tools: Downhole tools are used to deploy the seismic sensors in the borehole. These tools

may include a wireline, a slickline, or a coiled tubing unit.

Data processing software: Data processing software is used to process the recorded seismic data and
create a subsurface velocity model. The software may include tools for filtering, gain recovery, and

velocity analysis.

It is important to note that the specific equipment used for a VSP survey will depend on the survey
objectives, the subsurface conditions, and the available budget. The cost of a VSP survey can range from

tens of thousands to several million dollars, depending on the complexity of the survey [5].

Seismograph Seismic source

Ground surface

Recording interval

Figure I.1. Schematic of vertical seismic profile equipment [7]

1.2.2.  Operating Principle

An array of geophones in the borehole used for a VSP survey records both upgoing waves that are
reflected from layers beneath the receivers and downgoing waves that come straight from the source.
Figure Processing separates waves that propagate upward and downward. The initial downgoing wave

arrivals (Figure 1.2)
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The waves are used to calibrate a continuous velocity log. Similar to how reflection seismic data is

analyzed, waves that are propagating upward are also processed. A VSP survey makes it possible to

relate surface seismic data recorded in time to wellbore data recorded in depth. It can also be used to

differentiate primary from secondary events (multiples) and to determine the depths of layers where

reflections are generated (Figure 1.3) [3] [4].
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Figure 1.2. Represent a simulation that we executed using MATLAB of upgoing and dowgoing waves of conventional

VSP.
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Figure 1.3. Different types of reflections [1]

Types of VSP Surveys

The source and receiver geometries distinguish many different variants of the VVSP technique.
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a. Check-shot VSP

The check shot is the most common type of VSP survey. It is known as a low-cost velocity survey and
has been used since 1940 [5]. This method doesn't use reflection to estimate the direct travel time from
the source to the receiver. It provides a measurement of seismic velocity near the well and relates seismic
time to well depth. To acquire data, an immobile seismic source is used, and a receiver measures the
direct travel time indication from the surface to a specific reflector [5] (Figure 1.4). In Algeria, this

method is widely used due to its ease of implementation and low cost compared to other methods.

Source

£

~ -
A\ Receiver

Figure 1.4: A checkshot VSP survey measuring the direct travel time. [5].

b. Zero Offset VSP

The conventional vertical seismic profile (also called standard VSP) has been used since 1950. In this
method, the vibration source is positioned directly above the receivers, typically very close to the
wellbore, and the reflected seismic signal is captured, delivering a seismic image below the total depth of
the well [5] (Figure 1.5).
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a b
Figure 1.5. a) A Zero-offset VSP survey measuring the two-way travel time above TD, b) A Zero-offset VSP survey measuring
the two-way travel time below TD [5]

Example of Zero Offset VSP

This example is taken of well-1 located in Algerian hydrocarbons field

Table 1.1 General information about Zero Offset application

Survey Type Zero Offset VSP
Surface Recording Length 14000.0 ms
Surface Sampling Rate 2.0 ms
Downhole Recording Length 18000.0 ms
Downhole Sampling Rate 2.0 ms

Top of Survey 29.5m

Bottom of Survey 3000.0 m
Number of Shots 68

Number of Downhole Traces 688

Number of Downhole Traces used for Processing 659
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c. Offset VSP

The offset VSP is achieved by positioning a single source far from the well. Reflections coming from
reflectors that are farther from the wellbore are picked up by the downhole geophones, allowing imaging
to some distance away from the wellbore [5] (Figure 1.13). The far offset VSP refers to the distance
between the source and the wellbore.

Source

Receiver

Figure 1.13. A VVPS survey measuring the two-way travel time using Offset VSP [5]

d. Walk-Above VSP

This technique is used to accommodate the geometry of a deviated well. Each receiver is in a different
lateral position with the source directly above the receiver for all cases. Such data provide a high-
resolution seismic image of the subsurface below the trajectory of the well [5] (Figure 1.14). In Algeria,
this method has not been widely used due to factors such as the complexity of the method, limited

availability of the necessary equipment, or the method's high cost compared to other VSP methods.
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Figure 1.14. One-way travel time using Walkabove technique [5]
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e. Walk-Away VSP

A seismic walk-away is a series of offset VSPs in which a receiver array of five to seven geophones is
used. Surface source locations are placed along a line from the well, and hundreds of sources are
activated in sequence [5] (Figure 1.15). Following data processing, a subsurface image with greater

resolution than a surface seismic survey is produced.

Sources Sources

- !
t \ \ ) Reckivers ’
1 \ \ AN o ] !

Figure 1.15. A VPS survey measuring one-way travel time using Walk-away technique Modified from Arroyo et al [5]
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Comparison between different techniques of VSP

Check-shot VSP: This is a type of VSP survey in which a seismic source is generated by a vibroseis
truck or other source, and the resulting seismic waves are recorded at a number of shallow boreholes located
at various distances from the source. The data collected is then used to calibrate seismic data gathered from

other sources.

Offset VSP: This type of VSP survey is used to gather information about subsurface rock formations and
fluid reservoirs by recording seismic waves generated by a surface source and recorded at various depths

downhole. The "offset™ refers to the distance between the source and the recording location.

Walk-Above VSP: This type of VSP survey is similar to the Offset VSP, but instead of using a fixed
surface source, the source is made to walk along a line above the recording locations. This allows for the

acquisition of VSP data over a larger area and at a higher spatial resolution than with a fixed source.

Each of these VSP techniques has its own advantages and disadvantages, and the choice of which to use

depends on the specific goals of the survey, the geology of the area being studied, and other factors.

1.2.2. Advantages and utility of the VSP
a. Benefits of the VSP

e Provides greater vertical and lateral or spatial resolution than surface seismic.

e Inserting seismic sensor deep into oil and gas wells allows the recording of much higher frequencies
as compared to placing sensors at the earth's surface.

e Borehole seismic signals tend to have higher frequencies compared to surface seismic signals, which
provides an increase in subsurface resolution.

e The down-going and up-going wave-fields show the variation with depth of acoustic properties such
as impedance and viscous damping. The relationship between acoustic impedance (Z) and velocity
(V) of a material is given by the equation:

Z=p*V
Where p is the density of the material

e The VSP generate a seismogram provides a clearer reflection profile than that obtained from the
sonic logs, that due to the different amount of data provided by two method since the sonic log gives
an image just near the borehole unlike VSP which gives a wider image.

e High resolution images for reservoir boundaries, salt flank imaging, and fault identification in

complex areas.
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e The direct down-going wave-field can be used to determine velocities which provide insight on rock

properties.

b. Application of VSP

e Predicting depths of seismic reflectors.

e Predicting rock conditions ahead of the drill-bit - defining reservoir boundaries.

e Locating faults near well bore.

e Describing reservoirs via seismic tomography.

e Predicting high-pressure zones ahead of the bit.

e Detecting mud-made fractures.

1.2.3. Limitations of the technique

e Have high costs and some operational risk (The cost of drilling equipment is directly related to the
number of offset sources at the surface, which increases dramatically. Risks are due to having the
drill string out of the well for one or more days).

e VSP surveys have limited lateral resolution due to the geometry of the sources and receivers, which
are typically located along a single vertical wellbore. This can make it difficult to resolve lateral
variations in subsurface structures or properties.

e Complex subsurface structures, such as intersecting faults, can cause multiple reflections and
refractions, making it challenging to accurately interpret the VSP data.

e V/SP data processing is complex and requires specialized software and expertise. The processing
steps must be carefully designed to remove noise and enhance the signal, and mistakes in processing
can lead to incorrect or misleading results.

1.3. Borehole Seismic Technique

There are many uses for borehole seismic methods, including the characterization of oil and gas
reservoirs, the monitoring of CO2 storage, the evaluation of geothermal areas, the planning of subsurface
waste disposal, the management of groundwater, the characterization of mining sites, and the evaluation
of petroleum sites. Accurate interpretation of downhole data requires a thorough understanding of the

properties of the source’s radiated energy in a borehole and its coupling to the formation.

1.3.1. History of the technique

The history of borehole seismic can be traced back to the early 20th century, when the first

experiments with downhole seismography were conducted.
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In the 1940s and 1950s, the development of downhole seismography was driven by the need to explore
for oil and gas reserves. During this time, seismic waves were generated at the surface and their arrival

times were recorded at downhole receivers to determine the subsurface velocity structure [9].

In the 1960s and 1970s, borehole seismology became more sophisticated with the introduction of
advanced technologies such as multi-component sensors and cross-hole seismics. These techniques
allowed for the imaging of the subsurface in three dimensions and provided more detailed information

about subsurface geology and geophysical properties.

In the 1980s and 1990s, borehole seismology continued to evolve with the introduction of high-
resolution downhole seismometers and new data processing techniques. During this time, borehole
seismology became an important tool for environmental and engineering applications, such as the study

of soil and rock mechanics and the assessment of underground storage reservoirs [10].

Today, borehole seismology is a well-established field that is widely used in the oil and gas industry,
geothermal exploration, and other subsurface imaging applications. Advances in technology have made it
possible to acquire high-quality seismic data in a variety of subsurface environments, and new data
processing and imaging techniques have improved our understanding of the subsurface [11]. In Algeria,
it was introduced for the first time in the 1970s or 1980s, as the technology was becoming more widely
adopted in the oil and gas industry led by SONATRACH.

1.3.2. Description of the technique
Borehole seismic surveys can be carried out in several different ways:
a. Downhole technique (VSP)

When making downhole measurements, the seismic source is positioned on the surface while the
geophones are placed in a borehole. The travel times of the seismic waves between the source and the
different depths of geophones provide information on the seismic velocities and thus on the hardness and
type of rock (Figure 1.16).
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2SN

NN

Figure 1.16. Downhole technique (VSP) [8]

The following are some of the equations that are commonly used in the processing and interpretation
of VSP data:

Time-Depth Conversion

The time-depth conversion equation is used to convert the travel time of seismic waves from the
surface to depth in the subsurface. The equation is based on the velocity of the seismic waves through the
subsurface, which can be determined from the VSP data.

The equation for time-depth conversion is given by:
Depth = velocity * (travel time) / 2

Where:
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Velocity is the velocity of the seismic waves in the subsurface, typically measured in meters per second
(m/s)

Travel time is the time it takes for the seismic waves to travel from the surface to a certain depth in the

subsurface, typically measured in seconds (s)
Depth is the depth in the subsurface, typically measured in meters (m)

Reflection coefficient

The reflection coefficient is usually defined in terms of the voltage wave and is given by the following

equation:

_L-I
I+

1)

Where:
R: reflection coefficient (%)
I, . Impedance of the first layer, typically measured in ohms (Q)

I, : Impedance of the second layer, typically measured in ohms ()

b. Uphole technique (check-shot)

To get more accurate velocity values, small explosive charges are placed at defined depths in a

borehole and the travel time of the waves is measured by the geophones on the surface.
c. Cross-hole technique

A technique for measuring a signal sent from a source located in a borehole, to a receiver array placed

in a neighboring well.

The cross-hole and downhole seismic methods are widely used in engineering as a reliable means of in
situ determination of the variation of elastic moduli with depth. The cross-hole method is more expensive
to conduct in the field than the downhole method, but it is also easier to analyze the seismic results.
However, if a soft layer is sandwiched between two hard layers, it is often difficult to identify the first

arrival of the direct shear wave in cross-hole records.
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1.3.3. Advantages and utility of the approach
a. Benefits of Borehole Seismic
e Unique combination of large depth and high resolution
e Focus on deep targets
e Direct lateral view on steeply dipping targets
e Increased resolution due to target proximity
e Avoid resolution loss in near-surface weathering
e Minimize instrumental deployment on surface
e Reduces the overall cost of the seismic survey
b. Application of Borehole Seismic
e Calculation of elastic moduli and dynamic rock properties.
e Detection of faults, shear zones and voids.
e Diagnosis of problem areas in 2-D or 3-D.
e Pre and post-grouting surveys.
e Quality control tool for structural repairs.
e Quantitative evaluation of material by seismic velocity analysis.
e Seismic shear-wave and compressional wave velocity soundings.
e Determination of rock quality through the estimation of the dynamic coefficients of the materials.

e Detection of faults and shear zones in bedrock.

1.3.4. Drawbacks and Limitations

Borehole Seismic and Vertical Seismic Profile (VSP) methods have several drawbacks and limitations,

including:

Cost: Both methods are more expensive compared to surface seismic methods. The cost of drilling a

borehole, installing geophones, and recording data can be significant.

Complexity: Borehole seismic and VSP methods require specialized equipment, and the data
interpretation can be challenging especially for second arrivals (multiple)

Limited depth: Both methods are limited in terms of the maximum depth that can be explored, which is

usually a few kilometers.
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Poor resolution in some areas: Poor quality data can result from factors such as low frequency of the

seismic source, presence of borehole fluid, or poor geophone placement.

Limited data coverage: Borehole seismic and VSP methods provide limited data coverage, with only one
borehole in a single location. Surface seismic methods, on the other hand, can provide data coverage over
large areas.

Limited temporal resolution: Both methods have limited temporal resolution, meaning that they may not

be able to capture rapid changes in subsurface conditions.
I.4.  Conclusion

V'SP data acquisition is extremely demanding in terms of equipment type and quality, technical skills,
engineering and geophysical specialized knowledge, survey objectives, and so on. As a result, it is
relatively common for VVSP data acquisition to be prone to errors and inaccuracies. Identifying the most
common errors and malpractices in VSP surveys took several years of research into numerous case

studies.

Borehole seismic surveys are important for the understanding of the orientation and types of fractures

determining solution for mine optimization and faults controlling mineralization.
Seismic methods offer a very high resolution vs. the volume covered.

The cost of borehole seismic is extremely acceptable, compared with surface deployments. Seismic
method, and among these, borehole technique, were identified as the best tool to potentially characterize

alteration and structurally compromised zones.

Borehole and surface 3D seismic investigation combine presently their benefits to produce site models
with increased levels of detail and reliability.

However, new technologies are being developed in order to improve the reservoir monitoring not just
after drilling but in real time while drilling, among these technologies we proposed the surface seismic

while drilling SSWD, which will discussed in more details in the next chapter.
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11.1. Introduction

Seismic while drilling (SWD) is a technology that can provide subsurface velocity information, which in
theory can reduce the uncertainties in determining depth velocity. SWD has been around for over 20 years,
but its usage has been constrained by sensing and operational limitations. In this chapter, we will provide a

more in-depth understanding of the different types of SWD technologies available.

Seismic while drilling is an innovative technique used to gather geological information about subsurface
rock formations during the drilling process. It combines the traditional seismic surveying method with
modern drilling technology to produce a more comprehensive understanding of the subsurface. This
information is crucial for various applications, including reservoir evaluation and drilling planning. By using
seismic while drilling, drilling engineers can make informed decisions, reduce risks, and optimize drilling

operations.

There are two main types of SWD: active and passive. In active SWD, an energy source, such as a
hydraulic vibrator or an explosive charge, is used to generate seismic waves. In passive SWD, the seismic
waves are generated naturally by the drilling process itself. Both types of SWD can provide valuable
information about the subsurface, such as the identification of subsurface faults and the thickness and
character of subsurface formations. In this chapter, we will provide a more detailed explanation of the
different varieties of SWD techniques and their applications, based on research from various sources [12,
13]

11.2. History of the development of the method

SWD is a valuable and interesting geophysical technique, which has undergone extensive research,

testing, and improvement throughout its history.

The first method of SWD was surface seismic while drilling (SSWD), which was widely used in the
international oil field industry due to its basic principle of functioning. However, its limitations and potential

risks led to the invention of the next technique.

In the past 30 years (since 1991), the drill-bit SWD has been in use by the oil field industry, utilizing the
vibration energy generated by the tri-cone bit to provide vital real-time data and look-ahead information
during the drilling process. Before this, there were very limited technical interactions between geophysicists
and drillers, but that has changed since the fully developed SWD (1990-2000), and credit for its

development belongs to IFP (French Institute of Petroleum) and its partners [14, 18].
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Another emerging technique that has been mainly used by Schlumberger since 2000 is the vertical
seismic profiling while drilling (VSP-WD), which involves capturing and recording the signal emitted by a

surface seismic source on hydrophone sensors integrated inside the downhole borehole assembly (BHA).

The most recently introduced technique is the swept impulse hydraulic tool, which is capable of
generating a seismic signal at the bit location while drilling. This tool overcomes the limitations of drill-bit
seismic technology, particularly in soft formations, and allows for seismic operations while still drilling with
the polycrystalline diamond compact (PDC) bit. The high-intensity compression wave signal is used for

high-resolution (broadband) seismic profiling and look-ahead imaging while drilling [17, 18].
11.3. Different methods of SWD technique
There are several methods of seismic while drilling (SWD) including:

o Surface seismic while drilling (SSWD).
o The drill-bit SWD technique.
o Vertical seismic profile while drilling (VSP-WD).

o SWD using swept impulse hydraulic tool.

11.3.1. Surface seismic while drilling (SSWD)

Surface seismic while drilling is used for general subsurface mapping, locating oil and gas
accumulations, and keeping track of reservoir changes brought on by oil and gas production. While
gathering surface seismic data, the z-axis (depth below the surface) is determined by the two-way travel
times of the sound waves. The x- and y-axes' horizontal distances are expressed in meters.

The depth (Z-axis) in drilling operations is measured in meters. It is necessary to know the velocity of
the underground rocks in order to convert between the two domains (depth conversion). Drilling
prognosis is frequently uncertain because of inconsistent velocity information.

Surface seismic data has a lower resolution and the frequency content of the signal decreases with
burial depth. The typical normal resolution is one quarter of a wavelength, which is 10 meters for a
seismic wavelength of 40 meters with a typical center frequency of 50 Hz and a velocity of 2000
meters/sec [26]. Seismic is also used in the borehole. The principle was investigated as early as 1930
[26]. Today, several techniques exist with different applications and limitations. A typical system consists
of a source to create a seismic signal and receivers to record these signals. All borehole seismic
techniques utilize a setup where one component (source or receiver) is located on the surface, and the

other in the borehole. Hence the “one-way travel time” of the waves is recorded, in contrast to surface
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seismic where it is the waves that have traveled both ways that are utilized. Borehole seismic is used

extensively worldwide today.

11.3.1.1. Operating principle of the (SSWD) method

Seismic imaging techniques may occasionally allow the detection of vertically aligned objects whose
diameter is greater than the seismic wavelength. A novel technique that makes use of this reality and, more
specifically, the seismic diffraction response from the borehole, is surface seismic while drilling (SSWD).
Utilizing surface seismic data, a technique is applied to visualize well routes (Figure II.1). The advantage of
this approach is that the well is imaged within the context of the seismic image, which means that the well
trajectory is imaged using the same imaging techniques as the seismic image, removing any ambiguities in
projecting the well onto the seismic image. In other words, the SSWD approach provides more details of the

well.

Furthermore, surface seismic while drilling (SSWD) is based on using seismic data acquired at the
surface to image the well path. The method uses conventional seismic equipment (receivers and sources)
together with specialized setup, procedure and processing to accurately display the well on the seismic
image (Figure II.1). The method is based on the principle that the wellbore represents a reflective and
diffractive object for the seismic waves, and therefore is not dependent on the presence of steel in the wells
(Figure I1.1) [14].

Well

Sea surface

@ Source )
s, Receivers

Sea bottom

Interface

Figure IL1. Illustrative image of (SSWD) in offshore
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11.3.1.2. Description of the technique

When the drill bit penetrates the subsurface formations, it causes changes in the subsurface. With high-
resolution seismic data, these changes can be detected, allowing for the accurate tracking of the well path

while it's being drilled..

Before drilling, a reference seismic image of the subsurface is obtained. This could be the initial seismic
data collected before drilling or a simulated dataset from an earth model. The seismic survey is repeated as
the bit drills deeper into the earth, using fixed seismic sensors and sources installed on the surface or

offshore equipment for offshore locations.

The newly obtained seismic data is then subtracted from the reference seismic image, resulting in only
the changes in the subsurface being visible. Seismic simulations have shown that this method can accurately
track the true well path as its being drilled (Johansen & Sangesland, 2013)[26]. If successfully utilized, this
technology can revolutionize several aspects of drilling technology.

11.3.1.3. Advantages of the technique

o This technique uses geophysical principles seismic, no tools or steel are required in the well.

o It does not depend upon interrupting the drilling operation.

o Favorable property of the SSWD method is that the well path is imaged directly into the seismic
image. As a result, the well path's location in relation to its geological surroundings is depicted.

J Any other wells in the region are imaged using SSWD.

o The well path's mapping into the seismic image is done without big uncertainty.

11.3.1.4. Limitation of the technique

o SSWD requires specialized equipment, and the data interpretation can be challenging.

o It is more expensive compared to traditional surface seismic methods, due to the need for
specialized equipment and expertise.

o The use of seismic sources and recording equipment can have a significant impact on the
environment, including noise pollution and disruption of wildlife habitats.

o It is limited in terms of the maximum depth that can be explored, which is usually a few
kilometers.

o SSWD can interfere with drilling operations, potentially leading to delays and increased costs.

o Poor quality data can result from factors such as low frequency of the seismic source, presence

of borehole fluid, or poor geophone placement.
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11.3.1.5. The critical use of SSWD for drillers

Johansen et al. (2013) proposed the use of repeated surface seismic while drilling (SSWD) to measure the
relative distance between two wells in real-time while the relief well is being drilled. Modern relief wells
bear little resemblance to the first relief wells drilled in the early 20th century, as they directly intersect the
original well at a depth of several miles and usually less than a foot in diameter. Traditional depth and
positioning instruments are prone to horizontal errors of up to 100 meters, which do not provide the required
accuracy for direct access to the intersection between two wells. To overcome this limitation, special
registration tools have been developed using steel tubes in blown wells. This is achieved by acquiring
reference seismic data before drilling commences and continuously repeating the seismic survey as the bit
propagates down into the earth. Subtracting the reference seismic data from the newly acquired seismic data
yields only the changes in the subsurface, allowing the true well path to be determined. This method has the

potential to facilitate a direct intersection, regardless of the presence of steel in the blowing wellbore [20].
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Figure I1.2. Bottom intersection using SSWD [26]
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11.3.2.  The drill-bit SWD technique

The drill-bit SWD method provides real-time data by using the drill-bit as a source of vibrations due to its
impact on the rock formation during drilling. The waves propagate through the subsurface and get recorded
and traced by surface geophones, which provide real-time information about the subsoil [14].

11.3.2.1. Operating principle of the (drill-bit SWD)

The operating principle of this SWD method involves in generating seismic waves by the bit-formation

interaction and recording the reflected waves to provide subsurface data.

Additionally, seismic waves generated by the drill bit are both compressional waves known as primary
waves (P) and shear waves also known as secondary waves (S). The primary waves are the first ones to
arrive at the geophone. They have the capability to move through solids, liquids, or gases. Unlike them, the
S waves, which are the second to arrive during the bit vibration, are much slower than the P waves and can

travel only through solids (Figure 11.3) [15].
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Figure 11.3. Model of two different waves (shear and pressure) and there propagation in the ground [16]

The application of drill-bit seismic during drilling is a development of the traditional seismic technique,
which makes use of signals with zero start timings and established signatures (as we mentioned previously
in the first chapter). The while-drilling technology requires preprocessing of the acquired time-incoherent

raw-field data (referring to the conventional seismic surveys) to obtain impulsive shaped seismograms with
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known zero times. This is accomplished using very long recording intervals, that is, using several tens of

minutes of passive listening for each depth point [15].
11.3.2.2. Description of the technique

Drill-bit SWD is a geophysical technique that can be distinguished by its setup, which consists of the drill
bit as the source of vibrations (the impact of the bit on the rock formation), and the waves generated by the
drill bit are captured by receiver elements deployed on the surface. A geophone, known as a pilot sensor, is
mounted at the top of the drill string to record the source signature, as shown in Figure I1.4. Using the
response of the pilot sensor as a pilot signal, analogous to a vibrator sweep signal, a seismogram can be

obtained by cross-correlation with the response of each receiver element.

SWD, a method with geometry like reverse-VSP, can be used to gather formation boundary and velocity
information both above and below the drill-bit. The location of the drill-bit in the seismic section can be
known while drilling by converting the velocity information from drilling depth to two-way travel time. The
location of the drill bit and information about the formation boundary are then combined to forecast and

prevent drilling problems [14].
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Figure 11.4. The basic SWD setup and the cross-correlation concept between the pilot sensor and the Surface geophones [14]

11.3.2.3.  Advantages and utility of the technique

. Provides real-time subsurface information that can be used to adjust drilling parameters, improve

drilling accuracy, and reduce the risk of geological surprises.
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o Helps to identify subsurface geological features, such as faults, reservoirs, and hydrocarbon-
bearing formations, which can improve understanding of the subsurface and reduce exploration
risk

) Can help to identify areas of weak or unstable rock formations, which can be avoided to improve
wellbore stability and reduce the risk of a well collapse

. Can be used to optimize well placement, helping to maximize reservoir contact, reduce drilling
costs, and improve the efficiency of hydrocarbon recovery

. Can reduce exploration risk by providing real-time information about subsurface geology and

reducing the risk of drilling into areas with undesirable geology.

11.3.2.4. Limitations of the technique

. This technology is unreliable in either soft rocks or very deep (> about 18,000ft) and horizontal
wells [25]
. It cannot be used in highly deviated holes as the drill bit signature measured at surface is

attenuated too much by high hole angle

. It can only work reliably when drilling with roller cone Bit. It cannot be used with
polycrystalline diamond compact (PDC) bits

. In which the drilling operation is realized, that comes with sudden unpredictable variations that
can affect the quality of the seismic data

. Strict timing: the acquisition cannot be repeated at the same depth level once it has been drilled,

and any contingent failure of the acquisition system can lead to irreparable loss of data

11.3.3.  Vertical seismic profile while drilling (VSP-WD)

As mentioned in the history of the SWD technique, the VSP-WD method is mainly used by
Schlumberger. This method is a transfer of wireline borehole seismic to drilling operations by using the
same surface source and downhole hydrophones as the conventional VVSP. The real difference is that there is

no cable connection between the tool and the surface.
11.3.3.1. Operating principle of the (VSP-WD) method

This technique employs downhole sensors integrated in the borehole assembly (BHA), which receive

seismic signals from a seismic source deployed on a source vessel (boat or rig). The source is emitted while
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making the drill string connection (tripping-time) or during drilling pauses, when mud circulation is stopped

and drill pipes are stationary so that drilling noises do not interfere with the data processing.

The VSP-WD technique employs a downhole sensor integrated into the borehole assembly (BHA) which
receives seismic signals from a seismic source deployed on a source vessel, such as a boat or rig. The source
is emitted during drilling pauses or while making drill string connections (tripping-time) when the mud
circulation is stopped and the drill pipes are stationary to prevent drilling noise from interfering with data
processing. Seismic signals are received by the VSP-WD tool in a closely synchronized acquisition process
by a conventional source, such as an airgun on offshore rigs, or vibroseis or dynamite (explosive) on land.
The tool can collect both the direct and reflected seismic signals. The downhole tool contains sensitive
receivers, processors, and memory. The signals are processed downhole to determine crucial first break-
time, or check shot time, and this information is then transferred up-hole in real-time by a mud pulse
telemetry system. Current mud pulse telemetry systems do not have the required data rates to send full-
waveform data up-hole. However, the VSP-WD tool can store raw full-waveform data in the downhole

memory storage which can be retrieved later during tripping of the bit.

The tool needs to be configured before it is run in the borehole with the BHA to prepare it for data
processing. The source can be turned on during tripping while the tool is at the appropriate depth. Seismic
signals are collected by the tool's memory for later processing. These waves can be recorded directly from
the source as one-way travel time or reflected by the formation known as two-way travel time. The entire
procedural aspect of the tool is shown in Figure 11.5.

The sensor prepares the data for transmission up-hole when mud-pulse telemetry (which will be detailed
later in this paragraph) starts. In order to locate the bit on the surface using seismic imaging, the time-depth
relationship in real-time is applied through MWD. Only the most crucial data is transmitted up-hole, while

the rest is retained in downhole memory.

A brief description of mud-pulse telemetry technology: This binary coding transmission method is
used with liquids and is called mud pulse telemetry. This is achieved using a valve that modifies the drilling
mud pressure inside the drill string and translates the recordings from the sensors positioned on the drill
head into pressure pulses, which act as signals. The drilling mud is used to transmit these pulsations to the
surface. The pressure pulses are measured on the surface by a pressure transmitter and converted into an
electrical signal, which is transmitted to a computer in digital form. For more details, please see [Annex]
[17, 21, 23].

University Kasdi Merbah Ouargla Page 32



Chapter I Seismic while drilling

Before Bit Run
Configure Tool
l During Bit Run

Source Actvation,

Data Acquition
Time Picks '

Downhole Processtng — o é:if;?rt:iac?stggon

Via MWD

Store i Memory

l After Bit Runs

: Wavef
Retrieve Memory ﬂ, grsoiessmg

Figure 11.5.VSP-WD procedures aspect [17]
11.3.3.2. Description of the technique(VSP-WD)

Synchronized clocks serve as the foundation of the VSP-WD technology. The key technical achievement
was the creation of a downhole clock with millisecond precision measurement capabilities that was also

strong enough to withstand the downhole environment (high pressure and temperature).

The tool measures seismic energy from a surface source using hydrophones and geophones. analyses
waveforms below the surface to calculate the first break time, and transmit this information up-hole through
mud-pulse telemetry. Various components make up the necessary surface equipment, depending on the
application. To process VSP images, waveform data can be retrieved from the tool memory and delivered to
a processing center. The geometry of the well and the location of the source both play a significant role in
the process. For this application, vertical wells with zero offset sources perform best. The following tools

are necessary for any application:

o An airgun system (Figure 11.6), (Figure 11.7).

o A surface computer to provide timing information and process the data.
o A source of high pressure (approx. 3000psi) of air (Figure 11.8).

o A navigational system. (Figure 11.9).

o A processing software.
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o A tap tester, is used to test synchronization of the clocks and entire system operation during a

shallow hole test just prior to running in hole.

At the surface, the engineer decides whether to fire the airguns or not. If the driller is making a
connection and the downhole tool is stationary, the engineer enables the automatic gun firing software. This

software fires the airguns exactly 15 seconds apart at the start of this window.

When the seismic signal is analyzed by the downhole tool, an algorithm determines whether or not there

will be a first break. If a shot is considered to be good, it is put into a buffer to isolate it..

While each shot is stored in memory for further processing, real-time measurement requires at least three
consecutive shots to arrive at the tool with the same wave-shape and offset in time. This prevents the tool
from activating in response to rig noise. If at least three shots are observed, the tool begins stacking the

waveforms and continues to do so with each shot.

Once the pumps resume, the tool calculates the first break-time from the stacked waveform, passes this to

the MWD telemetry, and sends it up-hole immediately after the survey [17, 21, 22, 24].
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Figure 11.6. Offshore airgun system [17] Figure 11.7. Land airgun system [17]
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Figure 11.9. Seismic Navigation and Processing system [24]

11.3.3.3.  Advantages and utility of the technique

o In the horizontal part of the wells, it seems like the only method to record VSP- type
data, since the drillers are extremely reluctant to re-enter the borehole with the
drillstring pushing a wireline VSP tool, for reasons of borehole wall instability and
security.

o It places the bit on the seismic map or section. Since the seismic is now corrected down
to the bit position, the driller can be aware of their present position and what lies ahead.
An important result of correcting the seismic down to the bit position is that the seismic
uncertainty ahead of the bit is reduced. It can reduce uncertainty from an unbelievable
700m to 10m. [17, 21].
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o While coring operations well can be drilled very close to the interface where the core is
needed. This eliminates a large amount of unnecessary hole that needs to be drilled,
thus avoiding reduced or missed core data and saving time as well as money.

o Large saving can be realized using VSP-WD service. It saved the cost of running
intermediate wireline VSP, which was not a preferred option when the drilling was
proceeding approximately at 400m/day, the cost of 12 hrs of rig time would have been
$42,000.27 [17, 21].

° The unconformities that are seen in the look ahead VSP and ‘NOT”’ seen in the surface

seismic.

11.3.3.4. Limitations of the technique

o It is claimed that it provides look-ahead imaging, however the range and accuracy of
this capability is still not accurately known

o Mud Pulse telemetry of processed velocity is planned but not presently commercial.

o The biggest limitation of VSP-WD services is to ensure a good mechanical coupling of
the VSP seismic sensor with the borehole and high precision required on downhole
clock.

11.3.4. SWD using swept impulse hydraulic tool

Deep drilling operations face a serious obstacle in the form of slow penetration rates in highly pressured
formations. High mud weight, hard rock, and high borehole pressure severely decrease the drilling
penetration rate while long drill strings restrict the amount of hydraulic power that can be applied to the bit.
To address this issue, a device is used to produce strong suction pulses at the drill bit, which can boost the

overbalanced drilling rates.

11.3.4.1. Operation principle of the technique

Conventional rotary drilling is a mature method and has played a primary role in drilling technology
for more than one hundred years. However, its rate of penetration is generally low, especially when
drilling hard rock formations. The use of hydraulic pulse drilling technology was created primarily to
address challenges associated with deep drilling in excessively pressured rocks and help overcome the

limitations of conventional drilling methods.
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The hydraulic pulse valve that makes up the sweeping impulse source has a mechanism that adjusts
the gap between impulses, as demonstrated in Figure 11.10.

Sweeping the cycle rate allows for seismic profiling and reflection imaging of formations ahead of the
bit.

The energy of the mud circulation is converted into percussive power by a mud turbine that is mounted
directly above the drill. The application of a percussion mechanism with a hydraulic power unit, which is
independent of the drilling mud, powers the hydraulic hammer. The impacts caused by the hydraulic-
accelerated hammer can be used as an energy source for both drilling and seismic wave generation. As

the hammer is deployed just above the drill bit, emission losses of both impact power and seismic energy
are minimal [14, 17, 26].

Percussion mechanisms
in a hydraulic power unit

Hammer

Mud water
circulation

Figure 11.10. Diagram of percussion drilling tool [14]

11.3.4.2. Description of the technique

Several experiments with the hydraulic pulse tool have shown that signals can travel well to the
surface from a depth of 2700" and beyond [27]. A mechanism has been developed to sweep the cycle rate

of the tool through almost an octave (an octave is the logarithmic ratio of two frequencies) as shown in
Figure 11.9.
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The impulse cycle duration runs for approximately 4 seconds, and the cycle rate varies from 11 to 19
Hz [6]. The suction pulse is omni-directional, allowing applications in vertical or deviated wellbores.
When drilling, the tool produces a powerful shear wave, but when the bit is off-bottom, there is no S-
wave propagation. This ability allows for profiling of both P- and S-wave velocity with direct application
to gas detection. The presence of even small amounts of free gas at the bit will immediately eliminate the
seismic signal, providing early warning of a gas kick.

A hydraulic pulse valve is included in the swept impulse source, and it has a mechanism that varies
the duration between two pulses. Sweeping the cycle rate while drilling enables seismic profiling and
high-resolution look-ahead imagery [14]. To create a vertical seismic signal, the signal picked up by the
geophones is cross-correlated with a pressure pilot signal located at the top of the drill-string. Real-time
processing is done with a software correlator.

Since the tool is capable of stopping all of the mudflow, a series of bypass ports may be incorporated

to ensure circulation in the event that the valve fails in the closed position (Figure 11.12).
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Figure 11.11. Internal pressure frequency time sample — impulse function times cycle frequency [27]
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Figure 11.12. Hydraulic pulse tool with high-speed flow course housing and sweep mechanism [27]
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11.3.4.3. Advantages of the method

o The swept impulse seismic source generates broadband, high-intensity shear and compression
waves that can be used for seismic profiling and look-ahead imaging while drilling.

o The combined compression and shear wave data can be used to predict pore pressure ahead of
the bit.

o The tool can be used with no interruption of conventional drilling operations, with any bit type
in any well geometry.

o The primary advantage of swept impulse seismic tool over VSP-WD services is the ability to
generate and display a VSP corridor stack in real-time while drilling

o Provide formation velocities within 5% of a conventional wireline VSP service.

o Real time prediction — defined as less than 10 hours.

11.3.4.4. Drawbacks and Limitation of the technique

o SWD using swept impulse tool requires specialized maintenance and understanding, it is more
expensive than the other methods in this aspect

o Risk and danger, the impulse tool uses strong sheer waves that can damage the bottom hole and
the mistake while using it is very punishable

o IF the bypass system fail, that will lead to reservoir damage

11.4. Application around the world of SWD

The SSWD method has been successfully applied to image vertical well bores (Evensen et al., 2014;
Moser et al., 2016a) and even an already drilled relief well using streamer field data (Moser et al., 2016Db).
To demonstrate the utility of SSWD during relief well drilling, the authors utilized a synthetic model based
on outcrop data from the Kvalhovden area in East-Spitsbergen, Norway (Johansen et al., 2007). The model
simulates a reservoir in one of the rotated fault blocks with a vertical production well (Figure 11.13a). The
pre-stack depth migrated (PSDM) image is shown in Figure 11.13b. Now, let's assume that due to some
unforeseen circumstances, the production well experiences a blowout and needs to be stopped. The
procedure for doing this involves drilling a relief well that intersects the blowing well at the bottom (as
shown by the dotted line in Figure 11.13a) [13].

The authors then simulate four seismic surveys at different stages of the relief well drilling. Receivers
with a spatial spacing of 10 m are placed at the sea surface, and 401 shots with a shot distance of 5 m are
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used in each survey. The seismic data at each stage is generated using ray-Born modeling. For each stage,

the SSWD method is employed to image the relief well.

In the first stage, the well is drilled down to a depth of approximately 425 m and positioned at 720 m. In
the SSWD image (Figure 11.13c), both the relief and production wells are clearly visible, and diffraction
responses from the wells are visible at the interfaces in the geological structure. This image, in combination
with the PSDM image (Figure I1.13b), can be used to identify in which geological unit the drill bit is located.
In each of the next stages, the relief well is drilled about 50 m until it intersects the blowing well (Figure
I1.13f). The SSWD images from each of the stages are given in Figures 11.13d-13f. Note that they used time-
lapse data to image only the newly drilled section of the relief well in the figures. They observe that the
newly drilled sections are clearly visible in the images by their intersection with geological interfaces and
the drill bit itself [13].
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Figure 11.13. The P-wave velocity model and the migrated images using SSWD, Note the imaged diffractions from interface

intersections and the drill bit [13]

11.5. Conclusion

In this chapter, we have seen different types of SWD that have been developed and used throughout the
petroleum industry. Even though these techniques face different challenges due to geological specifications
from one region to another, their outcomes can be very useful in improving exploration and production
performance. The most recent and advanced technique is based on using the stick-slip as a seismic source.
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This technique can be very interesting in Algerian petroleum, and therefore, it will be discussed and

explored in more detail in the next chapter.
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Chapter 111 Seismic while drilling using drill bit stick-slip vibrations

I11.1. Introduction

Seismic-While-Drilling (SWD) is a geophysical technology used for exploring Earth’s subsoil during
drilling for oil and gas, as well as for geothermal purposes [28]. The drill-bit SWD application is an
improvement of the conventional seismic method, which uses signals with known signatures and zero
start times. The while-drilling technology requires preprocessing of the acquired time-incoherent raw
field data to obtain impulsive-shaped seismograms with known zero times. This is accomplished by using
long recording intervals, with several tens of minutes of passive listening for each depth point. In this
chapter, we introduce a technique that uses the stick-slip vibrations produced by drill-bit impacts on the
formation during drilling as a downhole seismic energy source for acquiring inverse VSP surveys (the
source and receiver positions of conventional VVSP are reversed). The technique is called Seismic-While-
Drilling using Drill-Bit Stick-Slip Vibration or Drill-Bit VSP.

I11.2.  Vibrations types in Drill bit

The vibration of the drill string occurs when the frequency of the applied force matches the natural
vibration frequency of the drill string. Rotation of the drill string at its natural resonant frequency results
in excessive and rapid wear of the drill string and can result in fatigue failure. Three types of vibrations
that occur during drilling are axial, torsional, and lateral (Figure 111.1). The destructive nature of each
type is different [29].
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Figure 111.1: Three types of drill string vibrations: a) axial, b) torsional, ¢) lateral [29]
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I11.2.1. Axial or Longitudinal Vibrations (Bit Bounce)

Bit-bounce is a phenomenon caused by axial vibrations that result from fluctuations in the weight on
bit (WOB) when the bit lifts off the bottom and then impacts the bottom hole again. Drilling hard and
abrasive formations can also cause bit bounce. This problem is usually encountered in vertical wells that
use tricone bits, and severe issues have been recorded with this type of bit. For example, reducing the
penetration rate may result in the failure of the bit and bottom hole assembly (BHA) components. These
vibrations can even affect surface equipment at shallow depths, resulting in top drive bounce. In such
circumstances, this phenomenon is relatively easy to detect. It also affects the drilling mud by causing
pressure fluctuations. Axial oscillations are damped in deep wells, preventing them from rising to the

surface. These vibrations are classified as secondary vibrations for PDC bits.

I11.2.2. Lateral or Transverse Vibrations (Whirling)

When the BHA rotates eccentrically along the well axis, lateral vibrations result. The drill string’s axis
of rotation deviates because of inertia forces that try to make it unstable. This is the most destructive type
of vibration and can create large shocks as the BHA impacts the wellbore wall. This type of vibration
causes a phenomenon known as "whirling,” which may appear on a drill bit or a BHA (Figure 111.2).
According to oil and gas companies, the major issues caused by this phenomenon are: hole widening due
to irregular bit rotation, reduction in drill pipe service life due to cyclic variations in vibrations,
instantaneous drill string rupture (appearance of micro-cracks that increase as the phenomenon occurs),
and severe contacts with borehole walls. According to the direction in which it occurs, the whirling
phenomenon can be divided into three main types: the first type is ‘forward whirl’, in which the
precession of the drill string turns in the same direction as the bit rotation; the second type is ‘backward

whirl’, which means that the precession takes place in the opposite direction of rotation. Besides, in the

third type, the precession has a random direction [30].
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Figure 111.2: BHA whirl: forward and backward whirl

111.2.3. Torsional Vibrations (Stick-Slip)

Torsional vibrations are the most dangerous type of vibrations that can occur during drilling. The
phenomenon that causes these vibrations to occur is called 'stick-slip'. Stick-slip happens when the drill
bit is in non-linear frictional contact with the formation, causing the bit to alternate between two phases:
an adhesion phase and a sliding phase. As a result, the velocity undergoes intense variations, and the
severity of this phenomenon can lead to a complete halt of the drilling process. Rotational speed

variations are considered a strong indicator of stick-slip [30].

In seismic while drilling (SWD) we consider the Stick-Slip as the main source and we don’t take into
account the rest of the previously mentioned types of vibration, because Stick-Slip is the origin of the
vibration and the other follow from it. Stick-slip is not the only type of vibration considered in seismic
while drilling (SWD). While stick-slip is the most significant type of vibration, lateral and axial

vibrations can also affect the quality of seismic data obtained through SWD.

Recordings from the MWD (measurement while drilling) of Well-1, located in an Algerian
hydrocarbon field, indicate that the rotational speeds at the bit are irregular. Specifically, the curve
representing this speed contains peaks and valleys (Figure 111.3). The speed corresponding to a peak is six
times the value of the speed measured at the surface. Also, the speed corresponding to the stuck phase
can reach zero, indicating that the bit is completely blocked, unlike the surface where nothing is
indicated. The duration of the stuck phase varies from 1 to 5 seconds. While the bit is stuck at the bottom
of the borehole, the top drive system continues to rotate at a constant velocity, causing the drill string to

twist. This torsion makes the pipes store elastic energy; however, beyond a certain quantity, the torque
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applied to the bit becomes greater than the resisting torque (static torque), which consequently releases

the bit, and the cycle is repeated again [30].

Lateral shocks are
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Figure 111.3. Measured vibration using BlackBox in Well-1 [30]

111.2.3.1 Mathematical Model

This part will focus on studying the different vibrations that affect an operating drillstring. Many

researchers have demonstrated that torsional vibrations are the most dangerous; their severe appearance can

lead to the stick-slip phenomenon. Several methods can be used to properly assimilate this phenomenon,

including the mass-spring-damper model. The drillstring, in this model, is considered as a torsional

pendulum shown in Figure I11.4. The drill pipes represent the torsional spring with the torsional stiffness k,

the BHA is represented by a mass M, the moment of inertia I represents the inertia of the BHA and that of

the drill pipes. The viscous friction between the drillstring the drillstring and the drilling fluid behave as a

damper with a damping coefficient C [30].
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Ty + Tap W | BHA+DmllBi

Figure 111.4. Three elements proxy model of rotary drilling system [30]

Assuming that the system rotates with a constant velocity 2, applied by the top drive, and that F
represents the angular position of the bit, the equation of motion according to the principle of dynamics (the

sum of the moments of the external forces is equal to the derivative of the angular momentum) is given in

(1).
|d+ CH+K (D-0,t) =T}, 1)

T, : is the torque generated by the frictional forces along the drillstring and is a function of the
rotational velocity of the bit [31]. Equation (1), referred to as the classical equation, represents a lumped
system of one degree of freedom. This model contains three parameters: the moment of inertia I, the
damping coefficient C, and the torsional stiffness k for two elements: the spring representing the drill
pipes and the disk of mass M representing the BHA. This model is the basic model considered for rotary
drilling systems. However, several assumptions can be added to it, such as considering each drill pipe as

a disk of mass M and inertia | instead of considering them as a single spring.

Jr is the inertia of the top drive; J, is the inertia of the drill pipes, J, is the inertia of the BHA
(including drill bit), k, is the torsional stiffness of the spring between the top drive and drill pipes, k., is
the torsional stiffness of the spring between drill pipes and the BHA, C; is the viscous damping along
drill pipes, Cy;, is the viscous damping along the BHA, T, is the viscous damping torque at the bit, and

Ty is the friction torque at the bit [31].
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Studying the drillstring's dynamic behavior while it is operating is the goal of the model introduced in
this section. This model integrates the bit-rock interaction with the mechanical response of the drillstring
to torsional vibrations. The top rotating system, drill pipes, and BHA are the three primary components of
the drillstring. Each element is represented by a disk of mass (m) and inertia (J), the disks are connected
to each other by springs with a torsional stiffness (k;) and a viscous damping coefficient (C;). The

drillstring is shown in Figure 111.4 as a torsion pendulum that is propelled by the top drive.

The interaction of the drilling mud with the drillstring can be simplified in the form of viscous
damping C; and Cy;, along the drill pipes and the BHA, respectively. It is assumed that the top drive
rotates with an initial velocity 6,.and provides a torque T, (with neglecting the damping and frictional

torques at the top drive). According to the fundamental principle of the rotational dynamics [30]

—==M 2
I )
Where
L: angular momentum
M: dynamic moment of external forces
- ag .
L=]—e 3
]2 ®)

@ is unit vector. Substituting (3) in (2), Equation (4) is obtained.

J6 =M 4)
Taking into account the viscous forces and the rigidity of elements, the equation of motion becomes
Ji0i =M - Ciyq (0i-0i41) - kiy1(0;-6i41) + C; (0;-1-0;) + ki(0;—1-6;) (5

C is viscous damping, k is torsional stiffness, i is current element, i + 1 is next element. By applying

Equation (5), equations of motion for three elements are given in (6)
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Jr 0+ Co (6, —0,)+ ki(6,—6,)=Tn
Jp 0y, —Ce (6, —6,) — ke(6, —6,) + Cp (6, — 0p) + kep(6, —6p) =0 (6)
Jb O — Cep (9p - Qb) - kb(ep - 9b) = _Tb(eb)

Where
Ty (0p) = Tap(65) + Trp(65) is the torque on the bit
T~ C;, * 0, approximates the influence of the drilling mud on the bit
Trp (éb) is the non-linear friction torque due to bit-rock contact interaction, it is given in (7)
Trp(6p) = WOB * Ry,™ 1, () * sign (65) ()
Where

WOB is the weight on the bit

R, is the bit radius

sign (8, represents the rotational direction

up(8,) is the bit dry friction, which follows the Karnopp friction model and it is given in (8).

: ~Ib|g,|
up(Op) = tept (Usp-ticp)e F (8)

Where
Ugp, 1S the static friction coefficient
Ucp 1S the Coulomb friction coefficient

¥» and vg are constants verifying the following assumptions: 0 <y, <1 and vy >0 to simplify

calculation, it is assumed that A= 3}’—”
f

The sign function is defined in (9).
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if §, %0, sign (6,) €[-1,1]if,=0 9)

. . 0
sign (6,) = -

[6v]

I11.3. Stick-Slip vibration as Sweep for SWD

Seismic-while-drilling (SWD) is a technique used in the exploration and production of oil and gas
resources. It involves the use of a drill bit that generates low-frequency stick-slip vibrations as it rotates and
penetrates the formation. These vibrations create seismic waves that propagate through the rock and are
recorded by sensors located in the surface. The seismic data can then be used to obtain information about the
subsurface geology and to guide the drilling process in real-time.

I11.4. Operating Principle of the technique

The signal paths exploited to process stick-slip vibrations for inverse VSP are shown in Figure I11.5. The
vibrations propagate into the earth and up the drillstring. At the very bottom of the drillstring, a pilot sensor
is positioned to pick up waves that are moving upward. To pick up the seismic waves moving through the
earth, receivers are placed on the surface or at the bottom of the borehole. For crosswell imaging, a
downhole receiver can also be inserted into a nearby borehole. Each receiver signal has a cross-correlation
with the signal picked up by the pilot sensor. This stage is comparable to the Vibroseis approach, in which a

sweep signal and a geophone signal are cross-correlated.

The cross-correlation function provides a reference frame in which the arrival times of drill-bit energy
can be measured. Assuming R(t) is the signal recorded by the pilot sensor at the top of the drillstring and
G(t) is the signal recorded by the receiver, an unnormalized estimate of the cross-correlation function in

discrete time is given by:
ce(t) = Z:z | Rt)G(nt + 1) (10)

Where

T: Time shift between the signals Rand G
n: Number of recording samples

N: Total recording length (in samples)

t: sampling interval

The cross-correlation function is then normalized to produce a value between 0 and 1, indicating the

degree of similarity between the two signals. The lag at which the maximum correlation occurs provides an
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estimate of the time delay between the two signals. This time delay can be used to determine the distance

between the drill bit and the receiver and to create an image of the subsurface structure.
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Figure 111.3. Acquisition geometry of SWD using stick-slip vibrations technique

I11.5. Advantages and Utilities
Advantages

Advantages of using SWD with stick-slip vibrations include:

e The stick-slip vibrations can provide real-time information about the drilling conditions, helping to
optimize drilling parameters and avoid stuck pipe incidents.

e The stick-slip signals can provide information about the subsurface formation, including rock type,
stress state, and fluid content, which can help drillers and geologists to make more informed
decisions

e The real-time information provided by SWD with stick-slip vibration can help to identify potential
drilling hazards, such as overpressure zones or fractures, before they cause problems

e The stick-slip vibrations surveys are acquired without any downhole instrumentation, which means
there is no interruption to drilling, no lost rig time
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e The information obtained from SWD can be used to guide well placement, ensuring that the well is
drilled in the optimal location
e The stick-slip signals can help to optimize reservoir characterization and improve hydrocarbon
production
e The stick-slip vibrations can provide information about the mechanical properties of the subsurface
formation, which can help to optimize wellbore stability and avoid collapse or failure
I11.7. Drawback and Limitations

e The method involves a combination of drilling and seismic techniques, which can be complex and
challenging to implement

e The technique requires sensitive equipment to detect stick-slip vibrations, and any interference or
malfunction of the equipment can impact the accuracy of the results

e The cost of equipment and data processing can be high, making the technique less economically
viable for some applications

e The process can be time-consuming, as it requires collecting and processing large amounts of data
during drilling operations

e The technique can generate noise and vibration, which can have negative impacts on the

environment and nearby communities

111.8.  Why the SWD can be advantageous in Algerian Petroleum Industry?

The Algerian formation is renowned for its extreme hardness, which frequently causes stick-slip
vibrations during drilling operations. However, instead of being a hindrance, these vibrations can be
harnessed for seismic while drilling applications. In fact, it is common in Algerian fields to encounter
standard errors that prevent the drilling process from reaching the intended target point. By utilizing the

stick-slip vibrations, we can avoid such errors and ensure more accurate wellbore placement.

Moreover, the use of seismic while drilling technology in the Algerian formation can provide
valuable insights into the subsurface geology. By analyzing the seismic waves generated by the stick-slip
vibrations, we can obtain a clearer picture of the geological formations surrounding the wellbore, which
can be useful for reservoir characterization and management. Furthermore, this real-time information can

help optimize drilling parameters, such as weight on bit and rotary speed, to ensure maximum drilling
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efficiency while minimizing the risk of drilling-related incidents, such as stuck pipe or borehole
instability.

111.9. Conclusion

In this chapter, we have discussed how we can use the stick-slip vibration, which is a common problem in
drilling operations, as a reliable seismic source. We have explained the operating principle of this technique
and highlighted its advantages over conventional seismic surveys. However, we have also pointed out the

potential limitations and challenges that may arise with this new method.

In the next chapter, we will explore the application of this technique in the Algerian oil field through
simulations of both conventional VSP and SWD using stick-slip vibration. These simulations will provide us
with a better understanding of the potential benefits and limitations of using stick-slip vibration for seismic
surveys in the Algerian formation. By analyzing the simulation results, we can make informed decisions

about the feasibility and effectiveness of this technique in this specific geological setting.
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Chapter IV Simulation of SWD using Drill bit Stick-Ship Vibrations

IV.1. Introduction

As we know, simulating an idea is crucial to understanding its potential in reality. This is particularly
important when it comes to complex processes such as seismic data analysis. In this chapter, we will
discuss how we can use MATLAB and Python functions to simulate seismic data and well log curves.
These functions will allow us to input, output, and manipulate seismic data, enabling us to analyze it in
depth. Additionally, we will also cover functions that manipulate tables and pseudo-wells, which are
commonly used in the industry for data analysis. By the end of this chapter, we will have a solid
understanding of how these tools can be used to improve our understanding of seismic data and its

potential applications [32].

IV.2. SeisLab Matlab toolbox

SeisLab is a toolbox for MATLAB that is designed to facilitate seismic data processing and analysis.
The toolbox contains a number of functions and tools that can be used to read, write, manipulate, and

visualize seismic data in various formats [33].
Some of the main features of SeisLab include:

e Support for various seismic data formats, including SEG-Y, SAC, and SEGY.

e Basic seismic data processing functions, such as filtering, gain adjustment, and time shifting.

e Advanced seismic data processing functions, such as deconvolution, spectral analysis, and wavelet
analysis.

e Visualization tools, including functions for creating time series plots, spectrograms, and
seismograms.

e Support for seismic data inversion and imaging

1IV.2.1. Initialization

In order to function properly, SeisLab needs certain parameters. These parameters are set by function
presets which calls two other functions, systemDefaults4Seislab and userDefaults4Seislab. The
latter sets parameters that a user is likely to customize (such as the directories where data files, such as
SEG-Y files or LAS files with well data, are located). Function systemDefaults4Seislab, on the other
hand, sets those parameters that do not depend on a user’s environment. In any case, every parameter
defined in systemDefaults4Seislab can be changed in userDefaults4Seislab. Since these

parameters are used in many functions, a session using SeisLab functions should be preceded by presets
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The following three statements represent a simple example of a SeisLab session.

presets % Initialize parameters
seismic=s_data; % Create a synthetic seismic dataset

s_wplot (seismic) % Plot the seismic dataset

IV.2.2. Command-line help

Matlab’s standard help tools, help and lookfor are, of course, available for SeisLab functions as well.
In addition, the following functions are intended to locate quickly functions that perform specific tasks

for a particular type of data structure [33].

e [ tools List functions that deal with well logs.
e s tools List functions that deal with seismic data.
e pw_tools List functions that deal with pseudo-well structures.

e ( tools List functions that deal with tables.

Without argument each of these functions displays all the functions available for the specific type of
dataset, together with a one-line explanation of their purpose. In order to restrict the output a search term
can be added. Thus

>>s_tools plot

s_2d_spliced_synthetic Plot synthetic spliced into seismic line
s_3d_header_plot Make contour plot of one header as function of...
s_3d_spliced synthetic Plot synthetic spliced into inline and cross-line...
s_compare Plot one seismic data set on top of another for...
s_cplot Plot seismic data in form of color-coded pixels...
s_header_plot Plot header values of a seismic data set
s_ispectrum Interactively pick windows on seismic plot and...
s_plot "Quick-look" plot of seismic data (color if more ...
s_spectrum Plot amplitude and/or phase spectra of one or...
s_spickl Interactively pick time/trace pairs from a plot...
s_spicks Interactively pick time/trace pairs from a plot....
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s_volume_browser Interactive display/plot of a 3D seismic data set...
s_wedge_model Compute/plot synthetic from wedge model and...
s_wplot Plot seismic data in wiggle-trace format

Displays only functions that are related to plotting of seismic data sets; ellipses (...) indicate truncated
lines [33].

IV.2.3. Input arguments of functions

The majority of SeisLab functions have required and optional input arguments. Required arguments
precede optional arguments and are “positional”; they are in a specific position (e.g. first, second, etc.) in
the list of arguments. The order of subsequent optional input arguments, if any, is arbitrary. They consist
of a keyword followed by one or more values — all encapsulated in a cell array. Keywords are strings.
The following SeisLab function call, which plots the seismic dataset seismic in wiggle-trace format,
illustrates this.

s_wplot (seismic, {'trough fill', [0.6 0.6 0.6]}, {‘annotation’, ‘cdp'})

The first input argument, seismic, i.e. the name of the seismic dataset to plot, is required. The other two

input arguments — enclosed by curly brackets — are optional.

The first string within a set of curly brackets is the name of a parameter (also called “keyword”) and the
subsequent numbers and/or variables define its value(s). In the example above, ‘trough_fill" is a keyword
specifying what color should be used to fill the troughs of the seismic wiggles; hence, {‘trough fill’, [0.6
0.6 0.6]} specifies that the troughs of the seismic wiggles, which — by default — are not filled with any
color, should be gray (the three-component vector /0.6 0.6 0.6] is the RGB representation of a lighter
shade of gray). The other optional argument, {‘annotation’, ‘cdp’}, specifies that the traces should be

annotated by CDP number; the default annotation is trace number [33].

Keywords can be abbreviated / shortened as long as the abbreviation is unique, i.e. as long as there is no
other keyword for which it is also an abbreviation. For example, if there are two keywords that start with
“line”, say, linestyle and linewidth, they could be abbreviated to /inest and linewi, respectively, or even
to /ines and linew. However, dropping one more character from either keyword would make the
abbreviations non-unique. Keyword abbreviations can be disallowed by setting field ‘keyword

expansion' of global variable S4M to false [33].

University Kasdi Merbah Ouargla Page 58



Chapter IV Simulation of SWD using Drill bit Stick-Ship Vibrations

IV.2.4. Test datasets

For testing and demonstration purposes it is frequently desirable to have quick access to test data.
Hence, there are functions that create a variety of test datasets. It is a common feature of these functions
that they have no input arguments and only one output argument: the dataset. They generally follow a
naming convention of the form x_data and x_datann where x stands for the letters /, pw, s, t; and nn

IS a one-digit or two-digit number, or — as in the case below — a digit and a letter [33].
Test datasets for seismic data

e s data creates a seismic dataset consisting of 12 traces, 1000 ms long, of filtered random noise as
shown in Figure IV.1. It has one header: CDP.

e s data3d creates a 3-D seismic dataset; the only difference between a 2-D dataset and a 3-D
dataset is that the latter must have headers with location information — preferably inline numbers
and cross-line numbers. Consequently, the dataset output by s _data3d has two headers: iline_no

and x/ine_no.
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Figure IV.1 Filtered Gaussian noise; created by s_plot (s_data)
IV.3. CREWES Matlab toolbox

The CREWES Matlab toolbox is a collection of software tools developed by the Consortium for
Research in Elastic Wave Exploration Seismology (CREWES) at the University of Calgary in Canada.

The toolbox provides a set of functions and scripts for processing and analyzing seismic data, with a
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focus on exploration seismology. The toolbox includes a range of tools for seismic data processing, such
as seismic signal processing, velocity analysis, wavelet analysis, and seismic imaging. It also includes

modules for synthetic seismogram generation, well log analysis, and seismic data visualization.

Matlab has been used to develop a number of new seismic modeling tools. Raytracing for v (z),
raytracing for v(x, z), full waveform modeling by diffraction summation, and acoustic finite difference
modeling are among them. The first and last of these have previously existed but have been significantly

upgraded. The v(X, z) raytracer and diffraction summation modeling is both novels [34].

The v (z) raytracing facility is a fast, flexible raytracer that determines traveltimes in isotropic,
horizontally layered media. It can shoot fans of rays or perform twopoint raytracing. (Two-point
raytracing means that a ray is traced through specific beginning and ending points. Ray shooting means
that the starting point and take-off angle of the ray are prescribed but its ending point is not.) Functions
are provided for automatic determination of traveltimes of primary reflections in shot-record geometry
for P-P, S-S, P-S, and S-P modes. With slightly more effort, an arbitrary multimode can be traced and

other geometries (such as VSP) can be modeled.

The v(X, z) raytracer can shoot rays through an arbitrarily variable velocity field (in 2D) and thereby
determine traveltimes. It works by solving the differential equation of rays on a spatial grid. Rays are
stepped at constant-time increments across the grid using a fourth-order Runge-Kutta solver (Press et al.,

1992) [34]. Tools are provided for normal incidence modeling and migration.

Full-waveform, zero-offset modeling is provided with the event facility. This produces high-resolution
synthetics by superimposing zero-offset diffraction responses. Diffraction hyperbolae can be
superimposed along an arbitrary track in (X, z) and simple geometric correction factors are included. This
is useful for studying the performance of migration algorithms and for documenting the response of

simple geologic structures.

Finally, the acoustic finite difference facility, described in Youzwishen and Margrave (1999) has been
updated and improved [34]. Numerous bugs have been repaired, performance improved, and function
interfaces have been streamlined. This is a very flexible facility that can model acoustic wave
propagation in heterogeneous, isotropic media. Sources and receivers can be placed in arbitrary locations
so that source records, VSPs, and cross-well geometries are all easily handled. Also, an exploding

reflector function is provided for quick simulation of stacked seismic sections.
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IV.3.1. THE V(Z) RAYTRACING FACILITY

Technical description

Raytracing in constant velocity and linear gradient media can be done with analytic expressions (e.g.
Slotnick 1959) [1]. For a ray identified by its ray parameter (horizontal slowness) p, the expression for
traveltime from depth z1 to depth z2 is

z2

t(p) = f dz 1
S RN ) W
and the horizontal distance travelled is
zZ2 ( )
pv(z
x(p) = j—dz 2
p ] e (2)

A computer implementation of these equations can be done by approximating v (z) by a set of N
discrete layers v,, k=1,2,.N. For a ray that travels from the top of layer 1 to the bottom of layer N (layer

number increases with z), the traveltime expression becomes

=y 3)
kzlvk 1_p2vli

and the distance equation transforms to

C pUEAzy,
x(p) = ;m 4)

These expressions can be vectorized and implemented very efficiently in Matlab. This is done in the
function shootray (italics will be used to denote Matlab function names). The quantity pv, is easily
shown to be sin 8, where 8, is the angle the ray makes with the vertical in the k" layer (Figure 1V.2).
For a single p value, let sn denote a column vector of sin @y, cs a similar vector of cos @y, and dz a
similar vector of layer thicknesses. Then equation (4) is implemented with the single line of Matlab code
as: x=sum ((sn.*dz)./cs). This expression uses the array multiplication and division operators (.* and ./)
that perform element-by-element operations on matrices. The sum operator does the obvious summation.
The same single line of code can trace M rays simultaneously if sn, cs, and dz are extended to matrices

with one ray per column. Then, the resulting x is a row vector with one entry per ray. This operation is
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extremely fast and, for traveltimes, equation (3) can be implemented with similar efficiency. These ideas

are implemented in shootray and form the basic computation module for v (z) raytracing [34].

Layer k-1

Layer k

Layer k+1

Figure IV.2. Aray is traced across a set of horizontal layers

The procedure just described is known as .ray shooting. Because the starting point and direction of the
ray are specified but the final position is not known until the calculation is completed. Often, it is desired
to trace rays between two specific points such as a source and receiver, perhaps via a reflection at a
specific depth. For general v (z), there is no known solution technique that solves this two-point
raytracing problem in one step. Instead, an iterative procedure must be used. Suppose it is desired to trace
a fan of rays from some fixed point x,, at the top of layer 1 to a point x, at the bottom of layer N. The
shootray procedure can be used to shoot a fan of M rays from x; that is estimated to bracket the
point x,. Assuming that x, >x;, the fan can have extremal p values of p;=0 and py=v,,}, that, if it is
indeed possible to trace a ray to x, , will bracket x,. Suppose it is found that rays p,. and pj.,, (of the
fan of M rays, ke{1,2,.M-1}) bracket the point x,, then a new fan of M rays can be shot with p;, and
Pr+1 s the extremal ray parameters. This procedure can then be repeated as often as desired until a ray is
found that comes within an arbitrary “capture radius” Of x, . Thus the two-point problem of shooting a
ray across of stack of layers can be solved to any desired precision. However, a solution is not guaranteed

because there can be “shadow zones” where classical rays cannot penetrate [34].

Matlab function traceray_pp uses the procedure just described to trace a reflection from a source at
x; Vvia a reflector at an arbitrary depth z,. to a receiver at x,. The reflector depth need not be a layer
boundary. Rather than trace a ray down to the bottom of a stack of N layers and then back up, an
equivalent problem using 2N layers and one-way raytracing is formulated and solved (Figure 1V.3). If the
reflector depth occurs within layer N, then that layer is reshaped to terminate at z,.. A stack of 2N layers

is then formed by reversing the order of layers 1—N and placing them beneath layer N. That is, the new
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stack has the layer sequence numbers: 1,2, . N-1, N, N, N-1, . 2, 1. Then, the two-point procedure
described in the preceding paragraph is performed to trace a ray from x; at the top of layer 1 to x, at the
bottom of layer 2N. This ray will have the same traveltime and ray parameter as that which solves the

original problem.

N layers 2N Layers
\ 4 £ A A A |
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Figure IV.3 The two-point problem of tracing a fan of rays down to a reflector and back up to receivers through N layers (left) is
equivalent to tracing the rays directly through a stack of 2N layers (right) [34]

Function traceray_ps does a similar process to solve the problem of tracing a P-S reflection. The
only difference is that the second (inverted) stack of N layers in the 2N layer stack is assigned S-wave
velocities. Thus two velocity models must be supplied, for P and S waves, and they may have completely
different layer boundaries. Once the 2N layer stack is built, solving the two-point problem across it solves
the desired P-S reflection problem. The same function can also trace an S-P reflection by simply

reversing the meaning of P and S wave velocities.

Both functions traceray_pp and traceray_ps can accommodate sources and receivers at different
depths by simply altering the layer stack to only include those layers actually traversed on the down and

up legs.

Function traceray uses this process to trace a general multimode through a layered medium. The
multimode is described by a raycode that is a list of ordered pairs, (z,,, i,,), Where z,, the depth at the
start of a ray segment and i,, is either 1 (for a P-wave) or 2 (for an S-wave). For example, the raycode [0,
1; 1000, 2; 500, 2; 1000, 1; 0, 1] indicates a P-S-S-P mode. It is a P-wave from 0 to 1000 m, an S-wave
from 1000 to 500 m, and S-wave from 500 to 1000 m, and finally a P-wave from 1000 to 0 m. (Note that
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the final value of i,, is meaningless.) This problem is solved with the same stratagem as before by
building an equivalent stack of layers and tracing rays through it one-way. In this way, a completely

arbitrary multimode can be traced through a v (z) medium.
Examples

In this section we will describes a number of examples for the v (z) raytrace facility. These are all
taken directly from the m-file raytrace_demo that is included with the CREWES software distribution.

Thus, any of them can be recreated by simply running that demo.

For the velocity model shown in Figure IV.4, consider the task of tracing P-P and P-S reflections from
a target at z,=3000 m depth. This velocity model includes a 200m thick water layer at the top so OBC
geometry is adopted. Let the source be at z,..=50 m and the receivers on the ocean bottom at z,...=200
m. Also let the receivers are at offsets xoff= [1000, 1100 1200....3000] for a total of 21 receivers. Then
Figure IV.5 shows the Matlab code required to trace the P-P reflection and produce Figure IV.6. The code
example is a bit involved because it was decided to show all of the code required to produce the fully
annotated plot. The actual raytracing is done on the third line. Of the inputs to traceray_pp, the first two
are the P-wave velocity and layer depths, the next four specify the recording geometry, and the next six
numeric values are respectively: the capture radius (10 meters), a flag indicating that the initial ray fan is
to be determined automatically, the number of iterations to attempt before nonconvergence is assumed
(10), a flag indicating that the final times are to be improved by linear interpolation between the captured
ray and the next closest ray, a flag requesting that information about failed rays be printed on the screen,
and a flag requesting a plot of the raypaths in the current figure window. (To see a complete description
of these parameters, run Matlab and type “help traceray_pp” at the command line.) The returned
variables from traceray _pp are a vector of traveltimes (t) and a vector of ray parameters (p). The

traveltimes are plotted versus offset on line 12 of this example [34].
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Figure IV.4. A simple layered medium is shown as characterized by is P-wave velocity curve (right) and its S-wave velocity

curve (left). Note the 200 m water layer at the top [34]

b= figure:;subplot(2,1,1);flipy

2 Trace P-P rays and plot in upper subplot

2= [t,pl=traceray pp(vp,Zp,zsrc,zrec,zd,xoff,10,-1,10,1,1,2);
4 fput source and receiwver markers

= line (xoff, zrec*ones (size (xoff) ), "coloxr', 'k', 'linestyle', "none ', "markex’, "v')
6 — line (0, zsrc, 'color', "', "linestyle', "none ', "marker', "*"')

7 %fannotate plot

&= title ("CBC simulation, P-P mode, water depth 200 meters')
L= xlabel ("meters') sylabel ("meters') ygrid

10 iplot traveltime wersus offset in lower subplot

11 = subplot(2,1,2) :flipy;

12 — plot (xoff, c) jgridrxlakel ("meters') ;ylabel ("seconds')

13 = x1lim ([0 30007}

Figure IV.5. This sequence of Matlab code uses the velocity model of Figure V.4 to trace P-P rays and create Figure IV.6
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OBC simulation, P-P mode, water depth 200 meters
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Figure IV.6. Running the code of figure IV.5 creates this figure using the velocity model of figure IV.4. In the top frame are the

actual raypaths as plotted by traceray _pp in line 3. In the bottom frame, the traveltimes are plotted versus offset

The code snippet of Figure IV.7 demonstrates the use of traceray ps to model the P-S reflection
corresponding to the P-P reflection just discussed. As before, the rays are both traced and plotted in the
upper half of Figure IV.8 by line 3. The syntax to invoke traceray_ps is almost identical to
traceray_pp except that there are two additional input parameters in the third and fourth position to
describe the S-wave velocity structure.

- figure;subplot(2,1,1):£flipy

Trace P-5 rays and plot in upper subplot

- [t,pl=traceray ps|(vp,zp,Vvs,zs,zsrc,zrec,zd,xoff,10,-1,10,1,1,2);
fput source and receiver markers

line (xoff, zrec*ones (size (xoff)} ), "coloxr', 'k', "linestyle', '
- line (0,zsrc, "color','r', "linestyle', "none', "marker', "*'}
fannotate plot

- title ("CEBC simulation, P-5 mode, water depth 200 meters')

[Fo T B I L I ]
|

=
=

%plot traveltime wersus offset in lower subplot
subploc (2,1,2):flipy:

plot (xoff,t) ;grid;xlabel {"'meters') ;yvlabel ('seconds')
¥1lim([OQ 3000])

= =
(TR S o
|

Figure IV.7. This sequence of Matlab code uses the velocity model of Figure IV .4 to trace P-S rays and create Figure IV.8
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OBC simulation, P-S mode, water depth 200 meters
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Figure IV.8. Running the code of Figure IV.7 creates this figure using the velocity model of Figure IV.4. In the top frame are the

actual raypaths as plotted by traceray_ps inline 3. In the bottom frame, the traveltimes are plotted versus offset

Next, consider the task of calculating P-P and P-S reflections for an offset VVSP. Let the source be at
the surface and offset 1500 m from the well. The receivers are in the well from 500 to 2500 m at 100 m
intervals. Let the P-wave velocity structure be given by vp(z) =1800 + .6z with vp/vs=2. The code to
model a P-P arrival from a reflection at zd=3000 m is shown in Figure IV.9 and the resulting plot is in
Figure IV.10. Line 2 creates the velocity model for both P and S and line 5 preallocates a vector to hold
the traveltimes. Lines 7-9 loop over receiver depth and call traceray_pp for each receiver. As before,
traceray_pp draws the raypaths in the upper part of Figure IV.10 while the traveltimes are plotted in the

lower part of the same Figure by the command on line 18.

The P-S reflection for the VSP geometry is drawn by the code in Figure IV.11. The strategy is
identical to the P-P case with the only difference being that traceray_ps is called in the loop instead of

traceray_pp.

Most recording geometries can be accommodated by writing a suitable loop. For example, a VSP with
a non-vertical borehole simply requires that the both receiver coordinates (x,z) be changed with each
iteration. Crosswell experiments could be done by changing both source and receiver depths at each

iteration.
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1 Fbuild the welocity model

2 — Zp=0:10:4000,;vp=18004+.6%zp;Vva=.,5%Vp; Z25=z2p;

2 %F-FP offserc V5P

4 - figure;subplot(2,1,1) rflipy

== t=geros (size (2Zrec) ) %preallocate t©

[ %loop over receiver depth

7 - for kk=l:lengthi{zrec);

g - [t (kk} ,p]=traceray pp(vp,zZp,zsrc,zrec(kk),zd,xoff,10,-2,30,1,1,2);
cl= end

10 ftdraw source and receiver symbols

11| = line (xoff, zrec, 'coloxr', 'k', 'linestyle’', 'none', 'marker', "v')
12 — line (0, z8rc, "coloxr', 'r', "linestyle', "none', "marker', "*")

13 fannotation

14 — tictle([" V5P Vertical gradient simulatction, P-P mode '])

15| = grid;xlabkel ("'meters");yvlabel ("meters');

16 fplot traveltime wversus depth

17 — subplot(2,1,2);

18 — plot (t, zrec) ;xlabel {"seconds') rylabel {"depth (meters) ')

19 (= grid;flipy;yvlim ([0 3000])

Figure IV.9. This code models a P-P reflection for offset VSP geometry

1000

meters

2000

3000

meters

1000

2000

depth {meters)

3566 i ; i i ; ; ;
1.4 1.5 16 157 1.8 1.9 2 2.1 22
seconds

Figure IV.10. A P-P reflection for an offset VSP recording is shown. The raypaths (top) and traveltimes (bottom) were computed

by the code in Figure IV.9
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1 %(P-5 offset V5P

2 — figure;subplot (2,1,1) ;flipy:

3 - t=geros(size(2rec)):; Ipreallocate ©

4 - for kk=l:length{zrec):;

= [t (kk),pl=traceray ps(vp,zp,vV3,28,2Z3rc,zrec(kk),zd, xo0ff,10,-2,30,1,1,2):
5= end

7 fdraw source and receiver symbols

L= line (xoff, zrec, 'color', 'k', 'linestyle’, "none', 'markexr', 'v')
L= line (0, z8rc, "color', "', "linestyle', 'none'", "'marker', "*")

10 fannotation

11 = title([" VSP Vertical gradient simulation, P-5 mode ']

12 — grid;xlabel {'meters') ;ylabel ('meters');

13 iplot traveltime wersus depth

14 — subplot(2,1,2):

15 — plot (t,zrec) ;xlabel ("seconds") ;yvlabel ("depth (meters) ")

16 — grid;flipy;v1lim{ [0 3000])

Figure IV.11. This code models a P-S reflection for an offset VSP

YSP Vertical gradient simulation, P-S mode
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1 1 1 i i
16 1.8 2 2.2 2.4 26 2.8 3 3.2
seconds

3000 i i i
14

Figure IV.12. A P-S reflection for an offset VSP is shown. This was created by the code in Figure IV.11
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As a final example, consider the task of tracing a complex multimode. That is, let the ray bounce up
and down between various depths and change back and forth between P and S. This is possible with the
function traceray_pp, the most general of the three “trace_ray” functions. All use the algorithm
described previously that makes an equivalent stack of layers and traces the ray through it in a single
direction. The functions traceray_pp and traceray_ps are optimized to trace primary (single bounce)
reflections from a single source to an array of receivers. Function traceray is far more general and can
trace a ray that undergoes any number of bounces and mode conversions. The ray is described through a
ray code as described previously. For an M-bounce multiple, the raycode is a matrix with M+2 rows and
2 columns. The extra two rows are for the start and end depths. The first column is a list of depths that the
ray is to visit and the second is a list of flags indicating P or S mode. The list of depths corresponds either
to points of reflection or mode-conversion or both. These depth values need have no connection to layers
in the velocity models. Figure 1V.13 shows the raycode (lines 2-3) for a complicated multi-bounce P-
wave that starts at depth zero and ends at depth 300 m. The raycode is simply typed in as a list of number
pairs separated by a semi-colon (Matlab.s row separator). On line 7, traceray_pp is invoked with a list
of receiver offsets from 1000 to 3000 m. The creation of the P and S-wave velocity models is not shown
but is the same lineargradient medium as for the VSP example of Figure IV.9. Most of the parameters in
trace_ray are analogous to those in traceray_ps and have already been discussed. However, there are

no specifications of source and receiver depth because those are part of the raycode.

1 tdefine the ray code for a pure P multiple

2 - raycode=[0 1;1500 1;1300 1;2000 1;1800 1;3000 1;2000 1;2300 1;1000 1;1500 1; 300 1]:
3 - figure;subplot (2,1,1) ;f1lipy

4 (trace the rays

5= xoff=1000:100:3000;

& — [t,pl=traceray(vp,zZp,vs,2z3,raycode, xoff,10,-1,10,1,1,2);

7 %(5ource and receiver symbols

g - line (xoff, raycode (end, 1) *ones (size (xo0ff) ), "coloxr', 'k, "linestyle’, 'none', "marker', "v")
Ol line (0, raycode (1,1}, "colox', 'r', "linestyle", "none’', "'markexr',"*"')

10 fannotate

11 (= title('A P-P-P-P-P-P-P-P-P-FP mode in wertical gradient media'):,grid

12 %(Flot traveltimes

-
w
|

subplot(2,1,2);flipy
plot (xoff,c) rgridrxlabel ("offzec')rylabel ("time")
x1im ([0 300C0]1)

o
[T s
I 1

Figure IV.13. This code example illustrates the use pf traceray_pp to create a complicated multiple that remains a P-wave at

every bounce
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A P-P-P-P-P-P-P-P-P-P mode in vertical gradient media
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Figure IV.14. The raypath of a complicated multiple is shown (top) that remains a P-wave at every bounce

1 %define the ray code for a P-5 multimode

2 - raycode=[0 1;1500 2;1300 2;2000 2;1800 2;3000 1;2000 1;2300 1;1000 1;1500 2; 300 1]:
2= figure;subplotc(2,1,1);flipy

4 icrace the rays

== xoff=1000:100:3000;

a8 — [t.p]l=traceray|(vp, Zp,Vv3,z=8, raycode, xoff,10,-1,10,1,1,2);

7 %5ource and receiver symbols

5 — line (xo0ff, ravcode (end, 1) *ones (size (xoff)} ), 'colox','k', "linestyle', 'none', "markex', "v'")
Ti= line (0, raycode (1,1), 'coloxr','r', 'linestyle’', "none", "markexr',"*')

10 fannotate

11| /= title('h P-5-5-5-5-P-P-P-P-5 mode in wertical gradient media'):grid

12 :tPlot traveltimes

13 = subplot (2,1,2);flipy

14 - plot (xoff,c) rogrid;xlabel ("offset') rylabel ('time')

15 |= x1im ([0 3000])

Figure IV.15. This code creates a multimode similar to that of Figure IV.14 except that the raycode requests a P-S conversion at

1300 m, an S-P conversion at 3000 m, and another P-S conversion at 1500 m (on the up leg)
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A P-5-5-5-5-P-P-P-P-5 mode in vertical gradient media
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Figure IV.16. The raypath for a complicated P-S multimode is shown (top) as produced by the code snippet in Figure IV.15
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IV.4. GemPy toolbox

GemPy is an open-source Python package that provides a framework for 3D geological modeling. It is
designed to help geologists and other earth scientists create geological models that can be used to study
the subsurface structure of the Earth. The package is built on top of popular scientific libraries such as
NumPy, SciPy, and Matplotlib [35].

GemPy uses a combination of mathematical algorithms and geological principles to model the
geological features of a given area. The software allows users to create geological models by defining the
shape, orientation, and properties of different geological units, such as layers of rock, faults, and other

geological structures.

One of the key features of GemPy is its ability to create complex, multi-layered geological models.
The software can handle multiple layers of rock with varying properties, as well as faults and other

geological structures that can cut across these layers.

GemPy also provides a range of visualization tools that allow users to view and manipulate their
models in 3D. This includes the ability to view cross-sections, generate isosurfaces, and create realistic

geological maps.

IV.4.1. Basics of geological modeling with GemPy
Importing GemPy

import gempy as gp

# Importing auxiliary Libraries
import numpy as np

import pandas as pd

import matplotlib.pyplot as plt
import os

# Setting options
np.random.seed(1515)
pd.set option('precision’, 2)

Importing and creating a set of input data

Python objects are used to hold the data that GemPy uses to build models. The primary data categories are:
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geo_model

Surface_points
Orientations
Grid

Surfaces

Series
Additional data
Faults

The majority of data can also be created using raw data that is presented as CSV files (comma-
separated values). These files can be created with spreadsheet programs like Microsoft Excel or

LibreOffice Calc or by simply exporting model data from another tool like GeoModeller.

In this example, importing such CSV files creates all of the input data. These sample files can be
found in the GemPy root folder's input_data folder. All surface points' X, y, and z positional values as
well as orientation measurements are included in the data. Poles, azimuth, and polarity are also covered in
the latter. Furthermore, a formation is given to surface points. This could be a structural element like a
"Main Fault” or a lithological unit like "Sandstone". It is crucial to keep in mind that interface position
points in GemPy indicate the bottom of a layer. In order to make such locations resemble the top of a
formation (for example, while simulating an intrusion), an appropriate inverted orientation measurement

must be defined.

We must specify our model's actual extent in x, y, and z as well as the required resolution for each axis
as we build our Data from CSV-files. The quantity of voxels used in the modeling process will be
determined by this resolution. In this case, we use a medium resolution of 50x50x50, or 125,000 voxels.
The model's scope should be selected so that it includes all pertinent data in a representative area. The
resolution may differ from the extent since the voxels in our model are prisms rather than cubes. Given
that higher resolutions will require more computing power, we don't advise going much higher than 100

cells in each direction (1,000,000 voxels).

gp.create model('Simple Exemple')

data_path = 'https://raw.githubusercontent.com/cgre-aachen/gempy data/master/'’
# Importing the data from CSV-files and setting extent and resolution
gp.init data(geo_model, [0©, 2000., O, 2000., 0, 750.], [50, 50, 50],

path_o=data_path + "/data/input_data/getting started/"
"simple_ fault _model orientations.csv",
path_i=data_path + "/data/input_data/getting started/"
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"simple fault model points.csv",

default values=True)

Out:
Active grids: ['regular']

Simple Exemple 2023-05-02 16:26

geo model.surfaces

surface

0 Shale

1 Sandstone_1

2  Siltstone

3 Sandstone_2

4  Main_Fault

5 basement

series

Default series

Default series

Default series

Default series

Default series

Basement

order_surfaces

#ffbe00

The input data can then be listed using the command get_data. Note that the order of formations and

respective allocation to series is still completely arbitrary. We will fix this in the following.

gp.get data(geo_model, 'surface points').head()

0 1000

1 1000

2 1000

3 1000

4 1000

50

150

300

500

1000

z

450.00

433.33

433.33

466.67

533.33

smooth

2.00e-06

2.00e-06

2.00e-06

2.00e-06

2.00e-06

surface

Shale

Shale

Shale

Shale

Shale
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gp.get data(geo_model, 'orientations').head()

X Y Z Gx Gy G_z smooth surface

0 1000 1000 300 0.32 1.00e-12 0.95 0.01 Shale

1 400 1000 420 0.32 1.00e-12 0.95 0.01 Sandstone_2

2 500 1000 300 -0.95 1.00e-12 0.32 0.01 Main_Fault

Declaring the sequential order of geological formations

We want the arrangement of our geological units to match their ages. For instance, a depositional
sequence of stratigraphy, unconformities caused by erosion or other lithological genesis processes like
igneous intrusions may provide such order. The flaws in our model are to be declared in a similar age-
related sequence. By using a declaration in a Python dictionary, the GemPy method set_series can be

used to assign formations to various sequential series.

Our example model comprises four main layers (plus an underlying basement that is automatically
generated by GemPy) and one main normal fault displacing those layers. Assuming a simple stratigraphy
where each younger unit was deposited onto the underlying older one, we can assign these layer
formations to one series called “Strat_Series”. For the fault, we declare a respective “Fault_Series” as
the first key entry in the set_series dictionary. We could give any other names to these series, the

formations however have to be referred to as named in the input data.

geo model.surfaces
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surface series  order_surfaces color id

0 Shale Default series 1 1
1 Sandstone_1 Default series 2 2
2  Siltstone Default series 3 #ffbe0O0 3

3 Sandstone_2 Default series 4

4 Main_Fault  Default series 5

5 basement Basement 1

gp.map stack to surfaces(geo_model,
{"Fault_Series": 'Main_Fault',
"Strat_Series": ('Sandstone 2', 'Siltstone’,
'Shale', 'Sandstone 1', 'basement')},

remove_unused_series=True)

surface series  order_surfaces color id
4 Main_Fault  Fault_Series 1 1
0 Shale Strat_Series 1 2
1 Sandstone_1 Strat Series 2 3
2 Siltstone Strat_Series 3 #ffbe00 4
3 Sandstone_2  Strat_Series 4 5
5 basement Strat_Series 5 6
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geo model.surfaces

surface series  order_surfaces color id

4 Main_Fault  Fault_Series 1 1
0 Shale Strat_Series 1 2
1 Sandstone_1 Strat_Series 2 3
2 Siltstone Strat_Series 3 #ffbeOO 4
3 Sandstone_2  Strat_Series 4 5
5 basement Strat_Series 5 6

geo model.stack

order_series BottomRelation isActive isFault isFinite
Fault_Series 1 Erosion True False False

Strat_Series 2 Erosion True False False

geo model.set is fault(['Fault Series'])

Out:

Fault colors changed. If you do not like this behavior, set change color to False.

order_series BottomRelation isActive isFault isFinite
Fault_Series 1 Fault True True False

Strat_Series 2 Erosion True False False
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geo model.faults.faults relations df

Fault_Series  Strat_Series

Fault_Series False True

Strat_Series False False

geo model.faults

order_series BottomRelation isActive isFault isFinite
Fault_Series 1 Fault True True False

Strat_Series 2 Erosion True False False

geo model.faults.faults relations df

Fault_Series  Strat_Series
Fault_Series False True

Strat_Series False False

Returning information from our input data

Our model input data, referred to as "geo_model" above, has all the details necessary for building our

model. By using gp.get_data or just by using the APIs, we may get many types of data.

For instance, we may use the following to retrieve the coordinates of our modeling grid:

geo model.grid
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Out:

Grid Object. Values:

array([[ 20. , 20. , 7.5],
[ 20., 20., 22.5],
[ 20., 20., 37.5],
cees
[1980. , 1980. , 712.5],
[1980. , 1980. , 727.5],
[1980. , 1980. , 742.5]])

As mentioned before, GemPy’s core algorithm is based on interpolation of two types of data: -

surface_points and - orientation measurements

We introduced the function get\ data above. You can also specify which kind of data you want to call,

by declaring the string attribute “dtype” to be either 'surface_points' (interfaces) or 'orientations'.

Interfaces Dataframe

gp.get data(geo_model, 'surface_points').head()

X Y Z  smooth surface
52 700 1000 300.0 2.00e-06 Main_Fault
53 600 1000 200.0 2.00e-06 Main_Fault
54 500 1000 100.0 2.00e-06 Main_Fault
55 1000 1000 600.0 2.00e-06 Main_Fault

56 1100 1000 700.0 2.00e-06 Main_Fault

Orientations Dataframe

gp.get data(geo_model, 'orientations')
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X

2 500
0 1000
1 400

Z G x G.y G_z smooth surface
1000 300 -0.95 1.00e-12 0.32 0.01
1000 300 0.32 1.00e-12 0.95 0.01
1000 420 0.32 1.00e-12 0.95 0.01

Main_ Fault

Shale

Sandstone_2

We notice that now all surfaces have been assigned to a series and are displayed in the correct order

(from young to old).

Visualizing input data

Our input data can be seen as well. This could be beneficial, for instance, to verify that all

measurements and points are defined as desired. The function plot_data allows us to project our data

points in two dimensions onto a plane in the direction of our choice (x, y, or z).

plot = gp.plot 2d(geo_model, show_lith=False, show_boundaries=False)

plt.show()
Cell Number: mid Direction: y
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X
University Kasdi Merbah Ouargla Page 81


https://docs.gempy.org/Plot/gempy.plot_2d.html#gempy.plot_2d
https://docs.gempy.org/Model/gempy.core.model.Project.html#gempy.core.model.Project
https://matplotlib.org/api/_as_gen/matplotlib.pyplot.show.html#matplotlib.pyplot.show

Chapter IV Simulation of SWD using Drill bit Stick-Ship Vibrations

We may also see this data in three dimensions by using plot_data_3D. The Visualization Toolkit

(VTK) must be installed for direct 3D visualization in GemPy.

GemPy's 3D charts are all interactive. This enables us to drag and drop any measurement or data point.
To move points only on a specified 2D plane, VTK's perpendicular axis views are especially helpful. Any
modifications will then be saved in the "InputData" dataframe permanently. Then, we must reload our

initial input data if we want to reset our data points.

By executing the cell below, a new window containing a 3D interactive plot of our data will be

displayed.

gpv = gp.plot 3d(geo_model, image=False, plotter_type='basic')
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Model generation
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Once we have ensured that all of our primary data has been defined as desired in our object
DataManagement. We can move on to the following phase of developing our geological model: preparing

the input data for interpolation. InputData (called geo_data in our example).

This is accomplished by creating an InterpolatorData object from our InputData object using the

following function:

gp.set_interpolator(geo_model,
compile_theano=True,
theano_optimizer="fast_compile',
)

Out:

Setting kriging parameters to their default values.

Compiling theano function...

Level of Optimization: fast compile

Device: cpu

Precision: float64

Number of faults: 1

Compilation Done!

Kriging values:

values
range 2926.17
$C_o% 203869.05
drift equations [3, 3]

<gempy.core.interpolator.InterpolatorModel object at 0x7fcb8ab2c5e0>

This function rescales the extent and coordinates of the original data (and store it in the
attribute geo_data_res which behaves as a usual InputData object) and adds mathematical parameters
that are needed for conducting the interpolation. The computation of this step may take a while, as it also
compiles a theano function which is required for the model computation. However, should this not be

needed, we can skip it by declaring compile_theano = False in the function.

We currently have everything we require to compute our whole model using compute_model. This
will typically yield two distinct solutions as arrays. The first provides details on the lithological
formations, and the second on the model's fault network. Each of these arrays has two subarrays as

entries:

1. Lithology block model solution:
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o Entry [0]: This array shows what kind of lithological formation is found in each voxel, as

indicated by a respective formation_number.

o Entry [1]: Potential field array that represents the orientation of lithological units and layers

in the block model.
2. Fault network block model solution:

o Entry [0]: Array in which all fault-separated areas of the model are represented by a distinct

number contained in each voxel.
o Entry [1]: Potential field array related to the fault network in the block model.

Below, we illustrate these different model solutions and how they can be used.

sol = gp.compute model(geo model)

sol
Out:
Lithology ids
[6. 6. 6. ... 2. 2. 2.]

geo_model.solutions

Out:
Lithology ids
[6. 6. 6. ... 2. 2. 2.]

Direct model visualization in GemPy

In GemPy directly, model solutions can be quickly viewed in 2D sections. Now let's examine our lithology

block:

gp.plot 2d(geo_model, show_data=True)
plt.show()
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Cell Number: mid Direction: y

Main_Fault
600 Sandstone_2
Siltstone
Shale
N 400 Sandstone_1
basement
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b !

With cell_number=25 and remembering that we defined our resolution to be 50 cells in each
direction, we have chosen a section going through the middle of our block. We have moved 25 cells
in direction="y", the plot thus depicts a plane parallel to the x and y axes. Setting plot_data=True, we
could plot original data together with the results. Changing the values for cell_number and direction, we
can move through our 3D block model and explore it by looking at different 2D planes.

We can do the same without lithological scalar-field solution:

gp.plot 2d(geo_model, show_data=False, show_scalar=True, show_lith=False)
plt.show()
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gp.plot 2d(geo_model, series_n=1, show_data=False, show_scalar=True, show_lith=False)
plt.show()
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This is a good example of how the stratigraphy has been deformed by folds and how the fault has
affected the layers.
The fault network modeling solutions can be visualized in the same way:

geo_model.solutions.scalar_field at_surface_points

Out:
array([[0.03075848, ©. , 0. , 0. , 0. 1,
[o. , 0.77174354, 0.72471042, 0.80357372, 0.83598092]])
gp.plot 2d(geo model, show block=True, show lith=False)
plt.show()
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gp.plot 2d(geo_model, series n=1, show_block=True, show_lith=False)
plt.show()

Cell Number: mid Direction: y
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Marching cubes and vtk visualization

We can extract surfaces in addition to 2D sections for 3D rendering. In VTK, surfaces can be seen as
3D triangle complexes. We must take the appropriate vertices and simplices from the potential fields of
lithologies and faults in order to form these triangles. With the help of the get surface function in

GemPy, this procedure is automated.

ver, sim = gp.get surfaces(geo_model)
gpv = gp.plot 3d(geo_model, image=False, plotter_type='basic')
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We can now run our 3D VTK visualization in an interactive mode using the rescaled interpolation
data, enabling us to modify and update our model in real-time. The adjustments are permanently recorded
(in the Interpolationlnput.dataframe object), just like the interactive 3D representation of our input data.

The ensuing modifications to the geological models are also updated in real-time.
Adding topography

geo model.set topography(d z=(350, 750))
Out:
Active grids: ['regular' 'topography']

Grid Object. Values:

array([[ 26. 5 20. 5 7.5 1,
[ 20. ,  20. ,  22.5 1,
[ 20. ,  20. , 37.5 1,
[2000. , 1918.36734694, 423.48951452],
[2000. , 1959.18367347, 430.25455308],
[2000. , 2000. , 431.07163663]])

gp.compute model(geo model)
gp.plot 2d(geo_model, show_topography=True)
plt.show()

# sphinx_gallery thumbnail number = 9
gpv = gp.plot 3d(geo model, plotter type='basic', show_topography=True,
show_surfaces=True,

show_lith=True,

image=False)
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2
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Out:

/WorkSSD/PythonProjects/gempy/gempy/core/solution.py:173: VisibleDeprecationWarning:
Creating an ndarray from ragged nested sequences (which is a list-or-tuple of lists-
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or-tuples-or ndarrays with different lengths or shapes) is deprecated. If you meant to
do this, you must specify 'dtype=object' when creating the ndarray.
self.geological map = np.array(

Compute at a given location

This is done by modifying the grid to a custom grid and recomputing. Notice that the results are given

as grid + surfaces_points_ref + surface_points_rest locations

x_i = np.array([[3, 5, 6]])
sol = gp.compute model(geo model, at=x_1i)
Out:

Active grids: ['custom']
/WorkSSD/PythonProjects/gempy/gempy/core/solution.py:168: VisibleDeprecationWarning:
Creating an ndarray from ragged nested sequences (which is a list-or-tuple of lists-
or-tuples-or ndarrays with different lengths or shapes) is deprecated. If you meant to
do this, you must specify 'dtype=object' when creating the ndarray.

self.custom = np.array(

Therefore if we just want the value at x_i:

sol.custom
Out:
array([array([[6.]]), array([[0.18630133],
[0.63163565]])], dtype=object)

This gives each series' id and scalar field values.
Save the model

GemPy uses Python [pickle] for fast storing temporary objects

(https://docs.python.org/3/library/pickle.html). However, module version consistency is required. For

loading a pickle into GemPy, you have to make sure that you are using the same version of pickle and
dependent modules (e.g.: Pandas, NumPy) as were used when the data was originally stored.

For long term-safer storage we can export the pandas.DataFrames to csv by using:

gp.save_model (geo_model)
Out:

True
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IV.5. Numerical example and simulation

To study the stick-slip characteristics of the drill string system during the movement with torsional

vibration, the numerical example analysis is performed according to the dynamics equations in chapter 3

and the related parameter in Table IV.1

Table IV.1. Related example parameters

Variable Values

Moment of inertia of top drive J,.

930 kg.m?

Moment of inertia of drill pipes J,,

2782.25 kg.m?

Moment of inertia of drill collars J . 700 kg.m?
Moment of inertia of drill tool J, 1.2978 kg.m?
Moment of inertia of drill Bit J,, 471 kg.m?

Stiffness between top drive and drill pipes K,

1200 Nm/rad

Stiffness between drill pipes and drill collars K,

1180 Nm/rad

Stiffness between drill collars and drill tool K,

951 Nm/rad

Stiffness between drill tool and drill bit K,

824 Nm/rad

Damping between top drive and drill pipes C,,,

139.6 Nms/rad

Damping between drill pipes and drill collars €,

190 Nms/rad

Damping between drill collar and drill tool C,

181.5 Nms/rad

Damping between drill tool and drill bit Cy,

230.15 Nms/rad

Viscous damping coefficient of top drive C,

425 Nms/rad

Viscous damping coefficient of drill bit Cp, 50 Nms/rad
WOB 97 KN
Radius of drill bit R, 155 mm
Outer diameter of drill tool 178 mm
Dynamic friction factor factor ug,, 0.8
Coulomb friction factor factor up, 0.5
Conversion factor factor y,, 0.5
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IV.5.1. Simulation results

The motion of the top drive and drill bit is simulated using the established dynamic model of the drill
string given in Chapter 3 when the top drive follows a constant speed of 7.33 rad/s.

The torque and angular velocity of the top drive and drill bit are shown in Figure 3. We can note that
the drill bit has a stick-slip vibration phenomenon: The torque of the drill bit is at a constant value at the
initial moment and then it suddenly decreases and increases, the initial moment of the angular velocity of

the drill bit is 0, then suddenly accelerates, and then rapidly decreases to 0.
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Figure IV.17. Torque and angular velocity of top drive and drill bit with torsional vibration
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IV.5.2. Different rotation rotational speeds results

The angular velocity of the drill bit is obtained individually for various rotational speeds of the top
drive. As demonstrated in Fig IV.18.19.20, the lower the rotational speed of the top drive, the longer the
stick-slip vibration period of the drill bit and the greater the fluctuation of the angular velocity will be. 1
rad/s, 10 rad/s, and 50 rad/s are the respective values. As illustrated in Fig 1V.18.19.20, when the top
drive's rotating speed is 1 rad/s, the stick-slip vibration time is the longest, and the drill bit almost always

becomes stuck; when the rotational speed is 50 rad/s, the stick-slip vibrations are brief.
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Figure IV.18. Angular velocity at 1 rad/s
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Figure IV.19. Angular velocity at 5 rad/s
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Figure IV.20. Angular velocity at 50 rad/s

IV.5.3. Different WOBS results

The angular velocity of the drill bit is simulated at various WOBs when the top drive runs at a constant

speed of 7.33rad/s. Figure 1V.21 shows that the drill bit exhibits obvious stick-slip vibrations at the

chosen WOB. As the WOB increases, the stick-slip vibrations period of the drill bit is longer, and the

fluctuation range of the angular velocity is larger. The friction torque rises with increasing WOB, which

causes an unstable stick-slip behavior. If the WOB keeps rising, the drill bit will certainly be trapped.
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Figure I'V.21. Angular velocity of the drill bit at different WOBSs [38]

The study's findings suggest that stick-slip vibrations will be somewhat reduced by the top drive's
faster rotation and smaller WOB. The actual field conditions are combined with the nonlinear dynamic

model and computation method developed in this section [38].

IV.6. Conclusion and recommendation

Based on the simulation and analysis of seismic while drilling using drill bit stick-slip vibration as a
source, we can conclude that this technique has the potential to significantly improve the accuracy and
resolution of subsurface imaging during drilling operations for Algerian oil field.

The stick-slip vibration model used in SWD has been shown to be superior to other methods in terms
of providing a higher quality seismic signal, which can lead to better identification of hydrocarbon

reservoirs and reduce drilling risks.

However, there are some limitations to consider. The effectiveness of SWD depends on several
factors, including the type of rock formation, the depth of the well, and the drilling conditions. In some
cases, the stick-slip vibration may not be strong enough to generate the desired seismic signal, or it may
interfere with other drilling operations.

Therefore, it is recommended that further research and experimentation be conducted to fully
understand the capabilities and limitations of SWD using drill bit stick-slip vibration as a source in the
Algerian oil field. Additionally, continued development of advanced processing techniques for analyzing
and interpreting the acquired data can help to further improve the accuracy and resolution of subsurface

imaging.
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In the end, SWD with drill bit stick-slip vibration as a source shows potential as a real-time subsurface

imaging technology during drilling operations in the Algerian oil field. To ensure the technique's
effectiveness and practicality, however, certain drilling conditions and geological formations must be

carefully considered.
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General conclusion

Our research conducted in this thesis focused on the simulation of Seismic While Drilling (SWD)
processes based on the stick-slip vibration model in the Algerian petroleum field. The study aimed to

explore the potential of SWD as a real-time subsurface imaging technique during drilling operations.

The initial chapters highlighted the significance of borehole seismic surveys and their advantages,
such as high resolution, cost-effectiveness, and improved characterization of alteration and structurally
compromised zones. The need for advancements in reservoir monitoring techniques led to the proposal of

SWD as a promising solution.

Throughout our research, different SWD techniques were examined, with a particular focus on the
stick-slip vibration model. The advantages of this technique, such as its ability to provide a high-quality
seismic signal for accurate reservoir identification and reduced drilling risks, were emphasized. However,
the limitations and challenges associated with SWD, including geological variations and potential
interference with drilling operations, were also acknowledged.

Our simulations conducted in the thesis provided valuable insights into the feasibility and
effectiveness of SWD using stick-slip vibration in the Algerian oil field. The results indicated that this
technique has the potential to significantly enhance subsurface imaging accuracy and resolution during
drilling operations. Nonetheless, the research emphasizes the importance of considering specific drilling

conditions and geological formations when implementing SWD.

To fully exploit the capabilities of SWD using drill bit stick-slip vibration as a source in the Algerian
oil field, further research and experimentation are recommended. This will help to better understand the
technique's limitations and potential applications. Additionally, the continuous development of advanced
processing techniques for data analysis and interpretation can contribute to improving the accuracy and

resolution of subsurface imaging.

In the end and based on the research conducted and the findings presented in this thesis, we highly
recommend the implementation of this technique in the Algerian petroleum industry. The numerous
positives associated with this method clearly outweigh its negatives, making it a promising approach for
real-time subsurface imaging during drilling operations. While certain limitations and challenges were
acknowledged, such as geological variations and potential interference with drilling operations, the

overall benefits of SWD outweigh these concerns. The potential of SWD to revolutionize reservoir
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General conclusion

monitoring and enhance exploration and production performance cannot be overlooked. By embracing
SWD, the Algerian petroleum industry can benefit from enhanced subsurface imaging during drilling
operations, leading to more informed decision-making, optimized reservoir characterization, and

ultimately, improved exploration and production performance.
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