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ABSTRACT

Fiber Optic monitoring in unconventional reservoirs has proven to be an invaluable diagnostic tool for
assessing both near-wellbore stimulation effectiveness and to help describe the far-field frac geometries
created by hydraulic fracture stimulation. Unfortunately, gaining any detailed qualitative and quantitative
understanding of the near-wellbore frac geometry or cluster/stage productivity during production via Fiber
Optic (FO) has proven to be more difficult, particularly in wells producing liquids. A new FO diagnostic
method, Distributed Strain Sensing based on Rayleigh Frequency Shift (DSS-RFS), first demonstrated for
oil and gas applications in the Hydraulic Test Site 2 (HFTS2) provides new insights about the characteristics
of near-wellbore-region (NWR) during production. DSS-RFS is different from other FO strain
measurements because it relies on accurate measurement of frequency shifts of Rayleigh backscattered
spectrum obtained by scanning the fiber with a coherent optical time-domain reflectometer with a range of
laser frequencies using a tunable-wavelength laser system. Changes in strain are measured with an
extremely high spatial resolution of 20 cm and with high signal-to-noise ratios over long distances. In
HFTS2, strain changes for the entire wellbore have been measured twice during scheduled shut-in and
reopening operations (February 2020 and September 2020). After removing temperature effects, consistent
strain changes have been observed at the location of most perforation clusters. These are caused by near-
wellbore fracture aperture changes due to pressure increases during shut-in within the near-wellbore
fracture network. The strain-change patterns from the DSS-RFS during shut-in correlate very well with the
location of clusters and allow for the definition of extending intervals with positive strain signals at each
cluster and slightly compressing intervals with negative strain signals between the clusters and in the non-
stimulated intervals. The locations of the measured positive strain peaks also show good correspondence to
DAS acoustic intensity measurements acquired during the stimulation. The geometry and magnitude of the
strain changes differ significantly between the two tested completion designs in the same well. During shut-
in and reopening each cluster exhibit its own strain-change / pressure path. In addition, the September 2020
dataset also revealed the existence of small but measurable strain changes as consequence of pressure
decline during production. These strain changes also correlate well with the presence of producing clusters,
but the strain-rate signals are opposite to that obtained during shut-in and reopening operations. Although
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we are still in the early stages of exploring the potential of this novel FO technique, we believe that the
highly detailed information contained in the measurement of strain changes using DSS-RFS during
production can significantly improve our understanding of near-wellbore hydraulic fracture characteristics
and the relationships between stimulation and production from unconventional oil and gas wells.

Introduction

Unraveling the complex interplay between the wells, stimulation and subsurface in unconventional
reservoirs requires an in-depth knowledge of the reservoir properties, frac geometries (both hydraulic and
effective), the monitoring of well and reservoir pressures and a detail understanding of the production for
selected stages and perforation clusters through time. Obtaining such information for many stages and wells
is currently cost prohibitive. However, a concentrated and comprehensive data acquisition program within
a dedicated test site can provide insights about the stimulation/subsurface interplay. The objective of a
dedicated Integrated Fracture Diagnostics Pilot (IFDP) such as HFTS2 is to learn in few instrumented and
observation wells so that the information gained can be applied to many other wells and pads with similar
reservoir conditions. This approach towards de-risking unconventional development can provide critical
information not available by other means. We believe this information would allow to balance the capital
investment against the required economic returns that we get from production (Ugueto et al. 2018).

Traditionally rate allocation within a well with many production entries has been done via Production
Logging Tools (PLT). Unfortunately, the current generation of PLT devices have proven unreliable and
inadequate in determining the relatively low flow rates expected from individual perforation clusters in
unconventional wells with hundreds of potential inflow entries. The need for tractoring or Coil Tubing (CT)
to convey the PLT in horizontal wells and the inability to monitor logging/QC the data in real time has
diminished the impact and value that production profiling and PLT logging could have in understanding
unconventional reservoirs. Long horizontal sections made PLT tractoring and CT conveyance operations
very costly and potentially risky. As a result, very few PLTs have been acquired in unconventional wells.
In the rare occasions when production logs have been acquired, many clusters appear to be not producing
with two-thirds of production being allocated to only one third of the perforation clusters (Miller et al.
2011). A new generation of modern and configurable PLT devices is now available (Donovan et al. 2019).
Although these new tools can provide better quality production profiling and could provide better metering
of the overall flow within the wellbore, differentiating the contribution of individual clusters may still prove
difficult for PLTs.

FO technology have been identified as a possible solution to obtaining reliable production profiling in
unconventional wells. Successful production profiling via Distributed Acoustics Sensing (DAS) have been
reported in gas producing wells (Ugueto et al. 2018). Regrettably, many gas and most liquid producing
wells do not generate strong enough DAS signals while flowing thus limiting the use of this technology for
production profiling. Jin et al. 2019 documented a jointly inverted DTS transient temperature signal and
DAS flow-velocity measurements to provide a production allocation profile across an entire well.
Identification of producing clusters and possible production profiling using multiple short duration transient
DTS and DAS signals have also been proposed by Attia et al. 2019, Lawrence et al. 2021 and Wu et al.
2021. However, all these new FO production profiling data acquisition protocols and workflows rely on
collecting signals during short shut-in reopening cycles lasting only few minutes. The data from these tests
may not represent the flowing condition during continuous stable flow. Therefore, there is still a need to
develop new workflows and algorithms using high fidelity FO data that can be related to the production
characteristics of individual perforation clusters.

DSS-RFS Explained

Distributed Strain Sensing Rayleigh Frequency Shift (DSS-RFS) uses Rayleigh backscatter in a non-
engineered single mode fiber (SM) to measure strain changes along the fiber. The principle of the DSS-
RFS method is described as follow (Jin et al. 2021): When an optical fiber is manufactured, random
inhomogeneities of the glass density are created in the fiber core. The random density heterogeneities
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manifest as a variation of refractive index along the fiber. For a certain laser frequency, the constructive
and destructive interferences between the Rayleigh backscatters causes irregular but unique amplitude
fluctuations in the coherent optical time-domain reflectometer along the fiber length. For each discrete fiber
segment, a unique Rayleigh scattering spectrum is obtained by scanning the fiber with a coherent optical
time-domain reflectometer with a range of laser frequencies using a tunable-wavelength laser system. This
unique Rayleigh scattering spectrum shifts in frequency if the temperature and/or strain of the fiber section
changes, which causes the spacing and optical delay to vary between the scatterers (Kishida et al. 2014).
This measuring principle is conceptually illustrated in Figures 1a and 1b.
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Figure 1. Illustration of Rayleigh Frequency Spectrum RFS. Conceptual response of along a fiber length (a) and
for a single illuminated fiber segment (b). Example single spectra and cross-correlation workflow (c)

Figure 1c shows two reflected spectra for a given fiber segment, reference signal (blue) and new signal
(red) as well as the shifted spectra after applying Neubrex frequency shift correlation algorithms. Like many
other FO strain monitoring systems, DSS-RFS measures relative strain changes instead of absolute strain
along the fiber. However, when compared with other DSS methods, DSS-RFS has some distinctive
advantages. DSS-RFS has higher measuring sensitivity than strain measured using Brillouin optical time
domain reflectometry (BOTDR), <1 pe vs. > 1 pue. DSS-RFS has higher spatial resolution than Low-
Frequency DAS (LF-DAS), ~20 cm vs. ~3-8 m, and finally, DSS-RFS does not have the fiber sensing
length restrictions of commercially available Fiber Bragg Grating (FBG) based DSS systems, 8-20km vs.
~100-500m.

The relationship between Rayleigh back-scatter spectrum frequency shift and temperature and strain change
can be presented as:

Asz C21Aa + C22AT

Where Avr is the frequency shift of the Rayleigh back-scattering spectrum at a certain section of the sensing
fiber, which is referred to as RFS in this paper. Ae and AT are the strain and temperature changes of the
fiber section being interrogated, respectively. C,; and C,; are coefficients determined by fiber structure and
materials. Although RFS can be caused by either temperature or strain variations, the temperature variations
can be independently measured using Distributed Temperature Sensing (DTS) at the same time and in the
same cable where RFS is being measured. If the temperature variation can be accurately measured or it is
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small enough to be ignored, then the strain changes can be measured in a fully distributed manner using the
RFS. Because the pattern of the Rayleigh scattering spectrum is unique for each section of sensing fiber
and does not change over time, the pattern can be used to recognize the location and strain changes in
sequential data acquisitions. This enables long term time-lapse strain change monitoring using the DSS-
RFS without having to do continuous strain measurements (Jin et al. 2021).

DSS-RFS During Shut-in / Reopening Test Feb-2020

In February 2020, DSS-RFS data was acquired at one of the two FO instrumented wells in Hydraulic
Fracture Test Site 2 (HFTS2). The RFS was measured on a single-mode fiber using a NeubrexVR SR7000
Rayleigh interrogator unit, which has a sensitivity of 0.075 GHz, equivalent to 0.5 pe or 0.06 deg. C. The
spatial resolution of the measurement is 20 cm, with a time sampling interval of 150 seconds. Figure 2
shows the strain-changes (Ag) after removing temperature changes from a DSS-RFS acquisition during a
shut-in and reopening test performed in February 2020. The test began after establishing a baseline
measurement during normal flowing conditions, then the well was shut- in for 4 days and opened again in
a series of 2-hour shut-in and 1-hour producing cycles. Finally, the well was re-opened and DSS-RFS was
acquired for approximately 6 hours. Figure 2a shows the strain-changes together with the measured
downhole pressures. Figure 2b shows the average strain-change from day 3 across a depth range
corresponding to a single stage with 10 perforation clusters (PCs). This average strain-change curve shows
well defined peaks matching the position of 8 out of the 10 PCs for that stage.
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Figure 2a. Strain changes and downhole pressures acquired during shut-in and reopening during a test conducted
in FO instrumented well in HFTS?2. Figure 2b shows the 24-hour average strain-change response across a single
stage with multiple clusters.

This DSS RFS data allows for the definition of intervals where extension has occurred corresponding to
active clusters with positive strain-change signals and slightly compressed intervals with negative strain-
change signals between the clusters, as well as for interval with in-active clusters.
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Hypothetical Fracture Geometry in the NWR & Conceptual Stain Change Response during Shut-in
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Figure 3. Hypothetical Fracture Geometry in the Near-Wellbore-Region around a single cluster (a) and conceptual
strain and pressure changes during a production shut-in (b).

These signals are interpreted to be caused by fracture aperture changes due to pressure increases during
shut-in within the fracture network in the NWR. Figure 3 shows a hypothetical representation of the near-
wellbore environment showing a Frac-Zone-Domain consisting of hydraulic fractures generated around a
single perforation cluster. The figure also shows the conceptual evolution of strain changes through time
corresponding to the change in pressures within each of the fractures connected to the wellbore as result of
shut-in the well. The width of the extending zone corresponds to the dimension of the frac domain created
by the stimulation in the NWR. The positive strain changes after a temporary shut-in can be interpreted as
fracture aperture increases caused by pressure recharging of the connected fracture network in the NWR.
After the shut-in, the pressure in the fractures and the matrix pore space begin to equilibrate, decreasing the
pressure drawdown between the reservoir matrix and fracture fluid, this leads to an increase in fracture
aperture. This elastic mechanical response generates strain perturbations near the producing hydraulic
fractures, which are detected and captured by the DSS-RFS measurements (Jin et al. 2021). Although this
fracture aperture change occurs along the entire connected fracture length, the DSS-RFS measured strain
changes are mostly affected by the aperture change in the fractures closer to the fiber deployed behind
casing in the NWR. Figure 4 shows the average strain-change during the shut-in (day 3) in the February
2020 dataset for the entire well compared to the production period before the shut-in. Positive strain-change
peaks occur across the great majority of clusters. Conversely, the space between the stages and at the heel
of the well show strain changes close to zero.
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DSS-RFS Stain Change during Shut-in (Day 3 Average) — February 2020 Dataset
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Figure 4. One day average strain-change profile across toe and heel half of FO instrumented well B4H in HFTS2-
February 2020 dataset (shut-in day 3).

The acoustic intensity of the DAS signal during hydraulic fracture stimulation can serve as a good estimate
of stimulation distribution efficiency and to allocate slurry to individual clusters. Figure 5 shows the
comparison between the DAS acoustic intensity measurements during stimulation and DSS-RFS
measurements during the February 2020 dataset for two treatment stages. In stage A, very limited DAS
signal can be observed at clusters 6 and 9 during stimulation, and no positive strain changes are observed
in the DSS-RFS during shut-in. The lack of DAS during stimulation and strain change peak during shut-in
suggest there is no frac-zone-domain associated with these two clusters. In stage A, clusters 6 and 9 were
perforated but they screened-out very early in the treatment. Stage B shows five signals in both the DAS
during stimulation and DSS-RFS during shut-in. However, the spacing between the signals is different as
perforation of cluster 4 was skipped due to cable mapping uncertainty around this segment of the wellbore.
These two stages illustrate the high level of correspondence between placement of the frac during
stimulation and the presence of active fracs during production. In this dataset the correspondence between
DAS signal during stimulation and DSS-RFS during production is greater than 95%. Clusters that do not
develop a positive strain change during shut-in are less likely to be the clusters that contribute to production.
Hence, DSS-RFS can be used to determine the cluster efficiency during production. Figure 5 also shows
that intervals with high DAS acoustic intensity signal in Stage B, at each cluster, are significantly wider
than the ones in Stage A. A similar trend can be observed in the strain change measurements, with positive
strain peaks in Stage B being wider and of smaller magnitudes. Because the clusters spacing are similar
between these two stages, this observation supports the interpretation of Ugueto et al. 2019, who
hypothesized that part of the DAS acoustic intensity signals during stimulation is also generated by the
near-wellbore-region instead of the perforations only. The spatial consistency between the DAS acoustic
signals during stimulation and the DSS-RFS strain changes during production indicates that DAS acoustic
intensity is also controlled by the conditions in the NWR. The quality of cement between PCs, the intensity
of the treatment (rate per cluster) and the rock quality all ultimately impact the characteristics of the
fractures created around each cluster.
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Figure 5. Comparison between DSS-RFS strain-change profiles during production shut-in and DAS acoustic
intensity during stimulation for two stages. Stage A has 10 equally space perforation clusters and Stage B only has
5 clusters. Stage B was originally planned as 6 PCs stage, but PC 4 was skipped due to FO cable mapping
uncertainties.

This also explains the spatial migration of DAS acoustic intensity signal near the perforation clusters during
stimulation, which is commonly observed and are clearly seen at cluster 5 of Stage B. The consistency of
the DSS-RFS measurements with the DAS intensity during injection also supports our interpretation that
the extensional strain signals during shut-in are associated with highly conductive fracture zones in the
NWR. Therefore, the shape and magnitude of the strain-change curve can be attributed to the geometry and
connectivity of the fracture-zone-domain in the NWR. Several attributes can be measured from the DSS-
RFS strain-change peaks. For example, the width of frac-zone-domain in the NWR can be measured.
Similarly, the area of each peak can be measured by integrating the positive strain change for each
perforation cluster. Figure 6 shows strong dependence of these two attributes in relation to the main two
type of stimulation designs tested in this well (6 PCs Stages and 9-10 PCs Stages).

Peak Width Distribution (a) Peak Area Distribution (b)
6 PCs Stages 9 & 10 PCs Stages 6 PCs Stages 9 & 10 PCs Stages
: : H
3 # ]
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Figure 6. Example of attributes and corresponding population distribution statistics extracted from DSS-RFS
strain-change profiles for the main two type of completion designs tested in HFTS2 well.

As observed in Figure 5 the peak width of 6 PCs stages are wider that those from 9 and 10 PCs stages, in
average 15ft (4.6m) and 11ft (3.2m) respectively. Conversely, the peak area of the 6 PCs stages is smaller
than that of 9 and 10 PCs stages. Many other attributes can be mapped from the DSS-RFS signals but these
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simple statistics from relatively large samples (n=101 for 6 PCs and n=68 for 9-10 PCs stages) clearly
indicate that the frac geometry and probably the production of these two designs is different.

Using DSS-RFS, strain changes can be continuously monitored at each perforation cluster during the shut-
in and reopening operations. Figure 7 shows the strain changes for one perforation cluster (Fig. 7a) and for
all the clusters in one stage (Fig. 7b) for the February 2020 dataset. This data indicates a strong correlation
between the strain changes in the NWR as the rate of pressure increase progresses during shut-in and later
decreases during reopening for each cluster. Every cluster exhibits its own “pressure strain change path”.
Assuming that the observed strain changes are mostly due to elastic deformation of the fractures in the
NWR and resulting from the pressure changes in the wellbore, the measured strain changes can serve as
proxy to the pressure changes in the near-wellbore fracture zone. However, during the shut-in period of a
multi-cluster horizontal well, the interaction between the borehole and the near-wellbore fractures can be
complicated due to the expected variety of conductivities between borehole and fractures in the NWR. This
combined with the different recharging rates by the reservoir matrix into the fractures and possibly the
occurrence of crossflow can also impact the pressure strain change path of the near-wellbore fractures.

DSS-RFS Strain Changes & Pressures Evolution for one Cluster (a) and All Clusters in One stage (b)

)
b=
2 3
Q
o 5 < g
—_ O 3 Y
S 5 (A S
2 3 8 %
8 = & i
a [} =
— ™
= it
) —— Pressure
Pressure - ---- Strain Change
--=-- Strain Change | 9
0 20 40 60 80 100 120 or 20 a0 60 o 80 100' 120
. Time (Hour)
Time (hour)
—— Cluster 1
5 Cluster 2
’(.-\; 6(\\(\g ’L\T ~—— Cluster 3
3 %309 3 | — Cluster 4
:: ‘0.)’ Cluster 5
— Cluster 6
2 & T
(] (@)
c <& =
‘© O ‘©
b= X =
i
n n
2000 kPa
Pressure (a) Pressure (b)
— —

Figure 7. DSS-RFS strain-change time evolution and comparison with wellbore pressure for one cluster (a) and
for all the clusters in one stage (b).

After the well is reopened, fractures with lower connectivity or higher recharging rates to the borehole may
show larger discrepancies on the pressure-strain relationship curves between the shut-in and reopening
paths, as illustrated in the lower panels of Figure 7a and 7b. We believe that these different “pressure strain
change path” curves that include shut-in and reopening can be numerically modeled to explain and quantify
the near-wellbore fracture properties and production information from this type of dataset (Liu et al. 2021).

DSS-RFS Shut-in and Reopening Test Sep-2020 and Comparison with Feb-2020 Dataset

In September 2020 a second DSS-RFS dataset was acquired in HFTS2 with the objective of determining if
the new signals were like those obtained in February 2020 and to quantify any changes in the observations
after 7 months of additional production. Figure 8 shows the strain changes from February 26" and
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September 17", 2020 over the entire well. This comparison was made using the DSS-RFS changes
corresponding to the same amount of pressure built-up (1000 psi) for both shut-in periods. The strain
changes results are very consistent, showing positive strain-change peak associated with cluster locations,
no strain across non-stimulated intervals and smaller negative strain changes between the clusters.

DSS-RFS Stain Change during Shut-in — Comparison of Feb and Sept 2020 Datasets
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Figure 8. Comparison across the entire B4H well of the DSS-RFS strain-change profiles during shut-in on the
same HFTS?2 well during two separate acquisitions seven month apart, February and September 2020.

Figure 9 shows the comparison of the February and September datasets for one stage with 9 PCs. In general,
the location and shape of the positive strain-change peaks are similar, but overall, the maximum strain
changes are smaller in the September dataset. The strain change signals from some clusters are almost
identical in PC1 and PC2, but in other cluster such as PC8 and PC9 show lesser peak width and area in the
September dataset. These changes reflect the evolution of the frac-zone-domain in the NWR over the
additional 7 months of production. Therefore, confirming that DSS-RFS can be used for time-lapse
observations.
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DSS-RFS Stain Change during Shut-in — Comparison of Feb and Sept 2020 Datasets
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Figure 9. Comparison across one stage of the DSS-RFS strain-change profiles during shut-in for two separate
acquisitions seven month apart, February and September 2020.

Figures 10 shows the comparison between two attributes from the shut-in in February and September
datasets. Overall, the strain-change peaks are 24% to 32% smaller in September with the data corresponding
to stages with larger number of clusters showing the bigger differences. The strain change area attribute
shows a somewhat similar result but larger difference between the two datasets, indicating a reduction of
36% and 48% during the additional 7 months of production, with the bigger changes occurring on the stages
with larger number of clusters. These changes can be the results of production over 7 months. We note that
in this well the total liquid rate and pressure have declined by around 37% and 24% respectively over the
same period, thus supporting the hypothesis that the observed strain-changes reflects the changing
conditions in the well due to depletion.
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Peak Strain-Change Comparison Feb/Sep 2020 (a)
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Figure 10. Changes in DSS-RFS strain-change for attributes: maximum peak and area, after 7 months of
production.

The comparison of the pressure strain-change paths corresponding to individual clusters seem to indicate
that most productive clusters remain the same after 7 months of production. Figure 11 shows the pressure
strain-change paths for all clusters in an entire stage. Strain-change for each cluster is plotted against the
pressure change (delta pressure) during the shut-in (pressure built-up) and reopening (pressure decline). In
this stage, both datasets show no strain-change signals in the non-stimulated clusters (PC6 and PC7). The
pressure strain-change paths for PC1 and PC9 are similar in both datasets, generally showing a low slope
and similar path during shut-in and reopening. This response probably represents low producing clusters.
Other PC2, 3, 4 and 5 have paths that represent productive clusters. Only two PCs (8 and 10) show paths
that are different in the February and September datasets. This stage is representative of other stages in this
well where characteristics of the pressure strain-change paths from February and September are similar for
most of the clusters.
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DSS-RFS Peak Stain Change / Pressure Path — Comparison of Feb and Sept 2020 Datasets (One Stage)
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Figure 11. DSS-RFS strain-change time evolution for all clusters in one stage and comparison between the
pressure strain-change path acquired in February and September 2020 datasets.

DSS-RFS during Stable Production — September 2020 Dataset

An additional objective of the September dataset was to look for the existence of any high-fidelity strain-
change signals that could be obtained by monitoring DSS-RFS during stable production. We expected the
signals to be small given the anticipated low rate of decline within the observation period of only one day
(corresponding ~30-40 psi/day pressure decline).

Strain Changes (September 2020) Comparison Flowing & Shut-in DSS-RFS Signals
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Figure 12. DSS-RFS Strain-change profile during stable flowing conditions and comparison with the strain-
change profile during shut-in (September 2020 Dataset).

Figure 12a shows the one-day strain-changes while flowing (Sep 14'") and the signals acquired later during
shut-in (Sep-17™) for the entire well. Figure 12b show the signals across one stage. As expected, the signals
obtained while flowing are small and show strain-changes that are opposite to that acquired during shut-in,
but remarkably these signals also match very well the location of active clusters. Figure 13 explains the
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hypothetical strain response during stable production. Like the strain-changes recorded during shut-in we
expect these signals during stable flow to be the result of the elastic deformation of the fractures in the
NWR. These negative strain-change signals are the consequence of the reduction in aperture of the fractures
as fluids are being drained from connected fractures and somewhat recharged by the reservoir.

Hypothetical Fracture Geometry in the NWR & Conceptual Stain Change Response during Stable Flow
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Figure 13. Hypothetical Fracture Geometry in the Near-Wellbore-Region around a single cluster (a) and
conceptual strain and pressure changes during stable flow (b and c).

In order to facilitate the comparison of the shut-in strain-changes resulting from relatively large pressure
perturbation during shut-in (~1000 psi) against the smaller perturbation during stable flow (~30-40 psi), the
strain-changes during flow were flipped and amplified by applying a somewhat arbitrary -13.3 scaling
factor. Figure 14 shows the comparison of the strain-rate signals, shut-in and flowing, for a 9 PCs and 6
PCs stages after applying the scaling factor. Although the signals obtained during stable flow are noisier,
in general there is great correspondence between the characteristics of the frac-zone-domains at each
cluster. However, both shut-in and flowing datasets suggest wider frac-zone-domains for the 6 PCs than for
9PCs stages. Also, the relative intensity of the peaks matches very well between flowing and shut-in
acquisitions.
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Strain Changes (September 2020) Comparison Flowing & Shut-in DSS-RFS Signals
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Figure 14. Comparison of DSS-RFS strain-change profiles obtained during shut-in (blue) and flipped/amplified
profile acquired during stable flow (orange) for two stages with different number of clusters.

The detailed comparison of the attributes for all the clusters indicates somewhat larger, wider geometry
during flowing than that observed during shut-in, suggesting a slightly larger frac-zone-domain during
drainage. Figure 15 shows the geometry comparison for two clusters and corresponding statistics. Like the
observations made for the shut-in datasets, the data suggest also some difference between the 9-10 PCs and
6 PCs stages.

Comparison of DSS-RFS Strain Change Signal Flowing & Shut-in (September 2020 Dataset)
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Figure 15. Comparison of DSS-RFS strain-change attributes and corresponding statistics for two types of
stimulation design

As flowing pressure inside the well is similar across most clusters, we expect these signals obtained during
stable flow to provide the best indication of the relative production from all the clusters. These signals can
be acquired without the need to shut-in the well thus minimizing impact on well production and therefore
enabling a more frequent time-lapse collection of these type of DSS-RFS signals. We anticipate that both
the acquisition of the multiple flowing and shut-in/reopening datasets will provide unique information
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required to better understand important aspects of the production and productivity of individual cluster
never obtained before.

Conclusions

In this paper we introduce the use of DSS-RFS during production to evaluate near-wellbore fracture
characteristics related to frac geometry in the NWR and cluster productivity for unconventional wells with
hundreds of potential inflow entries. We believe this breakthrough application of strain monitoring provides
important information related to the near borehole pressure changes at each perforation cluster.

o The strain changes obtained via DSS-RFS can be determined at high spatial resolution of 20 cm
and with high temporal sampling rates.

e This high-fidelity production related data can be acquired during stable flow as well as during
shut-in and reopening well operations.

e The observed strain-change variations are interpreted to be the result of near-wellbore fracture
aperture changes over time and space.

e The shape and magnitude of the strain change peaks are related to the geometry of conductive
near-wellbore fracture zones.

e In HFTS2 we observed near-wellbore “frac-zone-domains™: with average widths ranging
between 15ft (4.6m) and 11ft (3.2m).

e In HFTS2, significant differences can be observed between the two main types of stimulation
and completion designs.

e The time dependent relation between borehole pressure and strain changes can provide important
insights into near-wellbore fracture conductivity and reservoir recharge rate.

We anticipate that the innovation described here in using distributed fiber-optic strain sensing
measurements will improve our understanding of the near-wellbore hydraulic fracture characteristics and
the interaction between stimulation design and production yield in unconventional reservoirs.
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