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Summary

Distributed acoustic sensing (DAS) technology also known
as distributed vibration sensing (DVS) uses optical fibers to
measure the dynamic strain at all points along the fiber
(Parker et al, 2014). The DAS senses the vibration in the
local environment around the fiber and provides a measure
of the relative strain of the optical fiber. This remote
sensing technique has provided unparalleled acoustic
sampling from the subsurface during hydraulic fracturing
of the horizontal MIP-3H well drilled in Marcellus Shale
near Morgantown, WV. We will show that the energy of
the extracted phase of DAS data (hDVS) has a strong
negative correlation with natural fracture intensity P32. The
hydrofracking stages with lower P32 show a higher DAS
phase energy and vice versa. In addition, we will evaluate
the correlation between DAS phase energy, microseismic
energy, and injection energy during the hydrofracking in
MIP-3H. DAS phase energy is linearly correlated with
injection energy. The calculated microseismic energies,
which are less than 0.1% of the injection energies, do not
show a significant correlation with either DAS phase
energy or injection energy. The negative correlation
between P32 and either DAS phase energy or injection
energy suggests less vibration in zones that are more
naturally fractured. Numerous observed fractures from
wireline image logs are resistive (healed), and appear to
significantly control the hydrofracking efficiency in MIP-
3H.

Introduction

DAS technology is based on the Optical Time Domain
Reflectometry (OTDR). A laser pulse travels inside the
fiber and will be scattered back encountering natural
imperfection in the fiber (Dickenson et al. 2016) (Figure 1).
The recorded backscatter contains information of local
axial strain along the fiber (Parker et al, 2014). Arrival
times of the sent laser pulses are used by DAS signal
processing unit to determine the location of the backscatter
origin along the fiber. In addition, the Rayleigh peak phase
in the backscatter is sensitive to the dynamic strain of the
fiber and hence the vibration in the local environment
around the fiber. The phase of the Rayleigh peak can be
calculated using heterodyne phase detection method
(Permeneva, 2014). Dynamic strain of the fiber is linearly
proportional to the phase of the Rayleigh peak (Dickenson
et al. 2016). The calculated location and the relative strain
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provide a vibration profile along the fiber. In this paper we
use the processed extracted phase data also known as
heterodyne distributed vibration sensing (hDVS). hDVS
data is in SEGY format and is recorded during the
hydrofracking for each stage. A Matlab script is written to
visualize the data and also calculate the energy attribute of
the phase data (Figure 2). In addition, microseismic events
are recorded for MIP-3H from Stage 07 to the last Stage 28,
which is the closest to the heel of the well (Figure 3).
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Figure 1: Principle of Optical Time Domain Reflectometry. The
original pulse (blue) is sent from the laser source and scattered
back to the signal processing unit as the red signal. Courtesy of
Dickenson et al., 2016.
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Figure 2: The hDVS data for Stage 10 in MIP-3H well. The data
reveals limited to no vibration of the fiber between 11,600 to
11,650 feet corresponding to the perforation clusters 3 and 4.

Figure 3: The microseismic data for Stages 7 to 28 recorded for
well MIP-3H.
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The other sources of the data that are used in this paper
include treatment pressure, rate, elapsed time during the
hydrofracking, and natural fracture intensity (P32)
interpreted from wireline image logs.

We show that there is a negative linear correlation between
P32 and hDVS energy: stages with lower P32 have
substantially higher hDVS energy attribute. The reason
might be the less tensile strength of the Marcellus Shale in
highly fractured zones along the well path.

We will also show that hDV'S energy is linearly correlated
with the injection energy during hydrofracking. Finally,
microseismic energy is also compared with the injection
energy and hDVS energy; no meaningful correlation has
been obtained.

MIP-3H completion

Shale reservoir heterogeneity presents a challenge for an
efficient hydraulic fracture stimulation. Chorn et al., (2014)
studied production performance for 100 wells drilled in the
Barnett Shale by an operator; although the drilling and
stimulation design were kept constant, a significant
production variability was observed. The geometrical
completion has been a common method in development of
unconventional plays (Anifowoshe et al, 2016). In the
geometrical completion the heterogeneity along the lateral
is not accounted for. Cipolla et al., (2011) implemented a
statistical analysis on 100 production logs from
geometrically completed horizontal wells; only 60% of the
perforation clusters were contributing to production.

Enhanced engineered completion design for several stages
is tested in MIP-3H well. Various geomechanical data
acquired by well logging were used to optimize the stage
length, cluster spacing and treatment parameters. Stages
were strategically placed in segments with similar gamma
ray, minimum horizontal stress, and natural fracture
intensity (Anifowoshe et al, 2016) (Figure 4). A limited
entry approach was undertaken by decreasing the number
of shots per clusters to enhance stimulation efficiency
(Anifowoshe et al, 2016).
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Figure 4: The Enhanced Engineered Design. After Anifowoshe et
al, 2016
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The engineering stages are considered for further analysis
in this paper because of the attempt to group relatively
similar gamma ray, minimum horizontal stress, and natural
fracture intensity within each stage. Each stage has 4 or 5
clusters of 2ft length, at 4 shots per foot.

Figure 5 shows hDVS data for a geometric stage versus an
enhanced engineered stage. Stage 18 shows more uniform
vibration along the fiber than Stage 08.
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Figure 5: The geometric stage 08 shows less uniform acoustic
vibration that stage 18 which is an enhanced engineered
completion. Note that the hDVS energy is unitless.

hDVS data structure

hDVS data is recorded along the 28 Stages in the MIP-3H.
We will first review the structure of the hDVS data and
then discuss the energy attribute analysis for the data.
hDVS data represent the phase attribute that is recorded
along the length of optical fiber attached to the casing.
Phase is linearly proportional to the axial strain along the
fiber. hDVS data are in SEGY format and the location of
the vibration in the fiber is recorded in 240 byte trace
headers. For every 30 seconds during hydrofracking, there
is a SEGY file that has 493 traces: each trace has 60,000
samples which corresponds to 500 millisecond sampling
rate. The 493 traces cover around 8236 ft.; this corresponds
to a spatial sample rate along the fiber in MIP-3H lateral of
16.74 ft. The number of the SEGY files in each stage vary
from 200 to 900 files depending on the fracking duration
(one SEGY file every 30 second).

Energy attribute for the hDVS data

We evaluated the hDVS SEGY files of enhanced
engineered completed stages. The energy attribute is
calculated on each of the 493 traces for every 30 seconds
during the hydraulic fracture stimulation. The energy
attribute (Figure 2 and 5) at each time step is calculated as:
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E=>"""x(j)? i=1..493

j=1

Where x(j) is sample j from 60,000 samples in trace i. Thus
there are 493 energy values calculated for every time step
of 30 seconds during the fracture stimulation. Then, we
calculate the total hDVS energy by stacking the calculated
energy for each trace during the fracture stimulation (i.e.
stacking of the calculated energies for a location on the
fiber for fracture stimulation duration). We calculated the
total energy within each stage. For example the total hDVS
energy for Stage 10 is only calculated by stacking energy of
the traces 357 to 367 (i=357...367).

The energy attribute provides a visual inspection tool on
the effectivness of the stimulation. Figure 2 shows that
there are limited to no vibration within a measured depth of
11,600 to 11,650 ft during the fracture stimulation of Stage
10. These interval contain perforation clusters number 3
and 4 of Stage 10.

Energy attribute for the microseismic data

We calculated energy of the microseismic events (Es) in
Joule using the modified Kanamori equation (1977):

logs =1.5M, +4.8

Where Mo is the magnitude of microseismic events. The
calculated energy has an average of 56,771 joule and a
standard deviation of 45,622 joule for stages 7 to 28.

Energy attribute for the treatment data

The pumping data is available for each stage during the
well treatment. Surface treatment pressure, injection rate,
and pumping time provide an approximate of the injection
energy as:

t2
|E=qum
tl

The injection energy is estimated using the average values
of treatment pressure, treatment rate and the duration of the
fracture stage (Boroumand and Eaton, 2012) as:

IE = P(t) xQ(t) x At

The average of the injection energy is around 92.4x10°
kilojoules. A comparison between the microseismic energy
and injection energy reveals that the energy associated with
the recorded microseismic activities are less than 0.01% of
the total injected energy (Table 1). Boroumand and Eaton
(2012) showed that microseismic energy is less than 1% of
injection energy for 4 wells in an unconventional shale gas.
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Stage#  Microseismic Injection [Mic/Inj
Energy (j) Energy (j) [ratio%

13 2.74E+04  9.08E+10  3.02E-05

14 4.74E+04  1.03E+11  4.60E-05

15 6.09E+04  8.78E+10  6.94E-05

16 3.28E+04  7.00E+10  4.68E-05

17 3.04E+04  7.89E+10  3.85E-05

18 9.30E+04  8.03E+10  1.16E-04

19 1.00E+05  9.06E+10  1.11E-04

Table 1: Calculated microseismic energy and injection energy in
joule for the enhanced engineered stages. Microseismic/injection
energy ratio is also shown in percentage.

Fracture intensity attribute

The P32 fracture intensity is calculated using the wireline
image logs. Pre-existing natural fractures appear to affect
the stimulation process. Gale et al., (2008) analyzed natural
fractures of Barnett Shale core from Pecos County, Texas.
The tensile testing on the cores showed failure along
fractures even though fractures are sealed. They proposed
that the Barnett Shale in the Fort Worth Basin has sealed
natural fractures that affect hydraulic fracture propagation.
This could be a result of reactivation of natural fractures
and hence hydraulic fracture propagation at natural fracture
tips. The computerized tomography (CT) of the vertical
core from the MIP-3H pilot hole shows several natural
fractures in Marcellus Shale that are mineral filled (Figure
6). More than 1500 resistive (healed) fractures are
documented from the wireline image logs in the MIP-3H.

Figure 6: Vertical CT scan of the MIP-3H pilot core
(7,508-7,509 feet). Vertical fractures filled with calcite.
Horizontal white areas are heavy minerals.
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Discussion

For the MIP-3H the energy attribute was calculated from
the hDVS data, microseismic data, and treatment data. We
then compare these attributes to unravel correlation
between attributes. Our analysis shows that there is strong
negative correlation between hDVS energy and P32
fracture intensity (R= -0.88, p-value= 0.0191) for the
enhanced engineered completion stages (Figure 7). This
negative correlation suggest that stages with more natural
fractures are vibrating less than stages with low P32, and
might show the role of the strong effect of pre-existing
natural fractures in fracture stimulation efficiency. Stages
with lower P32 required more energy to develop hydraulic
fractures. In contrast, stages with high P32 are easier to
break and hence a lower hDVS energy is observed.
Although the majority of the fractures observed in MIP-3H
are healed fractures, they enhance the hydraulic fracturing
in the MIP-3H stages.

Our correlation analysis reveals that the microseismic
energy is not correlated with either injection energy or
hDVS energy. Wilson et al, (2016) calculated an average
distance of 190ft. between center of the radiated
microseismic energy and the MIP-3H wellbore. Thus, the
microseismic energy is distributed through the Hamilton
Group and not localized in the vicinity of the perforations,
while hDVS measures the local vibrations around the fiber,
and fracture stimulation in the Lower Marcellus Shale.

We also showed that hDVS energy is linearly correlated
with the injection energy. However, the exact analytical
equation that relates hDVS energy to injection energy per
stage has not been established and requires more accurate
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Figure 7: the correlation matrix of variables: Microseismic Energy,
Injection Energy. Mean P32, and hDVS Energy. The R value is
posted for each pair of variables.
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modeling of the fluid energy in the downhole stages
accounting for energy loss during hydraulic fracture
stimulation.

Conclusions

1- hDVS energy attribute is correlated with the
approximate injection energy for MIP-3H
enhanced engineered stages.

2- hDVS energy shows a negative correlation with
the natural fracture intensity per stage (P32). It
suggest that stages with higher pre-existing
natural fractures are easier to break and hence
less hDVS vibration along the stage is observed.

3- CT scan and wireline image logs show numerous
vertical mineral-filled fractures in the Marcellus
Shale in the MIP-3H. Our analysis shows that
even though the majority of pre-existing fractures
are mineral-filled, they might strongly influence
the fracture stimulation process.

4-  Although microseismic events provide valuable
clues concerning the extent of hydraulic
fractures, they represent less than 0.01% of the
total injection energy.

5- We observed no significant correlation between
microseismic energy and P32, injection energy,
and hDVS energy. We suggest that the
microseismic is responding to induced stress in
the overlying Mahantango Formation an average
190 ft. above the borehole.

6- The proposed energy attribute of the hDVS data
is shown to be a valuable computed attribute,
which can be applied on-site to assess hydraulic
fracture stimulation efficiency.
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