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ABSTRACT

Distributed acoustic sensing (DAS) is a relatively new technology used in many geophysical

applications. Its first notable use for geophysical monitoring includes downhole deployments for vertical

seismic profiling and more recently, hydraulic fracture characterization in unconventional wells. Over the

last decade, DAS has extended into broader seismic applications including structural imaging, and

near-surface surveys for seismic site classification. Critical to these different applications is the availability

of cost-effective methods to acquire data in logistically challenging settings. We propose two novel

procedures spanning two distinct industries: (1) using the low-frequency band of DAS to diagnose

multi-stage hydraulic fractures in upstream oil and gas, and (2) surface-deployed DAS optical-fiber for

low-impact seismic hazard geotechnical surveys.

In 2020, 13 horizontal wells were drilled and completed at the DJ-Postle wellsite, including three wells

with various fiber installation methods (permanent, wireline, and disposable) to evaluate completion design

efficiency. We apply a geomechanical inversion algorithm to constrain fracture widths using low-frequency

DAS (LF-DAS) recorded at an offset well to evaluate the degree of stage isolation in an injection well.

LF-DAS indicates incomplete stage isolation in three of the four analyzed intervals, which is validated with

distributed temperature sensing (DTS) measurements recorded in the injection well. We find

high-frequency in-well DAS measurements are affected by proppant induced erosion and near-wellbore

fractures, preventing reliable diagnostics. Implications of our results support LF-DAS for providing critical

information for in-well diagnostic interpretations to optimize completion efficiency.

We then leverage the versatility and sensitivity to surface-waves of DAS to examine the potential for

using untrenched surface deployments. We acquire continuous DAS data for one hour on a rapidly

deployed fiber array composed of six parallel linear subsections laid directly on the surface with different

fiber-ground contact conditions. We apply ambient interferometry and adopt a simplified

spectral-analysis-of-surface waves (SASW) method to determine the average shear-wave velocity of the top

30 m (VS30). Our methodology results in VS30 estimates for each surface subsection that are consistent

with collocated 1 m-depth trenched cables. The implications of these findings support DAS as a viable

method for non-invasive deployment surface surveys for earthquake hazard assessment.
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CHAPTER 1

INTRODUCTION

1.1 Motivations and Background

Distributed acoustic sensing (DAS) is a rapidly evolving technology belonging to a classi�cation of

techniques known as distributed �ber-optic sensing (DFOS), including distributed temperature sensing

(DTS), and distributed strain sensing (DSS) [2]. Its �rst notable geophysical use was in the oil and gas

industry for downhole monitoring (i.e., vertical seismic pro�ling, continuous microseismic, time-lapse

monitoring) [2][3], and more recently hydraulic fracture characterization in unconventional lateral wells

(e.g.,[4][5]). Within the last decade, the use of DAS has extended into broader seismic applications

including but not limited to carbon capture utilization and storage (CCUS) (e.g., [6]), earthquake and

aftershock monitoring (e.g., [7][8]), ocean bottom surveys (e.g., [9]), and near-surface imaging in dense

urban environments (e.g., [10]).

The aforementioned applications vary widely in their deployment methods, acquisition parameters, and

purpose for the end-user. However, they are linked by the versatility of DAS, and its enabling capability to

deploy ultra-dense seismic networks at a relatively low-cost. The rapid success of DAS in both industry and

academia is arguably the continued demonstration of its practical use in the �eld. To ensure and accelerate

the use of DAS among a diverse range of scientists and technicians, it is critical to innovate multi-domain,

cost-e�ective methodologies. Accordingly, this thesis leverages the high spatial-temporal resolution and

exceptional broadband capabilities of DAS to develop two novel methodologies spanning two distinct

industries: (1) using the low-frequency band of DAS (LF-DAS) to diagnose multi-stage hydraulic fracture

treatments, and (2) surface-deployed DAS optical-�ber for low-impact seismic site classi�cation surveys.

Over the last decade, the evolution of hydraulic fracturing completion designs has simultaneously

increased fracture density and lateral well length [11]. Rapid expansion of fracturing e�ciency has

outpaced the ability to monitor and constrain the complexity during completion phases, limiting available

information, and ultimately impacting upstream production. DTS and DAS are two mature methods used

for monitoring and diagnosing completion activities in upstream oil and gas. The most common practice

includes the permanent installation (i.e., cemented to formation behind wellbore casing) of multi-mode

and/or single-mode optical �ber to acquire continuous data during the injection of hydraulic fracturing


uid. However, permanent installation is time consuming and logistically challenging, imposing a

signi�cant cost to operators and service companies.

1



It has been demonstrated that the low-frequency band of DAS contain valuable information critical for

characterizing hydraulic fractures [4]. Optical �ber installed in an o�set well at some distance away from

an injection well, record low-frequency strain perturbations in the surrounding formation caused by

approaching and intersecting fractures. This application has been primarily limited to qualitative analysis.

Recently, a quantitative approach has been developed by Liu et al. (2021a, 2021b), which constrains the

fracture width at an o�set well through inversion of the recorded strain measurements. This quantitative

analysis capability sets the stage to use LF-DAS as a complementary, or stand-alone hydraulic fracturing

diagnostic tool for completion e�ciency. Furthermore, use of optical �ber in o�set wells does not require

permanent installation. Recent �eld studies demonstrate temporarily deployed cables can produce LF-DAS

signals with simlar quality as pernanently installed cables [14][15]. Fiber in an o�set well is also not exposed

to the risk adverse environment of an injection well, reducing the likelihood of damage and associated cost.

In the last half decade, the popularity of DAS has extended beyond the oil and gas industry, and its

applications have grown in near-surface geophysical studies (i.e., engineering, infrastructure, earthquake

monitoring). The rapid deployment of dense seismic networks has long been a challenge within the greater

seismic community. In recent years, leveraged technology has included portable nodes or geophones, snow

streamers (i.e., hydrophones acting as an array on glaciers), land streamers, and the 2D/3D autojuggie

[2][16]. However, these methods are all limited by their capabilities to be deployed in di�erent

environments. Perhaps the most widely used method for seismic acquisitions, geophones, are di�cult to

deploy on hard surfaces such as hard-rock layers or cement and asphalt. Additionally, source distribution

places constraints on the array geometries, further restricting the use of some seismic instruments.

The versatility and high spatial-temporal resolution of DAS provides an economic low-impact

alternative to traditional seismic methods. In recent years, the high sensitivity of DAS to surface waves

(i.e., Rayleigh) has been leveraged for near-surface surveys (e.g., [17][1]). Common among these

con�gurations is the trenching of the optical �ber ( < 1 m) beneath the surface. While this enhances

coupling with the formation to increase signal-to-noise ratio, it also increases the cost and logistics of DAS

deployments. It restricts acquisitions to locations with previously installed �ber (so called \dark-�ber")

and/or where environmental factors are not a concern. The development and application of low-impact

surveys using DAS (i.e., on the ground surface) would greatly contribute to the advancement of its use

beyond oil and gas, and demonstrate its value in the broader seismic community (i.e., environmental

geophysics, geotechnical surveys).

2



1.2 How Does DAS Work?

DAS repurposes optical �bers used for telecommunication into multi-channel seismic arrays [17].

Instead of transmitting information, DAS relies on the principles of time-domain re
ectometry to

e�ectively turn a length of �ber-optic cable into a continuous network of seismic sensors out to tens of

kilometers [2]. The DAS instrument is referred to as an interrogator unit that sends laser pulses into a

connected �ber-optic cable. Strain and temperature variations are recorded along the �ber by measuring

the properties of backscattered light caused by refractive index heterogeneities in the glass �ber core.

Speci�cally, DAS uses Rayleigh scattering to measure dynamic strain every few meters along the axis of the

�ber. Slight perturbations caused by seismic waves or other vibrations change the distance between

adjacent sections of the �ber with the return signal carrying information of the disturbance.

Unlike traditional sensors that rely on discrete point measurements, DAS is a distributed sensor that

measures strain changes across a length of the �ber known as gauge length, typically between 1-40 m. The

gauge length acts as a di�erential operator across the spatial axis of the data to convert the measurements

to strain rate equivalent. The spatial axis of the DAS data is reported in so-called "channels", with much

�ner spacing than gauge length. E�ectively, the spatial resolution of DAS is �xed by the gauge length at a

sampling frequency of channel spacing.

1.3 Scope and Outline

In Chapter 2 we develop and demonstrate an e�ective methodology using LF-DAS data recorded at an

o�set-well to diagnose multi-stage hydraulic fracture treatments in an unconventional lateral well. This

novel approach adopts the geomechanical fracture width inversion algorithm presented by Liu et al.

(2021a, 2021b). This study was conducted as part of the larger DJ-Postle Integrated Project, which is the

Reservoir Characterization Projects (RCP) primary �eld project for Phase XIX research. The project

includes a multi-disciplinary team of geologist, geophysicists, and petroleum engineers to integrate a

comprehensive dataset to evaluate completion e�ciency and well communication in the Denver Julesburg

(DJ) Basin, Colorado. The well-site, located 20 miles north of Denver, is owned and operated by Great

Western Petroleum and includes eight parent wells completed in 2018, and 13 children wells drilled and

completed in late 2020. The �eld provides a robust and unique suite of distributed �ber-optic sensing data,

including permanently installed in-well DAS and DTS, and LF-DAS data recorded at wireline retrievable

�ber and pump down dissolvable �ber o�set wells. The proposed diagnostic method has the potential to

complement, or even replace, current in-well diagnostic techniques, at a proportion of the cost.

Chapter 3 develops and demonstrates the ability of surface-deployed DAS cable to record high-�delity

surface waves (i.e., Rayleigh) and produce robust results used for seismic hazard site classi�cation. Data
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for the study were collected using the Terra 15 interrogator unit from the DFOS laboratory at the

Colorado School of Mines. The study area was also located on the Mines campus at Kafadar Field. The

proposed method has promising value in the greater seismic community, speci�cally for those concerned

with geotechnical and civil engineering applications. This methodology can be used in dense urban areas,

replacing expensive and invasive traditional surveys (i.e., downhole measurements).

Supplemental information for each chapter have been included in the appendix section. Chapters two

and three are slightly modi�ed manuscripts that have been submitted to peer-review journals. Accordingly,

they are restricted in their scope, word count, and images based on journal requirements. The

supplemental information include additional discussion, data, and images the reader may �nd crucial to

understanding the theory, results, and interpretations presented in the following manuscripts. Speci�cally,

Appendix A is included to expand on the data processing and interpretations for the RCP Phase XIX

DJ-Postle �eld study. Ideally it can be used as a guide, in conjunction with the manuscript (Chapter 2), for

future application of the LF-DAS inversion procedure. Appendix B includes further discussion and analysis

regarding the lateral variations observed in the recorded ambient waveform results presented in Chapter 3.
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CHAPTER 2

QUANTITATIVE STAGE ISOLATION EVALUATION USING CROSS-WELL STRAIN

MEASUREMENTS

2.1 Introduction

One of the primary objectives during multiple-stage hydraulic fracturing treatments is the e�cient

allocation of 
uid and proppants into perforation clusters to optimize well performance. The

plug-and-perforation (plug-and-perf) completion design in horizontal unconventional wells rely on complete

isolation between treatment stages to e�ectively stimulate the surrounding formation. Stage isolation is

achieved when fracturing 
uid and proppants exit the wellbore only through perforations at the targeted

interval depths. When stages are not well isolated, 
uid and proppant leak from the targeted treatment

interval into one or more preceding intervals.

Incomplete stage isolation is commonly attributed to partially set bridge plugs, plugs set in deformed

casing, and incompatible plug speci�cations (i.e., size, temperature, pressure ratings) [18]. Signi�cant

degradation of both the casing and bridge plug due to proppant-induced erosion can also lead to

con�nement issues [19]. The loss of stage isolation has a signi�cant impact on treatment e�ciency, leading

to risks associated with uncontrolled 
uid and proppant allocation including damage to the casing and

near-wellbore region, and understimulated fractures in the targeted interval [5, 18{20]. Because well

completion is often the most expensive cost to operators, the improvement of e�cient completion design

and diagnostic methods is crucial for optimizing delivery and placement of hydraulic fracturing treatments.

Distributed �ber-optic sensing (DFOS) technology has been increasingly used over the last decade as an

advanced monitoring system during completion and production of unconventional wells [4, 21{24]. DFOS

uses the principles of time-domain re
ectometry to e�ectively turn a length of a �ber-optic cable into a

continuous network of seismic sensors [2]. Strain and temperature variations are recorded along the �ber

by measuring the properties of di�erent backscattered lights, including Rayleigh scattering (DAS),

Brillouin scattering (DSS), and Raman scattering (DTS). DFOS cable can be either installed inside a well

or permanently cemented behind casing, exposing the �ber-optic cable to the e�ects of 
uid 
ow,

temperature changes, and mechanical deformations in the surrounding formation [24].

Current DFOS diagnostics use high frequency DAS and DTS measurements acquired inside the

injection well (so called \in-well") during hydraulic fracturing treatments to estimate volumetric 
uid

distribution at cluster and stage levels [22, 24, 25]. However, in-well measurements are logistically

challenging and costly, requiring permanent (i.e., cemented to formation) installation in the wellbore.
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Additionally, there is still uncertainty surrounding how best to produce quantitative results with in-well

DAS, as it generally relies on empirical models and assumes a correlation between acoustic energy and 
uid


ow. Qualitative interpretation using DTS is relatively simple, however solving transient temperature

behavior requires rather complicated thermal forward modeling to produce quantitative results [24, 26].

Alternatively, DAS cable can be deployed in an observation or o�set well to acquire low-frequency

strain measurements. Low-frequency DAS (LF-DAS) applications have been largely restricted to

qualitative and semi-quantitative analysis to characterize far-�eld fracture geometry (i.e., fracture height,

length, and density) [4, 14]. The development of quantitative methods using LF-DAS is crucial to advance

its use for hydraulic fracture diagnostics. Recently, Liu et al. (2021a, 2021b) demonstrate the application

of a geomechanical-based inversion algorithm to estimate hydraulic fracture widths using low-frequency

strain measured at an o�set well. Quantitative analysis in the far-�eld provides the foundation for using

LF-DAS to evaluate treatment e�ciency and optimize completion parameters. Additionally, o�set well

deployments do not require permanent installation and are less likely to be damaged during treatment,

substantially reducing the economic risk to operators and service companies.

The objective of this work is to build an approach to diagnose hydraulic fracturing treatment stages

using LF-DAS data recorded at an o�set well. Our methodology includes qualitative in-well DTS and DAS

analysis during the hydraulic treatment of four adjacent stages. We then apply the inversion algorithm

proposed by Liu et al. (2021a, 2021b) to the LF-DAS data, constraining far-�eld fracture widths. Strong

agreement between in-well DTS and LF-DAS inversion results con�rm incomplete isolation in three of the

four stages, while in-well DAS is inconclusive. Results demonstrate that low-frequency far-�eld strain can

be used to con�dently diagnose hydraulic fracturing treatments.

2.2 Field Description and Instrumentation

The study area is in the highly productive unconventional play located within the Wattenberg �eld of

the Denver Julesburg (DJ) Basin, Colorado (Figure 2.1). The DJ-Postle well-site is owned and operated by

Great Western Petroleum and targets four hydrocarbon bearing horizons: The Niobrara A, B, C, and

Codell (Figure 2.2). The Niobrara is a late Cretaceous formation consisting of alternating chalk and marl

units, with production generally best in the fractured, high TOC chalk beds. The general thickness of the

Niobrara formation ranges from 300-400 ft across the Wattenberg �eld, with individual chalk beds ranging

from 20-50 ft [27]. In the Wattenberg, the Codell is characterized as an impermeable, �ne-grained marine

shelf sandstone ranging from 5-20 ft in thickness [28].

The DJ-Postle pad includes 13 horizontal wells drilled and completed in 2020 (Figure 2.2). All wells are

two-mile laterals with varying completion designs (i.e., stage spacing, cluster spacing, proppant volumes).
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Figure 2.1 Map view of the Denver Basin including the Greater Wattenberg Field (in red) and the
approximate location of the DJ-Postle well site (blue star).

The wells were completed by so-called zipper fracking (i.e., hydraulic stimulation of multiple wells in

sequence), with two zipper groups operated by two fracking crews, resulting in a complex dataset with up

to four di�erent wells being treated simultaneously. This study will focus on zipper group one (green wells

in Figure 2.2) which includes seven wells located in the four target formations, completed between

November 16th and November 30th , 2020. Each well ranges between 36-51 hydraulic fracture stages

resulting in 322 stages total during the two-week period.

Continuous data were acquired by three optical-�ber cables deployed along the length of the wellbores

during the two-week operation: (1) a permanently installed (cemented behind the wellbore casing) �ber

located in the Niobrara B well N1B highlighted by the magenta pentagon, (2) a retrievable wireline

(deployed directly in the wellbore) located in the Codell well C1 highlighted by the green pentagon, and (3)
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Figure 2.2 Gunbarrel view of the well con�guration: zipper one wells (green) and zipper two wells (white).
Fiber installations include permanent (N1B), temporary wireline (C1), and temporary disposable (N3C).

a temporary single-use �ber (deployed directly in the wellbore) located in the Codell well C3 highlighted by

the pink pentagon. The permanent �ber well N1B was treated during zipper group one, acquiring in-well

DAS and DTS data during hydraulic fracturing stages. The temporary wireline �ber well C1 and

temporary single-use �ber well N3C monitored the zipper one treatments, acquiring far-�eld low-frequency

distributed acoustic sensing (LF-DAS) signals induced by the nearby injection wells. Additional completion

data such as pumping curves (i.e., slurry rate, proppant concentrations, etc.) and high-frequency (10 Hz)

pressure gauge data (treatment-pressure) were also acquired.

This study will focus on the subset of stages 17-20 during the treatment of well N1B over the course of

approximately 24 hours. Three sets of DFOS data are available for each of the stages: in-well DAS and

DTS acquired from N1B in the Niobrara B, and LF-DAS cross-well strain acquired from the temporary

�ber well C1 in the Codell. The perforation designs were common to all stages. Cluster spacing was

approximately 23 ft, with 12 evenly spaced clusters across 300 ft compartment lengths. Approximately 750

lbs/ft proppant was injected for stages 17-18, and 1000 lbs/ft for stages 19-20, at a maximum rate of 50

bpm.

2.3 In-well DTS Fiber-optic Monitoring

Continuous DTS data were acquired during completion providing the dynamic temperature pro�le

along the Niobrara B N1B wellbore. The DTS pro�le during the hydraulic fracturing treatment of stages
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17-20 are shown in Figure 2.3. Time is along the x-axis and measured depth along the y-axis, increasing

from top to bottom (heal to toe). Each stage can be identi�ed in depth and time by the red dashed line,

indicating the plug set depth and injection period. The amplitudes in Figure 2.3 indicate the temperature

spatially along the �ber over time, with red for the warmest, and dark blue as much cooler.

The cable was installed behind the wellbore casing, allowing for DTS to be recorded during the

injection cool-down and post-treatment warm-back period [26]. During hydraulic fracturing treatments,

DTS measures the cooling along the entire wellbore caused by the injection of relatively colder 
uids and

proppants. During a frac-stage, 
uid and proppant pass through the heel side causing near uniform cooling.

The coolest temperatures are recorded near the stimulated perforation clusters, indicating more direct 
uid

contact with the optical �ber cable [21, 25]. Post-treatment thermal recovery (warm-back) is observed after

injection stops and the near-wellbore region returns to the geothermal surrounding temperature.

Figure 2.3 Dynamic temperature pro�le acquired by in-well DTS installation during the hydraulic
fracturing treatment of stages 17-20 in well N1B.

We use the indicated bridge plug depths to identify the targeted stage interval. This provides quick,

qualitative information describing interstage 
uid communication. We then calculate the depth-averaged

temperature for each stage during each hydraulic fracturing treatment period. The result is a temperature

curve for the current and subsequent treatment stages. The di�erence between the temperature at the

start and end of each treatment period serves as a static, qualitative attribute indicating the 
uid intake at

each stage interval.
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2.4 In-well DAS Fiber-optic Monitoring

Figure 2.4, in which acoustic energy is plotted against time, shows the in-well DAS data acquired

during the treatment of stages 17-20. The axes are common with the DTS plot (Figure 2.3), with the plug

set depths indicated by the black dashed lines. The red/white in Figure 2.4 represent the high acoustic

intensity amplitudes recorded along the DAS �ber at each perforation cluster. The use of in-well DAS for

hydraulic treatment diagnosis relies on the correlation of 
uid 
ow rate through perforation clusters and

acoustic signatures [21, 24].

Figure 2.4 In- well DAS pro�le acquired during the hydraulic fracturing treatment of stages 17-20 in well
N1B.

Processing DAS data into di�erent frequency bands is common practice as it allows for the

investigation of di�erent physical concepts in and near the wellbore [18]. We utilize the 500-5000 Hz

frequency band processed and delivered by the service provider for stage isolation analysis. At this

frequency band, acoustic energy amplitudes are assumed to be dominated by \perforation entry noise" and

correlate to perforations taking 
uid and proppant during the injection period [18, 21]. We identify the

bridge plug depths to determine the targeted treatment interval.

We then calculate the RMS amplitudes spatially along the �ber, summing over the treatment period

according to:

X RMS =

vu
u
t 1

n

NX

i =1

x2
i;j ; (2.1)
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where x i;j represents thej th DAS channel at the i th time step, and n represents the total number of time

steps. The result is an acoustic energy pro�le, where the highest amplitudes are assumed to correlate to

perforations taking in 
uid. We adjust the perforation and bridge plug depths reported from the service

company by applying a 10 ft bulk shift to better align the perforations and peak amplitudes (see Appendix

A for further details).

The data are windowed spatially and temporally according to stage interval depth and the start and

end time of each treatment, respectively. The result is four data subsets during each treatment stage. We

then calculate the absolute sum of acoustic energy for the windowed data, providing a static, qualitative

attribute describing the measured inter-stage acoustic intensity recorded during hydraulic treatment.

Additionally, this process is repeated for an upstream section of �ber una�ected by any hydraulic

fracturing. This acts as a \noise-
oor" used to decouple the targeted DAS signal and any background noise.

2.5 O�set-well Low-frequency DAS Monitoring

The o�set-well strain data, shown in Figure 2.5, were acquired from the wireline optical-�ber deployed

in the Codell well C1. The raw data were processed to the low-frequency band (< 0:05 Hz) by the service

company using proprietary methods. We remove the instrument induced drifts by estimating the drift

value using a portion of the data upstream from any fracture hits. Finally, we apply a 2-D median �lter

with a 3x5 kernel size to remove any data spikes.

The propagation of a hydraulic fracture induces strain perturbations in the surrounding formation [4].

In Figure 2.5, the red and blue amplitudes represent the extending or compressing of the �ber, respectively.

When a hydraulic fracture intersects with the �ber (`frac hit'), the portion of the �ber at the fracture hit

location is extended, and the surrounding section is compressed when the fracture opens.

Figure 2.5 shows data acquired over a period of approximately 24 hours, including 25 treatment stages

zipper fracked across seven di�erent wells (zipper one). The zipper fracking schedule resulted in a complex

dataset with strain signals recorded from overlapping and simultaneous treatments of multiple wells. To

determine the origin of each strain signal, the slurry rate for each stage was color coded by treatment well

and plotted to aid in the interpretation process. While multiple strain signatures were observed in the

data, it was determined that the high-amplitude strain (extending/compressing) signals were from

treatment well N1B.

Once it was determined which wells the strain signals originate, we �rst make quick qualitative

interpretations to assess treatment stage isolation. By comparing the approximate measured depth of each

strain signal in sequence (black dashed arrows), we determine which stages show indications of good

isolation or plug failure. Then quantitative interpretations are made through geomechanical inversion.
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Figure 2.5 Processed low-frequency strain data (top) recorded at o�set well C1 during the completion of
stages 16-20 in treatment well N1B. The slurry rate (bottom) is plotted for all zipper one wells.

2.6 Strain Inversion

We applied a geomechanical inversion algorithm presented by Liu et al., (2021a, 2021b) to constrain the

dynamic fracture widths using LF-DAS data recorded at the o�set well C1. While the reader is referred to

Liu et al. (2021a, 2021b) for a detailed formulation, the major concepts are summarized below:

ˆ The displacement discontinuity method (DDM) is used to construct a forward model relating

LF-DAS strain data to hydraulic fracture geometry. DDM e�ciently calculates fracture induced rock

deformations in an elastic body.

ˆ The fracture/�ber system is discretized into N fracture elements and M sensing points.

ˆ Assuming linear elastic rock deformation, the strain recorded at a sensing point M, is the

superposition of strain contributions from N fracture elements.

ˆ Linear least-squares inversion is used to solve the system of equations for fracture width at discrete

timesteps. The LF-DAS data, stored by optical-phase change rate, was converted to strain rate prior

to inversion as follows [29]:

� : =
�

4�n�L
4 �; (2.2)

where n = 1 :5 the refractive index, dimensionless;� = 0 :8 a multiplicative constant, dimensionless;L = 5 m

the gauge length; and� = 1550 nm which is the probe wavelength.
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Several input parameters must be considered prior to inversion. A parallel orientation between the

injector well N1B and monitor well C1 were common in all stages. A 16.4 ft gauge length was used for the

LF-DAS. Horizontal and vertical o�set were approximately 90 ft and 210 ft, respectively. However, the

horizontal and vertical o�set values did vary slightly based on the treatment stage. The fracture half-height

and half-length were both estimated to be 300 ft. The half-height must be at minimum the vertical

distance between wells N1B and C1, likely propagating past C1 given the signal strength observed in

LF-DAS Figure 2.5. The fracture half-length was constrained using the horizontal o�set (approximately

280 ft) between well N1C and N1B as a proxy. Frac hit signals were observed in LF-DAS Figure 2.5

consistently during the treatment of well N1C. A Poison's ratio of � = 0 :29 was used based on previous

work in the nearby Chalk Blu� �eld as part of RCP's Phase XVIII �eld project.

We then determined individual fracture hits for treatment stages. Figure 2.6a shows the LF-DAS

recorded from monitor well C1 during treatment stage 18 as an example. The dashed lines represent the

picked fracture hits as follows: (1) closing fractures from stage 16 (black); (2) reactivated fractures from

stage 17 (blue); (3) new fracture hits from stage 18 (yellow); and (4) fracture hits from the Codell well C3

stimulated at the same time (purple). The process for picking fracture hits in a complex dataset rely on:

ˆ The extension zone at the tip of the fractures were frequently observed as a heart-shaped extending

pattern at the beginning of the fracture hit signal [4, 14].

ˆ The observed polarity reversal during the step-down, and at the end of 
uid injection represent

fracture opening (red amplitudes) and closing (blue amplitudes) [4, 14].

ˆ Previous stage fractures are indicated by either: (1) closing signature for the duration of the injection

period; or (2) closing signature before injection, and opening signature after injection begins

(reactivated fractures).

ˆ Fracture hits and pumping curves were compared temporally to distinguish fracture hits from N1B

and C3.

It is worth noting that the fracture hits from well C3 were included during inversion processing, but the

results were not considered for this study. This is because (1) there was no in-well data (DAS/DTS) for

C3, and (2) the inversion parameters di�er from well N1B making the inverted widths unreliable.

The strain rate (Figure 2.6a) was then converted to strain change (Figure 2.6b) by integrating in time.

The strain data near the fracture hit locations were removed because decoupling and thermal e�ects in

that region can make the inversion results unreliable [13]. The model predicted strain change (Figure 2.6c)

was then calculated using the inverted widths to ensure agreement between the �eld and modeled data.
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Figure 2.6 (a) Strain rate waterfall plot, including picked frac hits for stage 16 (black), stage 17 (blue),
stage 18 (yellow), and well C3 (magenta). (b) strain change waterfall plot. (c) Calculated strain change
waterfall plot using inverted widths.

The result is a dynamic width pro�le for each picked fracture during the injection period. To better

diagnose stage isolation, we grouped together fractures common to each stage and summed the widths at

each time step. This provides dynamic width pro�les at a stage level as opposed to a fracture level. It

should be noted that the spatial resolution (5 m) of DAS make it di�cult to distinguish if each fracture hit

is caused by a single fracture or multiple fractures [4]. In this study, we will assume that each fracture hit

is from a single fracture. Because we grouped fractures by stage, the e�ect on the results is negligible.

2.7 Results

2.7.1 Treatment Stage 17

Figure 2.7 shows the results for stage 17. The top track displays the LF-DAS (Figure 2.7a) and in-well

DAS (Figure 2.7b), the middle track displays the width inversion results (Figure 2.7c) and in-well DTS

(Figure 2.7d), the bottom track displays the pumping curve information (pressure, slurry, and proppant

concentrations) in relative values (Figure 2.7e-f). The in-well DAS, in-well DTS, and LF-DAS plots share

the same y-axis (12,000 { 14,500 ft). It should be noted that there is a break in the optical �ber (� 14,250

ft) that causes a gap in the DTS data (Figure 6d) and high amplitude noise in the in-well DAS (Figure 6b).

All plots share the same x-axis (clock-time). The black and red dashed lines indicate the plug set depth of

the current hydraulic fracturing stage.

The DTS pro�le (Figure 2.7d) indicates good isolation of the current stage from the previous frac stage

as no 
uid induced cooling (dark-blue) goes beyond the plug set depth. This is further supported by the

gradual warming (green to yellow) toe ward from the plug depth. Additionally, the near uniform cooling

within the targeted interval indicates that all perforation clusters took in 
uid.
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Figure 2.7 Results for stage 17, including: (a) LF-DAS waterfall plot; (b) in-well DAS waterfall plot; (c)
inverted fracture widths grouped by stage interval; (d) in-well DTS waterfall plot; (e)-(f) pumping curves.

The acoustic intensity recorded by DAS (Figure 2.7b) during the step-down rate tests and main frac

treatment indicate that all 12 clusters took in 
uid to some degree. At approximately 1.5 hours the

treatment pressure drops coincident with the bottom-hole (BH) proppant concentration increase.

Treatment pressure gradually declines while BH proppant concentration incrementally increases for the

duration of the treatment. Approximately 2 hours into the injection period, acoustic intensity fades rapidly

across all perforation clusters, with only three or four clusters taking most of the fracking 
uid by the end

of the treatment. Favorable stage isolation is indicated by the lack of acoustic intensity signal below the

plug set depth, agreeing with the DTS results.

Newly stimulated fractures within stage 17, and previous fractures from stages 15 and 16 are observed

in the LF-DAS (Figure 2.7a). The high amplitude extending strain signal indicates the fractures in stage

17 were opening during the frac treatment. In contrast, the strong compressing signal in stage 16 indicates

fracture closure. The extending/compressing strain signals heel ward from stage 17 are determined to be

fractures propagating from the treatment of Codell well C3.
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The dynamic fracture width pro�le results are as follows: (1) newly stimulated fractures in stage 17

grow to a sum width of 2.26 mm; (2) fractures from stage 16 close by 1.02 mm; and (3) negligible response

is recorded from stage 15 fractures. During the hydraulic fracturing stage, the following observations are

noted:

ˆ The inverted fracture width for stage 17 (blue line) indicates strong sensitivity to the in-well injection

rate highlighted by the step-down test. The width increase ceases when treatment pressure drops,

and increases again when injection resumes.

ˆ Negative width values for stage 16 (black line) indicate fracture closure during the hydraulic

fracturing stage (see discussion section).

2.7.2 Treatment Stage 18

Figure 2.8 shows the results for stage 18. Note that the red square along the y-axis of the in-well DAS

and DTS (Figure 2.8b and Figure 2.8d) indicate the bridge plug depth of the preceding stage. The in-well

DTS pro�le (Figure 2.8d) shows uniform cooling in the stage 18 interval, suggesting 
uid distribution

across the stage interval.

The cooling trend toe-ward past the plug depth indicates injection 
uid 
ow into the previously

fractured stage. Uniform cooling occurs approximately 20 minutes into the injection period at the stage 18

depth interval while stage 17 cooling occurs gradually toe-ward later into the treatment. Acoustic intensity

recorded by DAS (Figure 2.8b) indicate that all 12 clusters took 
uid at the start of injection, with most of

the 
uid 
ow through the toe-side clusters nearest the plug. Immediately before and after the step-down

test, several perforation clusters in the previous stage are reactivated. Approximately 1.5 hours into the

injection, there is a sharp decrease in treatment pressure (� 1000 psi) coincident with acoustic intensity

fading in stage 18 clusters and an increase in acoustic intensity in previous stage clusters. Acoustic

intensity diminishes sharply 2.0 hours into the treatment, and it becomes unclear which clusters were

e�ectively stimulated.

The LF-DAS data (Figure 2.8a) show extending strain at stage 17 and 18 depths and compressing

strain at stage 16 depths; indicating opening and closing fractures, respectively. The dynamic width

pro�les in Figure 2.8c indicate: (1) newly stimulated fractures in stage 18 grow to a width of 2.0 mm; (2)

reactivated fractures in stage 17 increase width by 1.2 mm; and (3) fracture widths in stage 16

continuously decreased by 2.1 mm. An in
ection in the width pro�le of stage 17 indicates an increase in

the growth rate coincident with the treatment pressure drop. This trend is also observed in the LF-DAS

data as a sudden increase in the extending strain at stage 17 depths (Figure 2.8a).
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