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ABSTRACT

This thesis presents a comprehensive study on the application of Full Waveform Inversion (FWI)

and fluid substitution analysis for estimating fluid saturation in a controlled laboratory setting.

Monitoring fluid injection, essential for processes such as carbon capture and storage (CCS), en-

hanced oil recovery, and hydraulic fracturing, is crucial in minimizing environmental and operational

risks. Through a novel approach, this study applies time-lapse FWI (4D FWI) in a lab experiment

to detect changes in fluid saturation within a rock sample, aiming to evaluate the effectiveness of

traditional methods like Gassmann fluid substitution in capturing the complexities of fluid-rock

interactions under partially saturated conditions.

The methodology involves a detailed experimental setup for acoustic data acquisition on a

Berea Sandstone sample, utilizing the 3D Acoustic Acquisition & Imaging System (WILD) for

both baseline and monitor surveys. The study carefully outlines the process of mesh creation,

data preprocessing, and the application of FWI to derive high-resolution P-wave velocity models.

These models are then used to assess the validity of Gassmann fluid substitution in predicting fluid

saturation changes, revealing discrepancies that suggest the need for enhanced models or additional

considerations in fluid substitution analysis.

Significant findings from the research include the observation of unexpected P-wave velocity

reductions in partially saturated rocks after brine injection, challenging the conventional expecta-

tions based on Gassmann’s theory. This anomaly is attributed to attenuation and dispersion due

to various factors, including patchy saturation, wave-induced fluid flow (WIFF), and changes in

surface energy, underscoring the complex nature of fluid-rock interactions. The study also empha-

sizes the importance of careful sample selection, mesh optimization, and preprocessing techniques

in improving the accuracy and reliability of FWI outcomes.

The thesis concludes with valuable insights and recommendations for future research, empha-

sizing the need for continuous refinement of FWI parameters, creating more accurate fluid sub-

stitution models, and incorporating advanced computational and data collection methods. This

research marks a significant advancement in the application of 4D FWI in laboratory experiments,

offering a new perspective on fluid injection monitoring and the potential for improved reservoir

characterization and management.
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CHAPTER 1

INTRODUCTION

Fluid injection is a critical process for a wide range of applications. The process involves

injecting 
uids such as water, gas, or carbon dioxide (CO2) into subsurface reservoirs. The primary

objectives of 
uid injection include carbon capture and storage (CCS), enhanced oil recovery, and

hydraulic fracturing. In the oil and gas industry, 
uid injection into reservoirs is used for enhanced

oil recovery (EOR) [1]. CO2 is injected deep underground to mitigate greenhouse gas emissions

[2]. The signi�cance of monitoring the injected 
uids cannot be overstated due to the potential

environmental, safety, and operational implications.

The need for monitoring the injected 
uids comes from the potential risks and uncertainties

associated with this complex process. Inadequate monitoring can lead to unintended consequences,

such as induced seismicity, subsurface pressure changes, or 
uid leakage. To mitigate these risks and

ensure the e�ectiveness of 
uid injection operations, continuous monitoring is crucial [3]. There are

both Federal and state regulations that govern underground CO2 injection. Extensive monitoring

of CO2 injection sites is an important regulatory requirement for these projects to operate in

the United States. There are requirements to prove the quantity of stored CO2 under regulatory

supervision [4]. Simply measuring the amount of injected CO2 is not enough due to fears of leakage

into freshwater aquifers. There is a need to accurately quantify the amount of injected CO2 using

methods such as seismic monitoring.

Geophysical methods such as time-lapse seismic monitoring (4D seismic) is used for reservoir

monitoring. One of the advanced techniques in seismic imaging is time-lapse Full Waveform In-

version (4D FWI). This method involves repeated acquisition of seismic data over time. It can be

used to quantify changes in 
uid saturation due to oil and gas production or CO2 injection [5].

By analyzing the changes in subsurface rock properties and 
uid distribution, seismic monitoring

provides valuable insights into the e�ectiveness of injection operations and monitoring potential

risks.

Full Waveform Inversion (FWI) is used to create high-resolution models. It involves matching

the observed seismic waveforms with synthetic waveforms generated from an initial subsurface

model in an iterative process until a match is achieved. It works by gradually minimizing a given
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mis�t function which is a measure of discrepancy between observed and simulated data utilizing

the model derived from inversion [6]. 4D FWI extends the FWI concept and is used successfully to

quantify changes in reservoirs at the exploration scale [7].

1.1 Motivation

In order to accurately estimate saturation, it is essential to understand the quantitative relation-

ship between 
uid saturation and seismic velocity. The challenge of calculating acoustic properties

for partially saturated rocks has attracted signi�cant interest [8, 9]. Traditional methods such as

Gassmann 
uid substitution can be overly simplistic and may not capture the full complexity of

real-world geological formations. Gassmann substitution relies on assumptions regarding the rock's

behavior and the 
uids involved [10]. During 
uid injection, the injected 
uid interacts with the

original 
uid in the reservoir. However, this interaction does not always result in a uniform blend.

Instead, there can be variations or "patchiness" in the distribution of 
uids. In certain areas, we

may �nd patches of air, brine, or CO2, rather than a consistent mixture of these 
uids throughout

every pore (Figure 1.1).

Figure 1.1: Schematic showing: a) Dry rock. b) E�ect of injected 
uids on saturation in partially
saturated rocks.

In this context, this study will estimate 
uid saturation using velocity obtained from FWI in

partially saturated rocks, where the mixing of two 
uids occurs. The aim is to design a controlled

experiment, complete with the acquisition of acoustic data on a rock sample, and establish a detailed

work
ow for the application of 4D FWI and 
uid substitution techniques. The goal is to ensure

accuracy and e�ciency of 
uid injection monitoring processes.

This research is a signi�cant milestone because it's the �rst time 4D FWI is applied in a

controlled lab experiment. The advantages of this new approach are:
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ˆ The controlled nature of the experiment unlocks many possibilities. It gives us the 
exibility

to investigate many variables, including di�erent 
uids, elastic wave behaviors, anisotropy,

and attenuation.

ˆ In contrast to prior �eld-scale studies, which requires signi�cant time gaps between base-

line and monitor surveys, this innovative approach promises more immediate insights and

actionable results.

ˆ Traditional synthetic work often limits 4D changes to the reservoir section, which can be

unrealistic. In addition, the aim of this experimental approach is to capture the detailed

nuances of rock-
uid interactions that synthetic work may overlook.

1.2 Objectives

The objective of this research is to evaluate the accuracy of estimating 
uid saturation by

combining 
uid substitution methods with time-lapse Full Waveform Inversion (4D FWI) imaging

in a controlled laboratory setting. The method involves acquiring baseline and monitoring data

through a carefully designed experiment on a rock sample, focusing on the e�ects of 
uid injection.

The study employs 4D FWI analysis to detect changes in velocity after 
uid injection and assess

the validity of Gassmann 
uid substitution to accurately predict 
uid saturation changes. The

e�ectiveness of the 
uid saturation prediction is determined by comparing it against the monitor

velocities obtained from FWI.

This research aims to enhance our understanding of 
uid-rock interactions, particularly in

scenarios involving 
uid mixing, as seen in injection processes. It examines the principles of FWI

methodologies and 
uid substitution models, aiming to merge high-resolution seismic imaging with

rock physics modeling to provide valuable insights for improved reservoir characterization and

monitoring.

Through careful sample preparation, precise acquisition geometry design, and innovative use of

the WILD system for acoustic data acquisition, this study lays a strong foundation for conducting

high-quality seismic surveys. It places a signi�cant emphasis on optimizing FWI parameters to

achieve reliable results. The research investigates the performance of Gassmann's 
uid substitu-

tion model in predicting P-wave velocity (V p) changes in sandstone samples after brine injection,

simulating partial saturation conditions, and aims to re�ne data collection and FWI parameter
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optimization methods. By comparing the FWI-derived V p models before and after brine injec-

tion with theoretical predictions from 
uid substitution, this study addresses the discrepancies and

provides a framework for improving future research in this �eld.

Three main research questions guide this project. Can we design and acquire acoustic 3D

seismic on a rock sample and apply the FWI method e�ectively? Can we apply the time-lapse FWI

method to map 
uid changes accurately? Can we use FWI to evaluate the accuracy of Gassmann


uid substitution model for partially saturated rocks? The proposed research project is divided in

three experimental tasks and three modeling tasks, as follows:

ˆ Task 1: Acquire petrophysical data on the core sample including porosity (� ), density (� ),

bulk P-wave velocity (V p) and S-wave velocity (Vs), mineral composition, and elastic moduli

(bulk modulus (K ), shear modulus (� ), and matrix modulus ( K matrix ). In addition, measure

elastic properties of the injected brine 
uid.

ˆ Task 2: Design and acquire lab acoustic data with high spatial sampling for a dry cylindrical

Berea Sandstone rock sample with a height of 196 mm and diameter of 74.5 mm. The sample

is covered with Viton tubing and aluminum end-pieces. The 3D Acoustic Acquisition &

Imaging System (WILD) will be used to acquire the baseline data over a period of 7 days.

ˆ Task 3: Acquire monitor data after injecting brine 
uid targeting a 60% brine and 40% air

mix. Ensure the monitor survey is acquired with the sample in the same position and using

identical acquisition geometry as the baseline, over another 7-day period.

ˆ Task 4: Apply parallel 4D FWI work
ow to obtain a high-resolution P-wave velocity (V p)

model of the baseline and monitor datasets. Then subtract the two to estimate the associated

time-lapse Vp change.

ˆ Task 5: Apply Gassmann 
uid substitution using the baseline Vp model obtained through

FWI to predict 
uid saturation after 
uid injection.

ˆ Task 6: Assess the e�ectiveness of Gassmann 
uid substitution by comparing the predicted

Vp obtained through 
uid substitution to the inverted monitor V p model, which represents

the ground truth.
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CHAPTER 2

DATA ACQUISITION & PREPROCESSING

This chapter covers the early experimental phases, including setting up the experiment and

gathering lab acoustic data. It starts with the selection and preparation of the rock sample to

ensure its suitability for the research.

The next section explains the acoustic data collection equipment, setup processes, and trou-

bleshooting techniques. It focuses on re�ning timing and increasing measurement precision. The

experiments were carried out in the basement of Green Center in GC-50.

The �nal section of this chapter describes the preprocessing steps applied on the acquired traces.

This includes �ltering and converting the traces into a format compatible with SPECFEM3D, the

inversion software. By the end of this chapter, the data is ready for Full Waveform Inversion (FWI)

modeling.

2.1 Sample Selection and Preparation

A homogeneous Berea Sandstone core, composed mainly of quartz sands and measuring 74.5

mm in diameter and 196 mm in length, is used to demonstrate the fundamental concepts of 
uid

substitution and FWI. The size of the sample strikes a balance between reducing computational

load and minimizing noise from internal wave re
ections.

For the experiment, the sample is placed in a water bath and wrapped in heat shrink Viton

tubing. This setup e�ectively seals the sample, keeping it separate from external water and ensuring

that the injected 
uids do not leak out. Viton is chosen over steel as the encasing material to reduce

wave scattering and re
ections, which can be more pronounced with steel due to its high re
ectivity.

A heat gun is used to shrink the Viton and activate the glue inside, enhancing its adhesion to the

sample and improving acoustic coupling.

Aluminum end-pieces, 76.2 mm in diameter and 25.4 mm in length, are added to secure the

Viton tubing and allow 
ow-through of the injected 
uids. The aluminum is secured to the Viton

tubing using thin steel wires (Figure 2.1). The petrophysical properties of the sample and 
uid are

presented in detail in Section 4.1.
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Figure 2.1: (a) Berea Sandstone sample with two aluminum end-pieces. (b) Sample after encasing
with Viton heat shrink tubing, secured with steel wires.

2.2 3D Acoustic Acquisition & Imaging System (WILD)

The 3D Acoustic Acquisition & Imaging System (WILD) is used to acquire the acoustic data.

The system was developed in-house in 2019 by Dr. Jyoti Behura, Shayan Mehrani, Mike Manz,

and Dr. Manika Prasad [11]. The system is connected to PC through an Arduino board via a USB

cable. It is composed of two software modules and three hardware modules as shown in Figure 2.2:

1. Actuator Control Module: Contains an Arduino board and eight actuators (motor drivers)

powered by three power supply units. The actuators are used to control eight motors. The

module is cooled with a small fan (Figure 2.2a).

2. Acquisition Vessel: Contains eight step motors to move each of the three receivers and one

source in the horizontal (X-axis) and vertical (Z-axis) directions (Figure 2.2b).

3. Data Acquisition Modules: Oscilloscope to capture the waveforms (model: Tektronix 3014b,

(Figure 2.2c) and trigger for the source (Figure 2.2d).
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Figure 2.2: 3D Acoustic Acquisition & Imaging System (WILD), composed of three hardware
modules: a) Actuator Control Module which contains eight actuators, an Arduino board, and
three power supply units. b) Acquisition Vessel which contains the rock sample submerged in
water and surrounded by three receivers and one source moved in the X-axis and Z-axis by eight
step motors. c) Tektronix 3014b Oscilloscope. d) Trigger for source.

The hardware modules are controlled by two software codes. Both codes are modi�ed after Dr.

Jyoti Behura to �t the experiment design and to address some issues as explained in later sections:

1. Python (.ipynb �le): This code �le is designed to trigger the shot and capture data with an

oscilloscope through a receiver (Figure 2.3a).

2. Arduino (.ino �le): This code �le is designed to control the stepper motors, enabling both

vertical and horizontal movement as speci�ed by the shot spacing within the code. Addi-

tionally, the code ensures su�cient time is allocated for the Python code to record the data

(Figure 2.3b).
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Figure 2.3: (a) Part of Python code used to connect to the oscilloscope and acquire the data.
(b) Part of Arduino IDE (C/C++) code used to connect to the Arduino board to control motor
movement.

2.2.1 Maintenance & Troubleshooting

Acquiring approximately 77,000 traces requires signi�cant preparation and maintenance for the

system. Modi�cations and repairs were made by the author, with assistance from G•unter Fuchs

for certain tasks. To repair the system, it's necessary to understand the purpose of each wire

connection. This information is detailed for the actuator module in Figure 2.4 (a) and Table 2.2,

and for the power supply unit in Figure 2.4 (b) and Table 2.1.

The repairs include troubleshooting and identifying faulty motors, actuators, transducers and

power supply units. A multimeter is used to test wire connections along with code �le \WILD-

TestSpeed" to initiate motor movement. Also, head to head measurements are performed to test

transducers and the trigger. The results are as follows:

ˆ West, X-axis (WX): Replaced faulty actuator in the Actuator Control Module.

ˆ North, Z-axis (NZ): Added missing DuPont red wire to the actuator in the Actuator Control

Module.
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